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Abstract

:

We report the synthesis and characterization of CuO/Cu2O film supported on nanoporous alumina membranes (NAMs) and the photocatalytic properties in the removal of the organic pollutant methyl orange (MO). For this purpose, transparent nanostructured membranes were fabricated and sequentially modified with APTS ((3-aminopropyl)-trimethoxysilane) and EDTAD (ethylenediaminetetraacetic dianhydride) to form a highly functionalized surface with high density of carboxyl groups, which easily complex with copper cations. The Cu2+-modified membranes were annealed in a chemical vapor deposition (CVD) furnace to form a well-ordered nanostructured coating of CuO/Cu2O with photocatalytic properties. These modifications were followed by characterization with FT-IR and UV–visible spectra, X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscopy (FE-SEM), and energy dispersive X-ray spectroscopy (EDS). Finally, the photocatalytic performance of the NAM-CuO/Cu2O nanostructured membranes was tested in the aqueous removal of MO dye as a model reaction system. Our results revealed 50% photocatalytic removal of MO under continuous light irradiation for 2 h. The procedure presented in this work provides an adequate approach for the fabrication of nanostructured devices with photocatalytic properties for the degradation of organic compounds.
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1. Introduction


Nanostructured alumina membranes with ordered honeycomb-like pore arrangement exhibit outstanding physical, chemical, mechanical, optical, and electrical properties. These promising materials have unique qualities, such as long-range ordered nanostructures, large surface area, high porosity, controllable pore size, high chemical stability, and relatively low cost of fabrication. Importantly, the highly porous surface of nanoporous alumina membranes (NAMs) can be chemically activated, modified, or functionalized with diverse types of molecules (e.g., organosilanes, amino acids, and organic ligands) [1,2,3,4]. Advantageously, this strategy could allow us to tune the physicochemical and wettability properties of the NAM surface, which is highly desirable for diverse technological uses, such as templates for biosensors, filters, magnetic recording media, photonic crystals, plasmonic devices, catalysis, and biocatalysis [5,6,7,8,9,10].



Thermal treatment is a viable strategy that is useful for the surface activation of NAM surfaces. This results in a notable increment of the density of hydroxyl groups, which can act as active sites to bind different molecules. The surface functionalization of NAM with selective, specific, and sensitive chelating molecules results in a versatile substrate or template with uses such as retention and chemical reduction of metal ions to form stabilized metal nanoparticles. Considering this, ethylenediaminetetraacetic acid (EDTA), a hexadentate ligand containing both carboxylate and amine groups, is a well-known metal chelating agent that has received much attention due to its versatility in the surface modification of various types of materials. EDTA is a highly useful reagent that is widely used in industrial cleaning, the nuclear industry, pharmaceuticals, and the manufacturing of textile leather, rubber, and paper [11,12,13,14,15].



Among numerous cations that are suitable to be adsorbed by EDTA, copper derivates have attracted much attention because of their numerous applications and advantages. Specifically, copper oxides (CuO and Cu2O) are p-type semiconducting compound members of the family of copper compounds employed in diverse applications, such as batteries, biosensors, solar energy conversion, and photocatalysis. Interestingly, CuO and Cu2O nanoparticles exhibit a relatively narrow band gap (~1.2 and 2.0–2.2 eV, respectively), resulting in exploitable visible-light-active behavior that is very useful for energy conversion, photoconductive functionalities, and photocatalytic properties [16,17,18,19].



Based on this, the combination of a supporting high-porosity matrix, a chelating agent, and semiconducting nanoparticles should lead to relevant physicochemical properties and catalytic activity. This would constitute an attractive approach for obtaining highly functional multiphasic nanomaterial for applications in photocatalysis. We seek to contribute to the studies and applications of inorganic materials (e.g., copper oxide, alumina nanoparticles) and organic materials (e.g., ethylenediaminetetraacetic dianhydride (EDTAD)) with high availability, stability in various media, and reasonable cost for applications of technological importance (e.g., dye pollutant degradation).



Accordingly, we report the fabrication, physicochemical characterization, and photocatalytic behavior of CuO/Cu2O nanoparticles supported on NAMs. For this purpose, NAM was chemically treated with aminopropylsilane and then with EDTAD agent (denoted as NAM-EDTA). Later, copper oxide nanoparticles were obtained and immobilized on the NAM-EDTA support by immersion in an aqueous solution of a copper salt precursor for a determined time and subsequent thermal annealing treatment. Notably, the obtained support of combined NAM and CuO/Cu2O, referred to as NAM-CuO/Cu2O, showed reasonable photocatalytic activity for the degradation of methyl orange (MO) dye, which was recognized as an acute toxin.




2. Experimental


2.1. Chemicals


Pure aluminum foil (99.997%) was obtained from Alfa Aesar®. Experiments were performed using 3-aminopropyl-trimethoxysilane (APTS, 97.0%; Sigma-Aldrich, St. Louis, MO, USA), EDTAD (97.5%; Sigma-Aldrich, St. Louis, MO, USA), copper(II) acetate (Cu(CH3COO)2, 99.9%; Sigma-Aldrich, St. Louis, United, methyl orange (85.0%; Sigma-Aldrich, St. Louis, MO, USA), dimethylsulfoxide (for Analysis, PanReac, Chicago, United States) 30% hydrogen peroxide (H2O2, Emsure®, Merck, Darmstadt, Germany), ethanol (p.a., Merck, Darmstadt, Germany), perchloric acid (HClO4, 67%, Merck, Darmstadt, Germany), and Milli-Q water.




2.2. Membrane Fabrication


NAMs were fabricated by a two-step anodization process [20]. Briefly, high-purity aluminum (99.999%) was first electropolished in a solution of HClO4/EtOH at 1:4 for 5 min at 20 V. The first anodization was performed for 780 min at 40 V using a 0.3 M oxalic acid solution at 5 °C. Afterwards, removal of alumina was performed in a solution with 6.0 wt.% phosphoric acid and 1.8 wt.% chromic acid, which was kept at 60 °C for 3 h. The second step of anodization was performed for 643 min using 0.3 M oxalic acid solution at 5 °C. Removal of aluminum was performed in 20% HCl w/w + 0.1 M CuCl2 solution for 20 min at room temperature. Finally, etching was carried out for 50 min using 5 wt.% phosphoric acid solution at 25 °C.




2.3. Membrane Modification


Previously fabricated anodic alumina membranes were used to obtain photocatalytic supports. Firstly, the membranes were treated with 30% H2O2 at 90 °C for 1 h and rinsed with Milli-Q water. Later, the samples were dried in an oven at 120 °C for 3 h and then stored in a desiccator for further use. This procedure was performed in order to increase hydroxyl groups on the surface of pores [21,22]. Next, the membranes were treated with 2% APTS ethanol solution and 160 μL of 1M acetic acid aqueous solution for 1 h at 50 °C. Subsequently, the modified membrane was rinsed with abundant ethanol. After this treatment, the samples were dried under N2 stream and kept in a desiccator overnight [23]. Later, the membranes were treated with a solution of 0.1 M EDTAD in DMSO for 4 h at 75 °C and rinsed 3 times with abundant DMSO. Hydrolysis reaction was carried out by immersing the membranes into a 1 M acetic acid solution overnight. In this stage, NAM modified with EDTAD (NAM-EDTAD) was produced.



To obtain immobilized copper (II) and copper (I) oxide nanoparticles, NAM-EDTAD membranes were immersed in 1M Cu (CH3COO)2 water solution at 70 °C for 1 h. After this, the resultant samples were thermally annealed by conventional chemical vapor deposition under a controlled flow rate (200 sccm) of air at 400 °C for 30 min to produce NAM-CuO/Cu2O membranes. By weight difference between the NAM-EDTAD and NAM-CuO/Cu2O membranes, it was determined that the percentage of copper oxides in the membrane was approximately 2.7%. Note that this content was estimated in triplicate to ensure reproducibility.




2.4. Membrane Characterization


FT-IR and UV spectra of the membranes were recorded on Thermo Nicolet 6700 (Thermo Fischer Scientific, Waltham, MA, USA) and a HR4000CG-UV-NIR spectrophotometer (Ocean Optics, Orlando, FL, USA), respectively. Morphological structures of NAM-CuO/Cu2O membranes were analyzed using an FEI QUANTA FEG 250 field emission scanning electron microscope (FE-SEM, FEI, Hillsboro, OR, USA) equipped with an Oxford X-MAX50 energy dispersive X-ray spectroscopy (EDS) analyzer (Oxford Instruments plc, Oxford, UK). To obtain better resolution in SEM micrographs, samples were sputtered with 4 nm of gold. Electron micrographs were recorded in high-vacuum mode under an acceleration voltage of 20 kV. Finally, X-ray photoelectron spectroscopy (XPS) analysis was performed in a monochromator SPECS XPS (Specs Group, Berlin, Germany) with a PHOBIOS detector using an Al kA (1486.71 eV, Specs Group, Berlin, Germany) anode as an X-ray source.




2.5. Photocatalytic Activity Tests


The photocatalytic activity of obtained membranes was studied under both dark conditions and visible light irradiation. For photocatalytic activity tests, MO was selected as a target pollutant. The detailed procedure is as follows. MO solution (20 mg/L) was used for the photodegradation test. Initially, 2 mL of MO solution was transferred to a quartz spectrophotometer cell and a piece of NAM-CuO/Cu2O membrane (0.5 × 0.5 cm) was added, with constant air bubbling at ambient temperature. Afterwards, the MO concentration was monitored by a UV–vis spectrophotometer (Ocean Optic HR4000CG-UV-NIR) by simply removing the membrane of the solution.



A solar simulator with a 1500-W Xenon lamp (Newport Corp., Irvine, CA, USA) was utilized as a visible light source. The lamp was located 13 cm above the glass beaker. Similar experiments were carried out for MO degradation under dark conditions. The MO degradation efficiency (N) was calculated as follows:


N = (A0 − A)/A0








where A0 is the original absorbance of MO solution at 463 nm and A is the absorbance of MO at a different degradation time.



Additionally, the possible recyclability of NAM-CuO/Cu2O system was assessed using these materials in three consecutive runs of the MO photodegradation. After each cycle, the membrane systems were washed with Milli-Q water before the next use. Note that all experiments were performed at least in triplicate.





3. Results and Discussion


Optical images of the initial nanoporous alumina membrane and the NAM-EDTAD and NAM-CuO/Cu2O supports are shown in Figure 1. Figure 2 shows a schematic representation of the chemical modification of anodic alumina membranes to obtain NAM-EDTAD systems and the subsequent process for the incorporation of CuO/Cu2O nanoparticles (i.e., the generation of NAM-CuO/Cu2O). Notably, the previous chemical activation (i.e., the formation of hydroxyl groups) in the membrane surface would play a pivotal role in the proposed modification of porous alumina [23].



Hydroxylated nanoporous alumina membranes were treated with APTS to generate a propylamine surface, which can be modified by amine substitution using EDTAD to form a corresponding amide bond [11,12,13]. Thus, by employing this strategy, a versatile and relatively robust material exhibiting adequate photocatalytic performance could be obtained. Later, membranes were annealed under air atmosphere to yield CuO/Cu2O nanoparticles [24,25].



Figure 3 shows the normalized FT-IR spectra of the surfaces of the NAM-APTS, NAM-APTS-EDTAD, and NAM-CuO/Cu2O systems. The previous treatment of NAM with H2O2 allowed us to generate an enriched surface of activated –OH groups. Thus, a covalent bond between hydroxyl groups and silane derivatives is conveniently formed on the surface of porous alumina [23]. The presence of Si—O stretching was observed at approximately 1125 cm−1 [26]. Additionally, the signals at approximately 1300 and 1200 cm−1 could be ascribed to C—N stretching and C—C bending vibrations, respectively (Figure 3a).



The NAM-EDTAD spectrum shows a sharper band at 1200 cm−1 compared with that of silanol stretching, which indicates the successful incorporation of EDTAD (Figure 3b). Interestingly, a broad band centered at ~900 cm−1 was also detected and corresponded to O—H bending vibrations (carboxylic acid group) [27]. In the case of the NAM-CuO/Cu2O system spectrum, most of the signals previously observed in the NAM-EDTAD spectrum were clearly suppressed (Figure 3c). These spectral differences provide pertinent evidence of the thermal degradation of organic compounds and the formation of copper oxide nanoparticles on the surface of the NAM support. The initial coordination of copper ions by EDTAD would be a crucial step for the generation of a CuO/Cu2O nanoparticle coating.



Figure 4 shows the UV–vis spectra of unmodified anodic alumina membranes along with the respective chemical modifications. For NAM, the typical absorption band was detected at 250 nm and ascribed to the electron photoexcitation from the valence band to the conduction band of the oxidized aluminum surface. In the case of the membrane modified with EDTA, the respective spectra showed slight differences compared with pristine NAM. This behavior can be explained by the absence of absorption in the visible range of the chemical groups present in the modified membranes. Subsequently, membranes modified with EDTA were treated with copper acetate, so the complexation of copper ions by the EDTA-enriched surface should be expected. Indeed, a characteristic absorption maximum corresponding to the complex of copper ions and EDTA was observed at approximately 300 nm [28]. The membrane surface also changed from transparent to pale blue, which helps to confirm the formation of the Cu-EDTA complex.



After annealing treatment, the surface changed from pale blue to slightly yellow-brownish, which is evidenced by the UV–visible spectrum. The absorption band located below 400 nm is broader compared with that obtained with EDTAD modification prior to the annealing process. These changes in both the color and the UV spectra can be attributed to the formation of copper oxide nanoparticles (NAM-CuO/Cu2O) [29,30].



The optical band gap of the NAM-CuO/Cu2O support was estimated using the Tauc equation as follows:


       α hv     n  =    A     h ν  −  E g     








where  α  is the absorption coefficient, hν is the photon energy, Eg is the optical band gap of the analyzed sample, A is a constant, and n = 2 for a direct allowed band gap transition. The optical band gap value of the films was estimated by extrapolation of the straight line of the plot of (αhν)2 versus photon energy. The obtained Tauc plot (Figure 4b) shows a band gap of 2.7 eV for the modified membrane. This band gap is slightly higher than previous reports [31], which can be attributed to the combined formation of CuO and Cu2O, as well as the possible influence of the membrane material Al2O3 [32].



Figure 5 shows SEM micrographs for the neat Al2O3 membrane and the NAM-CuO/Cu2O samples. The image of the neat alumina membrane helps to confirm the high porosity ascribed to H2O2 treatment. The mean pore diameter was estimated to be 65.2 ± 2.2 nm, which is a typical value for this type of material. Interestingly, the 45°-tilted SEM image of the neat membrane showed unpolluted inner channels with highly regular and straight pores.



The EDX analysis (Figure 5c) displayed the chemical composition of this membrane and denoted the expected presence of aluminum and oxygen. In the case of NAM-CuO/Cu2O support (Figure 5a), the pore diameter decreased to approximately 43.5 ± 2.3 nm, exhibiting a highly homogeneous and regular surface with clearly distinguishable open pores. The SEM micrograph at the angle of 45° (Figure 5b) denotes a change in the roughness, morphology, and regularity of inner walls throughout channels compared with the neat membrane. Likewise, the modified membrane exhibits open pores, confirming a significantly regular distribution of the CuO/Cu2O film on the membrane surface.



Notably, the EDX analysis of treated membranes showed the appearance of copper signals. These results help corroborate the successful modification of the membrane surface with copper oxide nanoparticles. The modification of the membrane surface with ATPS as a chemically active molecule, and then with EDTA as a chelating agent, is a relatively low-cost, innovative, and viable strategy to capture and retain copper ions in order to obtain copper oxide nanoparticles after annealing treatment.



XPS analysis was performed to determine the chemical states of Cu species in the nanoporous alumina membranes. High-resolution spectra in the Cu 2p region of membranes from before and after annealing are shown in Figure 6. In both samples, it is possible to decompose the obtained spectrum in two doublet contributions, Cu2+ 2p (932.2 and 952.0 eV) and Cu+ 2p (934.2 and 954 eV), which are in good agreement with the literature [33,34]. Before annealing, it is possible to observe a higher intensity of the doublet related to Cu+ contribution. This could be due to the partial reduction of Cu2+ species, which is promoted by the presence of EDTAD on the NAM surface [33,35]. As expected, after the annealing process, the contribution related to Cu2+ increased in intensity and there was also a strong increment in the satellite signals to about 942 and 962 eV, which are also related to the increment of Cu2+ ions [36]. The presence of different oxidation states after annealing suggests the formation of mixed CuO/Cu2O oxides forming a type 2 semiconductor heterojunction on the surface of the membrane [35,37].



To confirm the photocatalytic properties of the NAM-Cu/Cu2O systems, degradation of MO was performed in the presence of NAM-CuO/Cu2O in aqueous medium for 2 h (Figure 7a,b). Approximately 25% and 50% MO was removed in the dark and under visible light irradiation, respectively. This reflects the predominant effect of the light irradiation on the process of degradation of the organic molecule of MO. Considering this, the proposed mechanism would address the adsorption of the MO onto the membrane surface and subsequent degradation.



Under light irradiation conditions, the reaction rate (Figure 7c) is significantly faster than in the dark conditions, which is attributed to the adequate photoresponse ability of CuO/Cu2O nanoparticles [38]. In dark conditions, the removal of MO can be explained by the generation of Cu+, which is fundamental in the MO removal process in dark conditions [39].



Importantly, control experiments in the absence of NAM-CuO/Cu2O support, using neat Al2O3 membranes, were conducted in order to confirm the photocatalytic activity of the modified membrane. For all the mentioned cases, no reaction was identified as no significant change at 460 nm was detected for MO in the UV–vis absorption spectrum. Therefore, the copper (I and II) oxide nanoparticles on the Al2O3 membranes play a pivotal role in the photocatalytic process of MO degradation.



Another important aspect to consider is the recyclability of the NAM-CuO/Cu2O systems, which was assessed by applying the same membrane in three consecutive catalytic cycles. After each cycle, the membrane was washed and rinsed with a large amount of Milli-Q water. The photoactivity of the NAM-CuO/Cu2O systems was estimated as follows:


  P h o t o a c t i v i t y    %  =    A x     A 0    ; x = 1 ,   2   a n d   3  








where Ax is the absorbance after each cycle and A0 is the absorbance before the first cycle (note that these absorbances were monitored at 370 nm, which corresponds to CuO/Cu2O absorption). The photoactivity decreased slightly after each catalytic cycle (in the third cycle it decreased to approximately 95%). Despite the moderate photoactivity of NAM-CuO/Cu2O against MO degradation, this material showed that it is potentially recyclable for more than one use cycle.




4. Conclusions


The procedure presented allowed the in situ generation of CuO/Cu2O nanoparticles on the surface and in the channels of NAMs. Chemically activated anodic alumina membranes were able to be modified with EDTAD as a chelating agent to promote the complexation of copper ions in aqueous medium. After this process, photoactive copper oxide nanoparticles were produced by annealing treatment. The presence of Cu2+ and Cu+ species (i.e., the combined presence of CuO and Cu2O nanoparticles) was adequately elucidated by XPS technique. The in situ formation of copper oxide nanoparticles in the anodic alumina membranes generated significant changes in the chemical, optical, morphological, and photocatalytic properties in MO photodegradation.







Author Contributions


Methodology, R.V.; Investigation, B.D.; Writing—review & editing, C.S. and S.A.H.; Funding acquisition, C.S. and S.A.H. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are thankful for the financial support from Fondecyt postdoctorado 3170784 (BD) and 3201030 (RV) and Fondecyt grants 1201589 (SH) and 1211022 (CS) for partial financial sup-port, as well as the support from MINECON-Chile through project Millennium Nucleus MUL-TIMAT- ICM/MINECON and Fondequip projects EQM150101 and EQM170087.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The authors confirm that the data supporting the findings of this study are available within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tishkevich, D.I.; Vorobjova, A.I.; Bondaruk, A.A.; Dashkevich, E.S.; Shimanovich, D.L.; Razanau, I.U.; Zubar, T.I.; Yakimchuk, D.V.; Dong, M.G.; Sayyed, M.I.; et al. The Interrelation of Synthesis Conditions and Wettability Properties of the Porous Anodic Alumina Membranes. Nanomaterials 2022, 12, 2382. [Google Scholar] [CrossRef]

	



Nagaoka, S.; Yoshida, K.; Hirota, Y.; Komachi, Y.; Takafuji, M.; Ihara, H. Functionalized Aluminum Oxide by Immobilization of Totally Organic Aromatic Polymer Spherical Nanoparticles. Colloids Surf. A Physicochem. Eng. Asp. 2022, 640, 128438. [Google Scholar] [CrossRef]

	



Li, Z.; Zhu, G.; Mo, R.; Wu, M.; Ding, X.; Huang, L.; Wu, Z.; Xia, X. Light-Enhanced Osmotic Energy Harvester Using Photoactive Porphyrin Metal–Organic Framework Membranes. Angew. Chem. 2022, 134. [Google Scholar] [CrossRef]

	



Makela, M.; Lin, Z.; Lin, P.T. Surface Functionalized Anodic Aluminum Oxide Membrane for Opto-Nanofluidic SARS-CoV-2 Genomic Target Detection. IEEE Sens. J. 2021, 21, 22645–22650. [Google Scholar] [CrossRef]

	



Bruera, F.A.; Kramer, G.R.; Velázquez, J.E.; Sadañoski, M.A.; Fonseca, M.I.; Ares, A.E.; Zapata, P.D. Laccase Immobilization on Nanoporous Aluminum Oxide for Black Liquor Treatment. Surf. Interfaces 2022, 30, 101879. [Google Scholar] [CrossRef]

	



Previdi, R.; Levchenko, I.; Arnold, M.; Gali, M.; Bazaka, K.; Xu, S.; Ostrikov, K.K.; Bray, K.; Jin, D.; Fang, J. Plasmonic Platform Based on Nanoporous Alumina Membranes: Order Control via Self-Assembly. J. Mater. Chem. A Mater. 2019, 7, 9565–9577. [Google Scholar] [CrossRef]

	



Shang, G.; Bi, D.; Gorelik, V.S.; Fei, G.; Zhang, L. Anodic Alumina Photonic Crystals: Structure Engineering, Optical Properties and Prospective Applications. Mater. Today Commun. 2023, 34, 105052. [Google Scholar] [CrossRef]

	



Vorobjova, A.; Tishkevich, D.; Shimanovich, D.; Zubar, T.; Astapovich, K.; Kozlovskiy, A.; Zdorovets, M.; Zhaludkevich, A.; Lyakhov, D.; Michels, D.; et al. The Influence of the Synthesis Conditions on the Magnetic Behaviour of the Densely Packed Arrays of Ni Nanowires in Porous Anodic Alumina Membranes. RSC Adv. 2021, 11, 3952–3962. [Google Scholar] [CrossRef]

	



Jiang, N.; Shrotriya, P.; Dassanayake, R.P. NK-Lysin Antimicrobial Peptide-Functionalized Nanoporous Alumina Membranes as Biosensors for Label-Free Bacterial Endotoxin Detection. Biochem. Biophys. Res. Commun. 2022, 636, 18–23. [Google Scholar] [CrossRef]

	



Niazi, F.K.; Umer, M.A.; Ahmed, A.; Hafeez, M.A.; Khan, Z.; Butt, M.S.; Razzaq, A.; Luo, X.; Park, Y.-K. Nanoporous Alumina Membranes for Sugar Industry: An Investigation of Sintering Parameters Influence OnUltrafiltration Performance. Sustainability 2021, 13, 7593. [Google Scholar] [CrossRef]

	



Repo, E.; Warchoł, J.K.; Bhatnagar, A.; Sillanpää, M. Heavy Metals Adsorption by Novel EDTA-Modified Chitosan–Silica Hybrid Materials. J. Colloid Interface Sci. 2011, 358, 261–267. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Li, Y. Preparation of Efficient and Environment-Friendly Silica-Supported EDTA Platinum Catalyst and Its Applications in Hydrosilylation of Olefins and Methyldichlorosilane. J. Mol. Catal. A Chem. 2016, 420, 254–263. [Google Scholar] [CrossRef]

	



Repo, E.; Warchol, J.K.; Kurniawan, T.A.; Sillanpää, M.E.T. Adsorption of Co(II) and Ni(II) by EDTA- and/or DTPA-Modified Chitosan: Kinetic and Equilibrium Modeling. Chem. Eng. J. 2010, 161, 73–82. [Google Scholar] [CrossRef]

	



Repo, E.; Malinen, L.; Koivula, R.; Harjula, R.; Sillanpää, M. Capture of Co(II) from Its Aqueous EDTA-Chelate by DTPA-Modified Silica Gel and Chitosan. J. Hazard. Mater. 2011, 187, 122–132. [Google Scholar] [CrossRef]

	



Pereira, F.V.; Gurgel, L.V.A.; Gil, L.F. Removal of Zn2+ from Aqueous Single Metal Solutions and Electroplating Wastewater with Wood Sawdust and Sugarcane Bagasse Modified with EDTA Dianhydride (EDTAD). J. Hazard. Mater. 2010, 176, 856–863. [Google Scholar] [CrossRef]

	



Córdoba, A.; Durán, B.; Bonardd, S.; Diaz Diaz, D.; Leiva, A.; Saldías, C. In Situ Synthesis and Immobilization of CuO Nanoparticles in Alginate-Poly(Amido Amine) Nanogels for Photocatalytic Applications. Mater. Lett. X 2022, 14, 100148. [Google Scholar] [CrossRef]

	



Liu, S.-H.; Wei, Y.-S.; Lu, J.-S. Visible-Light-Driven Photodegradation of Sulfamethoxazole and Methylene Blue by Cu2O/RGO Photocatalysts. Chemosphere 2016, 154, 118–123. [Google Scholar] [CrossRef]

	



Shoeib, M.A.; Abdelsalam, O.E.; Khafagi, M.G.; Hammam, R.E. Synthesis of Cu2O Nanocrystallites and Their Adsorption and Photocatalysis Behavior. Adv. Powder Technol. 2012, 23, 298–304. [Google Scholar] [CrossRef]

	



Kobayashi, Y.; Yasuda, Y.; Morita, T. Recent Advances in the Synthesis of Copper-Based Nanoparticles for Metal–Metal Bonding Processes. J. Sci. Adv. Mater. Devices 2016, 1, 413–430. [Google Scholar] [CrossRef]

	



Hevia, S.A.; Homm, P.; Guzmán, F.; Ruiz, H.M.; Muñoz, G.; Caballero, L.S.; Favre, M.; Flores, M. Pulsed Laser Deposition of Carbon Nanodot Arrays Using Porous Alumina Membranes as a Mask. Surf. Coat. Technol. 2014, 253, 161–165. [Google Scholar] [CrossRef]

	



Chan, K.Y.; Ye, W.W.; Zhang, Y.; Xiao, L.D.; Leung, P.H.M.; Li, Y.; Yang, M. Ultrasensitive Detection of E. Coli O157:H7 with Biofunctional Magnetic Bead Concentration via Nanoporous Membrane Based Electrochemical Immunosensor. Biosens. Bioelectron. 2013, 41, 532–537. [Google Scholar] [CrossRef] [PubMed]

	



Baranowska, M.; Slota, A.J.; Eravuchira, P.J.; Macias, G.; Xifré-Pérez, E.; Pallares, J.; Ferré-Borrull, J.; Marsal, L.F. Protein Attachment to Nanoporous Anodic Alumina for Biotechnological Applications: Influence of Pore Size, Protein Size and Functionalization Path. Colloids Surf. B Biointerfaces 2014, 122, 375–383. [Google Scholar] [CrossRef]

	



Xie, Y.; Hill, C.A.S.; Xiao, Z.; Militz, H.; Mai, C. Silane Coupling Agents Used for Natural Fiber/Polymer Composites: A Review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 806–819. [Google Scholar] [CrossRef]

	



Du, F.; Chen, Q.-Y.; Wang, Y.-H. Effect of Annealing Process on the Heterostructure CuO/Cu2O as a Highly Efficient Photocathode for Photoelectrochemical Water Reduction. J. Phys. Chem. Solids 2017, 104, 139–144. [Google Scholar] [CrossRef]

	



Kim, T.G.; Oh, H.; Ryu, H.; Lee, W.-J. The Study of Post Annealing Effect on Cu2O Thin-Films by Electrochemical Deposition for Photoelectrochemical Applications. J. Alloy. Compd. 2014, 612, 74–79. [Google Scholar] [CrossRef]

	



Zhang, M.; Salje, E.K.H. Infrared Spectroscopic Analysis of Zircon: Radiation Damage and the Metamict State. J. Phys. Condens. Matter 2001, 13, 3057–3071. [Google Scholar] [CrossRef]

	



Wong, K.C. Review of Spectrometric Identification of Organic Compounds, 8th Edition. J. Chem. Educ. 2015, 92, 1602–1603. [Google Scholar] [CrossRef]

	



Ma, D.-L.; He, H.-Z.; Chan, D.S.-H.; Wong, C.-Y.; Leung, C.-H. A Colorimetric and Luminescent Dual-Modal Assay for Cu(II) Ion Detection Using an Iridium(III) Complex. PLoS ONE 2014, 9, e99930. [Google Scholar] [CrossRef] [PubMed]

	



An, X.; Li, K.; Tang, J. Cu2O/Reduced Graphene Oxide Composites for the Photocatalytic Conversion of CO2. ChemSusChem 2014, 7, 1086–1093. [Google Scholar] [CrossRef]

	



Januário, E.; Nogueira, A.; Pastore, H. ETS-10 Modified with CuxO Nanoparticles and Their Application for the Conversion of CO2 and Water into Oxygenates. J. Braz. Chem. Soc. 2018. [Google Scholar] [CrossRef]

	



Bhargava, R.; Khan, S. Enhanced Optical Properties of Cu2O Anchored on Reduced Graphene Oxide (RGO) Sheets. J. Phys. Condens. Matter 2018, 30, 335703. [Google Scholar] [CrossRef]

	



Prashanth, P.A.; Raveendra, R.S.; Hari Krishna, R.; Ananda, S.; Bhagya, N.P.; Nagabhushana, B.M.; Lingaraju, K.; Raja Naika, H. Synthesis, Characterizations, Antibacterial and Photoluminescence Studies of Solution Combustion-Derived α-Al2O3 Nanoparticles. J. Asian Ceram. Soc. 2015, 3, 345–351. [Google Scholar] [CrossRef]

	



He, H.; Liu, Y.; Wu, D.; Guan, X.; Zhang, Y. Ozonation of Dimethyl Phthalate Catalyzed by Highly Active CuO-Fe3O4 Nanoparticles Prepared with Zero-Valent Iron as the Innovative Precursor. Environ. Pollut. 2017, 227, 73–82. [Google Scholar] [CrossRef]

	



Ding, Y.; Zhu, L.; Wang, N.; Tang, H. Sulfate Radicals Induced Degradation of Tetrabromobisphenol A with Nanoscaled Magnetic CuFe2O4 as a Heterogeneous Catalyst of Peroxymonosulfate. Appl. Catal. B 2013, 129, 153–162. [Google Scholar] [CrossRef]

	



Li, H.; Su, Z.; Hu, S.; Yan, Y. Free-Standing and Flexible Cu/Cu2O/CuO Heterojunction Net: A Novel Material as Cost-Effective and Easily Recycled Visible-Light Photocatalyst. Appl. Catal. B 2017, 207, 134–142. [Google Scholar] [CrossRef]

	



Akgul, F.A.; Akgul, G.; Yildirim, N.; Unalan, H.E.; Turan, R. Influence of Thermal Annealing on Microstructural, Morphological, Optical Properties and Surface Electronic Structure of Copper Oxide Thin Films. Mater. Chem. Phys. 2014, 147, 987–995. [Google Scholar] [CrossRef]

	



John, S.; Roy, S.C. CuO/Cu2O Nanoflake/Nanowire Heterostructure Photocathode with Enhanced Surface Area for Photoelectrochemical Solar Energy Conversion. Appl. Surf. Sci. 2020, 509, 144703. [Google Scholar] [CrossRef]

	



Kumar, M.; Das, R.R.; Samal, M.; Yun, K. Highly Stable Functionalized Cuprous Oxide Nanoparticles for Photocatalytic Degradation of Methylene Blue. Mater. Chem. Phys. 2018, 218, 272–278. [Google Scholar] [CrossRef]

	



Zhang, F.; Dong, G.; Wang, M.; Zeng, Y.; Wang, C. Efficient Removal of Methyl Orange Using Cu2O as a Dual Function Catalyst. Appl. Surf. Sci. 2018, 444, 559–568. [Google Scholar] [CrossRef]








[image: Coatings 13 00179 g001 550] 





Figure 1. Digital images of the NAM-EDTAD, NAM-EDTA-Cu2+, and NAM-CuO/Cu2O membranes under normal white illumination. 
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Figure 2. Schematic representation of every step of modification of hydroxylated nanoporous alumina membrane to produce NAM-CuO/Cu2O systems. 
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Figure 3. Normalized FT-IR spectra of (a) NAM-APTS, (b) NAM-APTS-EDTA, and (c) NAM-CuO/Cu2O. All spectra were obtained using hydroxylated NAM as a background. 
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Figure 4. (a) UV spectra of every step of modification of NAM and (b) Tauc plot for NAM-CuO/Cu2O. 
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Figure 5. SEM images of the NAM and NAM-CuO/Cu2O of (a) top surface and (b) edge view. (c) X-ray spectroscopy analysis. 
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Figure 6. XPS deconvoluted spectra of Cu 2p region of NAM-EDTAD-Cu2+ and NAM-CuO/Cu2O samples. 
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Figure 7. UV spectra under (a) dark conditions and (b) visible light irradiation. (c) Photocatalytic degradation over time of MO using NAM-CuO/Cu2O. 
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