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Abstract

:

With the increasing environmental water pollution, there is an increasing demand for efficient and sustainable wastewater treatment technologies. Photocatalysis, as an environmentally friendly oxidation technology, shows significant promise for the degradation and mineralization of organic pollutants in wastewater. Porous structured materials have received much attention from scientists for the photocatalytic treatment of wastewater due to their good dispersibility and high specific surface area. Based on the exploration of the recent research papers about various porous materials in photocatalytic degradation of wastewater, we summarize the synthesis of porous materials and methods of loading catalysts, explore the applications for treating different types of pollutants, and finally present the challenges and prospects of porous materials in photocatalytic wastewater treatment. We hope that this review will inspire more researchers to focus on this important field.
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1. Introduction


With the progress of industry and the development of science and technology, a variety of pollutants with complex compositions have been discharged into water bodies, which not only impede the full utilization of water resources and the reuse of wastewater, but also cause serious hazards to human beings and aquatic animals [1,2]. In the past decades, researchers have explored several pollutant removal technologies, including adsorption [3,4], membrane separation [5,6], biodegradation [7,8], electrocatalysis [9,10], and photocatalysis. Among these technologies, photocatalysis is an advanced oxidation technology that uses sunlight directly to degrade pollutants.



Scientists have started to focus on the loading of photocatalysts and research on composite photocatalysts by finding that single photocatalysts have the disadvantages of low solar energy utilization [11], difficulty in catalyst separation [12], and poor catalytic stability [13] in the wastewater treatment process. A porous material is a material with a significant pore structure, which can be tiny, nanoscale, or macroscopic, and usually occupies a fraction of the total volume of the material, including organic materials [14], inorganic materials [15], and organic–inorganic materials [16], as shown in Figure 1. It is well known that the pore structure of photocatalysts has an important influence on the photocatalytic properties in the wastewater treatment process, so porous materials show significant advantages in this regard [17]. Firstly, porous materials have a rich pore structure, which significantly increases their specific surface area, thus facilitating the effective adsorption of photoactive substances and the full use of light energy [18]. Secondly, the unique porous structure can extend the photocatalyst’s absorption range of light energy, which enables more light energy to be converted into chemical energy and thus improves the efficiency of the photocatalytic reaction [19,20]. In addition, the porous structure can effectively block the compounding of photogenerated electron and hole pairs and prolong their lifetimes, thus further enhancing the efficiency of the photocatalytic reaction [21,22]. Finally, the rich pore structure provides more active sites, which enables pollutant molecules to be better adsorbed on the catalyst surface and promotes their oxidation and reduction reactions [23].



In this paper, we comprehensively review the progress of the application of porous materials in the treatment of wastewater through photocatalysis, discuss the application of different porous materials, such as inorganic and organic, in the photocatalytic degradation of wastewater, summarize the different methods of synthesis of porous materials and loading of catalysts, explore the application of photocatalytic treatment of different types of pollutants by porous materials, and finally put forward the challenges of porous materials in photocatalytic wastewater treatment and future development directions. We hope that this review will inspire more researchers to pay attention to this important field.




2. Application of Different Porous Structure Materials in Wastewater Treatment


The material composition of the porous structure matrix plays a crucial role in the loading of catalysts. The porous structure material itself has the advantages of high specific surface area and strong mechanical stability, which provides good loading stability for the catalysts and ensures that the catalysts are not easy to be deactivated or precipitated under the reaction conditions [24]. At the same time, the porous structure and high specific surface area of porous structure material can increase the dispersion and contact area, improving the efficiency and activity of the catalytic reaction [25]. Therefore, by carefully selecting and designing the material composition of the porous structured matrix, the problem of difficult separation of the photocatalyst recirculation process in the field of photocatalysis can be solved, and a more efficient, stable, and sustainable catalyst loading can be realized, providing better performance and economic benefits for the applications in the field of catalysis. At present, the common porous structure materials for loading catalysts include porous titanium-based materials, porous carbon materials, porous copper-based materials, and MOFs.



2.1. Porous Titanium-Based Material-Loaded Catalysts


Titanium-based porous structured materials are materials with high surface area and good electrical conductivity, commonly used as nanoscale titanium metal mesh. Titanium-based porous structured material-loaded catalysts have many advantages. First of all, the high surface area and electrical conductivity of porous materials improve the efficiency of catalysts [26]. Second, selection and modulation can load different photocatalysts to catalyze the degradation of different pollutants [27]. In addition, titanium-based porous materials have the characteristics of high stability and long service life, and they can maintain the high efficiency of catalytic performance during long-term operation [28]. Therefore, titanium-based porous materials have also gradually come into the view of scholars.



In an experiment, Lu et al. [29] prepared TiO2 nanotube arrays (TNTAs) on the surface of titanium mesh by anodic oxidation, and Bi2WO6/TiO2 nanocomposites (BWO/TNTAs) with different Bi2WO6 contents by a simple hydrothermal method, and the microscopic morphology is shown in Figure 2. The titanium-based porous structural material increased the specific surface area of TNTAs, and the larger the specific surface area and pore size of the catalysts, the more active sites were exposed, which increased the chances of reaction with TCs and promoted the adsorption capacity of polluted molecules. It was found that the BWO/TNTAs exhibited excellent photocatalytic activity for the degradation of tetracycline with an efficiency of 92.2%, which was 4.3 times higher than that of the pristine TNTAs, under the condition of 180 min of visible light irradiation. Meanwhile, the samples in the experiment also showed excellent recoverability and stability, which provided a new idea for tetracycline degradation.



Ma et al. [30] produced CuO-TiO2 nanocomposites by loading nano-CuO onto TiO2 nanogrids via a simple electrodeposition method. The results showed that the CuO-TiO2 nanocomposites exhibited better methylene blue degradation performance compared with the pure TiO2 nanogrids, and the degradation efficiency reached 35% after irradiation for 120 min. In addition, the CuO-TiO2 nanocomposites exhibited a strong absorption intensity in the visible range, which was more than two times that of the pure TiO2 nanogrids. This is mainly attributed to the fact that the loading of CuO nanocomposites can improve the photocatalytic efficiency through strong visible light absorption. In addition, the CuO-TiO2 nanocomposites exhibit faster photocurrent response and lower charge transfer resistance than the pure TiO2 nanogrids, which implies that the photogenerated electron–hole pair complexation rate is reduced by the CuO nano-loading.



Although titanium-based porous materials have good advantages in the field of photocatalytic degradation of wastewater treatment, they still suffer from the limitation of wide bandgap, which leads to good photocatalytic activity only in the ultraviolet light. The ultraviolet range of sunlight contains only 4%, which is too small a range, leading to its inability to be applied on a large scale. Therefore, finding a suitable material loading to increase the response range of TiO2 nanotubes to light is an important measure to help this photocatalytic material towards industrial applications.




2.2. Porous Carbon Material-Loaded Catalysts


Porous carbon materials are materials composed of carbon fibers or carbon pigment fibers with good properties such as high specific surface area and tunable pore structure, which can increase the efficiency of photocatalytic reactions [31]. In addition, porous carbon materials have good electrical conductivity and mechanical strength, which can promote the electron transport of photocatalysts and improve the effect of photocatalytic reactions, and provide stable carriers to ensure photocatalyst immobilization and stability [32,33]. Therefore, porous carbon materials show great application prospects in the fields of energy storage and conversion, catalysis, and adsorption and separation.



In a study, Wu et al. [34] deposited TiO2 nanowire arrays while activating carbon cloth through Ti-H2O2 interaction. Carbon-based porous structured materials with high adsorption capacity helped to improve the photocatalytic activity increase, while increasing the loading of TiO2 made the materials more effective in improving the photocatalytic activity. The vertically aligned TiO2 nanowires were analyzed to exhibit excellent photocatalytic activity due to the high specific surface area and increased charge separation. Compared with TiO2 nanowire arrays precipitated on metallic Ti foil substrates, those loaded on carbon-based porous materials exhibited higher photocatalytic degradation efficiency for rhodamine B dye in water under UV irradiation, and the removal rate of rhodamine B dye was stable at about 70% for up to 18 cycles (2 h each).



Thus, Wu et al. concluded that when TiO2 was used to aid in the photodegradation of rhodamine B dye in water, nanowires precipitated on carbon-based porous materials exhibited higher efficiency than the equivalent suspended nanowire powders. By combining highly active photocatalysts with substrates with high adsorption capacity, efficient photocatalysts for wastewater remediation can be realized.



In another study, Jian et al. [35] prepared Co3O4/AgIO4 composites on carbon cloth support using electrodeposition and chemical co-precipitation methods. Their experiments showed that after 50 min of electrodeposition time followed by 40 min of visible light irradiation, this carbon cloth-supported Co3O4/AgIO4 composite degraded 99.2% of rhodamine B, exhibiting the highest reaction rate constant of 10.5 × 10−2 min−1, which was 58.39 and 2.67 times higher than CC/Co3O4 and CC/AgIO4, respectively. It was confirmed that the two main reactive species for rhodamine B degradation were positive holes and superoxide radicals. This excellent photocatalytic reactivity was attributed to the successfully constructed S-type heterojunction between Co3O4 and AgIO4. The Co3O4/AgIO4 heterojunction not only suppressed the rapid charge complexation, but also retained the oxidizing and reducing abilities of holes in the valence band of AgIO4 and electrons in the conduction band of Co3O4.




2.3. Porous Copper Material-Loaded Catalysts


Copper mesh is a mesh-structured material made of pure copper or copper alloy, which has good electrical conductivity and can promote the electron transfer of the catalyst to improve the photoelectrocatalytic reaction [36]. Meanwhile, the porous structure and high specific surface area of the copper mesh provide more active catalytic sites, which increase the efficiency of the catalytic reaction [37]. Therefore, the loaded catalysts of the porous copper materials have high catalytic activity and selectivity and can play an important role in catalytic reactions.



Li et al. [38] synthesized Ag/α-Fe2O3 heterostructure-anchored copper meshes by a simple two-step hydrothermal method. The significant increase in the surface roughness of the copper mesh not only amplifies the hydrophilicity of the meshes obtained in the Wenzel mode, but also facilitates the photocatalytic and antimicrobial activities due to the large surface area. Li et al. used the resulting products for the degradation of organic fuels, such as CR, RB, and MB, and the Ag/α-Fe2O3-anchored copper mesh exhibited remarkable photocatalytic performance under 30 min irradiation, and all the catalytic efficiencies were all greater than or equal to 92.9%.



The stability of the anchored lattice of Ag/α-Fe2O3 was verified by cyclic photocatalytic degradation experiments with CR, and the catalytic efficiency was still higher than 95% after 10 consecutive tests. When the anchored lattice of Ag/α-Fe2O3 under visible light irradiation, the porous structured copper mesh catalyst creates a Schokkty barrier between α-Fe2O3 and Ag at the contact interface. Electrons in the valence band of α-Fe2O3 are excited to the conduction band under visible light irradiation, leaving behind the same number of holes to create electron–hole pairs. At the same time, Ag nanoparticles can also absorb incident visible light to form hot electron–hole pairs excited by the surface plasmon resonance effect, which not only broadens the efficiency of the utilization of visible light, but also generates a strong localized electromagnetic field that accelerates the rate of separation of the electrons and holes within α-Fe2O3.



In another experiment, Wei et al. [39] prepared ternary reduced graphene-coated octahedral Ag-Cu2O (Ag-Cu2O/rGO) photocatalysts using a one-step water bath method. It showed higher activity for the photodegradation of phenol in water compared with pure Cu2O or binary Cu2O/rGO or Ag-Cu2O composites, and greatly improved the phenol degradation rate by up to 93.4%.




2.4. Mofs Material-Loaded Catalysts


Metal–organic frameworks (MOFs) are a class of porous coordination polymers consisting of organic ligands and metal nodes, which have unique porous structures, tunable pore sizes, large surface areas, good thermal stability, and excellent catalytic activity [40]. Benefiting from these excellent properties, MOFs and their composites have been widely used in energy storage and conversion systems including lithium-ion batteries [41], gas sensors [42], electrocatalysts [43], and photocatalysts [44]. In recent years, many scholars have pointed out that MOF materials with porous structures have many advantages as catalysts or loaded catalysts in photocatalytic processes, such as abundant carrier charge transfer pathways, sufficient reactive active sites, and abundant adsorption and desorption channels [45].



In a study, Zhang et al. [46] successfully loaded TiO2 nanoparticles on mag-MIL-101(Cr) by an in situ hydrothermal method to prepare a visible-light-driven photocatalyst. The research team further confirmed the TiO2-loaded structure on the mag-MIL-101(Cr) surface using SEM, FTIR, and XRD analysis, as shown in Figure 3.



The results showed that the band gap value of TiO2/mag-MIL-101(Cr) was 1.61 eV, and the introduction of mag-MIL-101(Cr) significantly enhanced the light-absorbing ability of TiO2, which led to a significant enhancement of its photocatalytic activity in the visible light. Therefore, the removal efficiency of TiO2/mag-MIL-101(Cr) for BPF/AR1 was higher compared with that of TiO2/MIL-101(Cr). The test results showed that the best photocatalytic performance of the composite was achieved when the content of TiO2 was 70%, and the degradation of the dye reached 78.5% in 30 min. In addition, the photocatalytic activity of the composites remained stable after five times of reuse. Examples of wastewater treatment applications of different porous materials in recent years are shown in Table 1.





3. Synthesis of Photocatalysts Based on Porous Materials


It is well known that the size and morphology of catalysts play a key role in photocatalytic performance [60]. According to the specific needs and the characteristics of photocatalytic reactions, researchers can choose effective methods to obtain porous material-based photocatalysts with controllable size and structure, and achieve efficient, stable, and economical photocatalyst preparation [61]. In recent years, various methods, such as the solvothermal method [62], hydrothermal reaction method [63], solution precipitation method [64], sol–gel method [64], and impregnation method [65], have been used to prepare the photocatalysts. In this section, we will introduce some common techniques for synthesizing photocatalysts based on porous materials.



3.1. The Solvent Heat Method


The solvothermal method is one of the effective methods for the preparation of MOFs and porous composite photocatalysts due to its simplicity of operation, controllability, and high yield [66]. The selection of a suitable solvent is very important in the solvothermal reaction process. Currently, a number of organic solvents including dimethylformamide (DMF) [67], acetonitrile [68], and ethylene glycol (EG) [69] acting as structure-directing agents and synthesis mediators, have been used for the synthesis of porous structural material-based photocatalysts.



As shown in Figure 4, Suraj Prakash Tripathy [70] et al. used different molar ratios of mixed metal salts and linkers to separately mix in DMF solvent (40 mL) and stir for 60 min, followed by mixing and stirring the solution for 60 min. The final solution was transferred to an autoclave and was subjected to a solvent heat treatment at 120 °C in for 24 h, cooled naturally, and the product was collected by centrifugation. The resulting product was activated in methanol and dried at 343 K overnight. Finally, the obtained yellow product was ground and the resulting product was the bimetallic Ce/Zr MOF material.



However, although the solvothermal method has been widely used for the preparation of porous structural material-based photocatalysts, the disadvantages of organic solvents, such as toxicity [71] and environmental unfriendliness [72], have greatly hindered their large-scale application. In addition, it is difficult to remove the organic solvent in the reaction after the synthesis of porous materials, which may also pollute the environment. Therefore, it is hoped that green, safe, and environmentally friendly solvothermal solvents can be developed in the future for the preparation of porous structural material-based photocatalysts.




3.2. The Hydrothermal Reaction Method


The hydrothermal reaction method is one of the effective ways to prepare porous structural material-based photocatalysts because of its wide range of applicability, flexible reaction time, environmental friendliness, and simple operation [73,74]. The hydrothermal reaction method is an effective way to prepare porous structural material-based photocatalysts. The hydrothermal method involves reacting the catalyst precursor with the substrate or carrier through high temperature and high-pressure conditions to grow the catalyst on the substrate. During the hydrothermal reaction process, researchers can easily obtain high-performance porous structural material-based catalysts with controllable dimensions, structures, and sizes by flexibly adjusting the reaction conditions, such as the reaction temperature, pH, and reaction time [75].



For example, Marie P L et al. [76] grew ZnO nanostructures (NSs) on substrates such as silicon wafers, quartz glass, ceramic tiles, and rock aggregate by hydrothermal method; the specific process is shown in Figure 5, and photocatalytic degradation experiments were performed, and it was found that the photocatalytic degradation efficiencies of ZnO NSs loaded on concrete-based porous materials for the organic dyes methylene blue (MB) and AR14 could reach 98% and 60%.



Although the hydrothermal reaction route is widely regarded as an effective method for the synthesis of photocatalysts based on porous structural materials, it still faces some significant drawbacks in practical applications. Firstly, the yield of the hydrothermal reaction is usually low, which leads to an insufficient amount of target products obtained and increases the production cost. Secondly, the reaction takes a long time, which not only prolongs the experimental period, but also may affect the quality of the final product [77]. In addition, the formation mechanism of porous materials during hydrothermal reactions is not fully understood, which makes it challenging for researchers to optimize the synthesis conditions and limits the depth of related research.




3.3. The Sol–Gel Method


The sol–gel method is one of the well-established synthetic methods for the preparation of porous structured materials such as carbon nanotubes [78] and MOFs [79], due to its simple preparation process, low cost, and controllability. The sol–gel method usually has five steps such as hydrolysis, condensation, aging, drying, and calcination [80,81]. Researchers regulate the pore size, distribution, and morphology of porous materials by controlling parameters such as the composition of the sol, the concentration of the sol, the amount of gelling agent added, and the conditions of drying and heat treatment, to achieve the regulation and optimization of the properties of the materials.



Li et al. [82] prepared hollow-layered porous TiO2 microspheres by sol–gel method using P123 as the guiding agent of a layered pore structure, and hollow-layered porous TiO2 microspheres by template method using polystyrene microspheres as the hollow hard template. In addition, the Ag in the hollow-layered porous TiO2 microspheres was modified by impregnation method, and the hollow-layered porous TiO2/Ag composite microspheres were obtained. The specific flow is shown in Figure 6.



In the experiment, different hollow-layered porous TiO2/Ag composite microspheres were obtained by changing the molar ratio of Ti/Ag, and the authors concluded that when the molar ratio of Ti/Ag was 10:0.5, the specific surface area of the hollow-layered porous TiO2/Ag composite microspheres was 177 m2/g, the pore volume was 0.37 cm3/g, and the primary and secondary pore sizes were 4.04 nm and 7.74 nm, respectively 7.74 nm. It showed the highest photocatalytic activity at 365 nm and 395 nm in the UV band, and the degradation rate of methyl orange solution was 96.84% and 98.65%, respectively. The excellent photocatalytic properties of the porous TiO2/Ag composite microspheres were due to the combination of the special structure of the hierarchical pores and the hollow structure and the synergistic effect of Ag and TiO2.



Although the sol–gel method has been widely used for the synthesis of photocatalysts based on porous structural materials, there are still some significant drawbacks in practice, such as the difficulty in controlling the pore structure, the longer reaction time, and the higher production cost. Therefore, future researchers urgently need to make greater breakthroughs in the control ability of pore structure, especially in the pre-precise regulation of pore size, morphology, and distribution, to meet the diverse needs for porous material properties in different applications, so as to promote the practical application and development of photocatalysts.





4. Application of Porous Materials for the Treatment of Different Pollutants in Wastewater


Currently, the classification of human-polluted wastewater mainly includes industrial wastewater, domestic sewage, agricultural wastewater, and medical wastewater, while the main pollutants of wastewater can be classified into inorganic pollutants (inorganic salts [83], heavy metal ions [84], etc.), organic pollutants (dyes [85], pesticides [86], phenols [87], etc.), pathogenic microorganisms [88], and toxic substances [89]. Porous materials have clear advantages and great potential in the photocatalytic treatment of wastewater due to their properties such as high specific surface area and pore structure.



4.1. Application of Porous Materials for Treatment of Heavy Metal Ions in Wastewater


Porous structured materials have a wide range of applications in the treatment of heavy metal ions in wastewater. These materials usually have a high specific surface area and porous structure, which can provide a large number of adsorption sites to effectively adsorb and remove heavy metal ions from water. Common porous materials are MOFs [90], TiO2 nanotube array networks [91], carbon nanotubes [92], etc., which have highly ordered nanotube structures and provide a large amount of surface area and adsorption sites for catalysts to convert heavy metal ions into harmless substances by photocatalysis, or convert heavy metal ions into harmless substances by adsorption. or remove heavy metal ions from water by adsorption.



For example, Shen et al. [93] constructed C3N4/CdS nano-junctions on carbon fiber cloth (CF) as filter membrane photocatalysts. The CF/C3N4/CdS cloth exhibited enhanced light absorption and photocurrent effects. They tested whether the removal of Cr(VI) could be increased to 83% after a 6-stage reaction with CF/C3N4/CdS cloth as the filter membrane photocatalyst, while the removal of Cr(VI) was 22% for CF/C3N4 cloth and 42% for CF/CdS cloth. This study investigated the photocatalytic mechanism of CF/C3N4/CdS cloth. Under visible light irradiation, electrons (e−) and holes (h) were generated from C3N4 and CdS, due to the low CB value of CdS nanoparticles, resulting in the e- flowing more easily from the CB of g-C3N4 to the CB of CdS, and then to the CF cloth, which can reduce O2 to -O2− for the removal of organic pollutants or the reduction of heavy metals. The holes (h+) can stay on the VB of C3N4+ or CdS to degrade the pollutants and ultimately achieve the mineralization of the pollutants.



It was shown that the enhanced photocatalytic activity of CF/C3N4/CdS cloth was because of the construction of C3N4/CdS nano-junctions, which not only conferred stronger light absorption but also led to the effective separation of photogenerated electron–hole pairs. Therefore, the CF/C3N4/CdS cloth can be used as an efficient and recyclable filter membrane-like photocatalyst for the treatment of flowing heavy metal ion-containing wastewater, which also provides a new perspective for the development of flexible large-scale photocatalysts.




4.2. Application of Porous Materials for Treatment of Antibiotics in Wastewater


Organic wastewater refers to wastewater containing organic substances such as antibiotics and organic solvents, which are commonly found in the food, chemical, and pharmaceutical industries [94]. The treatment of antibiotics in organic wastewater is one of the most important tasks in environmental protection and water resource management. Because antibiotics are characterized by complex composition, diversity, and difficult degradation [95], traditional physical and chemical treatment methods are usually too difficult to remove them completely. The current technologies that can effectively treat antibiotics in wastewater include advanced oxidation technology [96] and electrochemical treatment technology [97]. Among them, porous structured materials with advantages such as high surface area, adjustable pore size, and excellent adsorption performance have attracted much attention from researchers in the field of antibiotic treatment in wastewater.



In an experiment, Chen et al. [98]. synthesized porous ZnS/MXene Ti3C2 nanocomposites to degrade tetracycline hydrochloride (TCH) by hydrothermal method. Under the experimental simulated sunlight, the photodegradation efficiency of TCH could reach 96% in 60 min. By studying the mechanism, Chen et al. found that when ZnS is irradiated by sunlight, the electrons can be excited and migrate rapidly to the CB and leave holes in the VB. Based on the numerous heterojunctions, the photogenerated electrons migrate rapidly from the CB of ZnS to the MXene Ti3C2. Therefore, a large number of photogenerated electrons can rapidly combine with O2 to generate -O2− in the nanosheets on Ti3C2, which produces an active substance that can degrade the TCH. At the same time, a large amount of the remaining h+ in the VB can combine with the OH- to generate -OH, which can also degrade TCH. Therefore, ZnS/MXene Ti3C2 nanocomposites have excellent photocatalytic performance for TCH degradation.



Experiments by Chen et al. demonstrated that porous ZnS/MXene Ti3C2 nanocomposites can serve as excellent mesoporous photocatalysts and exhibit excellent photocatalytic ability for the degradation of tetracycline hydrochloride in the presence of light, which provides a strategy for the effective removal of antibiotics from wastewater using porous coatings.




4.3. Application of Porous Materials for the Treatment of Dyes in Wastewater


Wastewater produced by printing and dyeing control, garment, leather, and other industries contains a large number of dyes, salts, organic solvents, and many other organic and inorganic substances [99]. It is more difficult to deal with organic dyes in wastewaters that have strong stability, difficult to degrade, and they exhibit high chromaticity using conventional methods such as ordinary physical isolation and biodegradation, and nowadays, it can be better to treat dyes in wastewater by photocatalytic [100,101], electrochemical oxidation [102,103] and other oxidation methods to oxidize and decompose the dyes, which can better treat the dye wastewater. Porous materials have received extensive attention from researchers in the field of treating dyes in wastewater due to their advantages of multiple active sites, large specific surface area, and high load-bearing capacity.



Aqeel Ahmed Shah et al. [104] loaded zinc oxide nanorods with different concentrations of copper for the degradation of methyl orange and methylene blue by a low-temperature aqueous chemical growth method; it was shown that the photodegradation efficiency increased to 57.5% and 60% within 180 min, respectively, and significantly reduced the time required to degrade the pollutants. Aqeel Ahmed Shah et al. found that zinc oxide doped with copolymers had a reduced band gap in the range of 250–600 nm, indicating a shorter recombination time for electron and hole pairs. Copper impurities in the zinc oxide were able to modulate its photocatalytic activity at a fairly high rate. At the same time, the zinc oxide maintains the morphology of nanorods even when doped with copper. SEM images of ZnO nanorods doped with different concentrations of copper are shown in Figure 7.



The application of porous material-loaded photocatalysts for the treatment of different pollutants in wastewater is of great importance. The photocatalysts were excited by light, and the activated oxygen species generated were able to degrade organic dyes, heavy metal ions, and other harmful substances in water. Meanwhile, the porous structure provides abundant reaction sites, which enhances the light absorption and reaction efficiency of the photocatalyst. It not only improves the efficiency of wastewater treatment, but also achieves the removal of pollutants with lower energy consumption, showing good application prospects. To give a clear overlook, some applications of porous materials in the treatment of different pollutants in wastewater are listed in Table 2.





5. Future Applications and Development of Porous Structure Material-Loaded Catalysts in Wastewater Treatment


This paper briefly describes the research progress of different porous materials in the photocatalytic degradation of wastewater and discusses some effective synthesis methods of porous materials and the challenges faced during the synthesis process. Many researchers have combined porous materials with different photocatalysts to improve the removal efficiency of organic pollutants from wastewater. However, there are multiple challenges in the photocatalytic treatment of wastewater with porous materials, and future research should focus on the following directions:




	(1)

	
Future research should focus on the exploration of porous materials in practical applications. Currently, research on porous materials for photocatalytic wastewater treatment is mainly focused in the laboratory, usually treating single pollutants and simulated wastewater. For practical applications, researchers need to develop catalysts capable of degrading multiple pollutants at the same time and innovate the design of porous materials to improve their adaptability and removal efficiency. In addition, the long-term stability and regeneration ability of catalysts are critical, and future research should focus on their retention of performance and durability in long-term use, as well as field trials to assess efficiency and economics.




	(2)

	
Future research should focus on the development of novel porous materials to improve their catalytic efficiency and economy for wastewater treatment applications. Firstly, novel porous photocatalytic materials responding to a wider solar spectrum need to be developed to enhance the catalytic efficiency under natural light, which may involve the synthesis of novel semiconductor materials. Secondly, multifunctional composites combining photocatalysis, adsorption, and biodegradation should be explored to significantly improve the reaction efficiency. For example, the composite of g-C3N4 with TiO2 can enhance the photocatalytic activity and stability. It is also crucial to develop environmentally friendly and low-cost synthesis methods to reduce production costs and environmental impact.




	(3)

	
The combination of photocatalysis of porous materials with other wastewater treatment technologies is an important research direction. Future research can explore a variety of combinations. For example, combining photocatalysis with membrane separation technology can remove the generated solid or liquid by-products after the photocatalytic reaction and enhance the water purification effect. In addition, it is also an important direction to study the effect of combining photocatalysis with biodegradation, and to explore how to promote microbial degradation by using intermediate products generated from photocatalytic reactions. In addition, combining photocatalysis with advanced oxidation technologies (e.g., electrocatalysis, persulfate oxidation, etc.) and exploring their synergistic effects in wastewater treatment in order to improve the removal efficiency of organic pollutants should be explored.




	(4)

	
Future research should enhance the understanding of photocatalytic reaction mechanisms and develop theoretical models to better elucidate the role of porous materials in photocatalysis. This includes studying the generation, migration, and complexation processes of electron–hole pairs through experimental and computational simulations. Meanwhile, kinetic models of photocatalytic reactions should be developed to predict the reaction rates and efficiencies under different conditions. In addition, the structure and properties of porous materials should be analyzed in depth using advanced characterization techniques to reveal their changes in the photocatalytic process. These studies will provide an important theoretical basis for optimizing the design of photocatalytic materials and improving the application efficiency.
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Figure 1. Substrate classification of porous materials. 
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Figure 2. (a–c) Top view, side view, and 0.2 BWO/TNTAs of the SEM images of TNTAs, respectively; (d–g) EDS spectra of the corresponding Ti, O, W, and Bi [29]. 
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Figure 3. SEM of (a) mag-MIL-101(Cr); (b) TiO2/mag-MIL-101(Cr); (c,d) TEM of TiO2/mag-MIL-101(Cr) [46]. 
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Figure 4. One-step facile fabrication strategy for mixed-valence bimetallic Ce/Zr MOFs [70]. 






Figure 4. One-step facile fabrication strategy for mixed-valence bimetallic Ce/Zr MOFs [70].



[image: Colloids 09 00003 g004]







[image: Colloids 09 00003 g005] 





Figure 5. Schematic of the experimental setup for the synthesis of ZnO NSs and SEM images obtained [76]. 
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Figure 6. Schematic diagram of experimental synthesis of porous TiO2/Ag composites [82]. 
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Figure 7. SEM images of ZnO nanorods doped with different concentrations of copper (a,b) ZnO nanorods doped with 5 mg and 10 mg of copper; (c,d) SEM images of ZnO nanorods doped with 15 mg and 20 mg of copper [104]. 
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Table 1. Summary of wastewater treatment applications of different porous materials in recent years.
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	Porous Structural Material Matrix
	Loadings
	BET Surface Area (m2/g)
	Processing Objects
	Degradation Efficiency
	Literatures





	Porous carbon foam
	ZnO nanorods
	133.97
	Rhodamine B
	98%
	[47]



	ZnO
	Carbon dots
	30.06
	Methylene blue
	96.7%
	[48]



	MIL-101
	CdS
	2980
	Methylene blue
	91.38%
	[49]



	MOF(UiO-66-NH2)
	Ag/AgBr
	513
	Rhodamine B
	97.2%
	[50]



	N-doped carbon nanofibers
	Titanium dioxide
	370
	Methyl orange
	93.53%
	[51]



	Porous carbon nanofiber
	Titanium dioxide
	136.68
	Methylene blue
	92.8%
	[52]



	Activated carbon
	Titanium dioxide
	462
	Methylene blue
	95%
	[53]



	MOF(UiO-66)
	Titanium dioxide
	685.94
	Methyl orange
	97.59%
	[54]



	Stainless steel mesh
	Titanium dioxide
	152
	2-Nitrophenol
	79%
	[55]



	Titanium dioxide
	Silver nanoparticles
	160.5
	Methylene blue
	77.8%
	[56]



	Co/Ni-MOFs
	Bismuth iodide
	57.98
	Methylene blue
	93.41%
	[57]



	MIL-100(Fe)
	Carbon nanodots
	1218.39
	Tetracycline
	90.3%
	[58]



	Cu-Cu2O
	TiO2
	187
	Methylene blue
	95%
	[59]










 





Table 2. Application of porous materials for the treatment of different pollutants in wastewater.
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	Type of Pollutant
	Processing Objects
	Porous Structural Material Matrix Composition
	Load
	Literatures





	Antibiotics
	Ciprofloxacin
	Cr2O3
	ZnO
	[105]



	Antibiotics
	Cefixime
	Nitrogen-doped porous graphene (TiO2/NHG)
	TiO2
	[106]



	Antibiotics
	Tetracycline
	Nitrogen doped porous carbon skeleton
	CuO
	[107]



	Dyes
	Methyl orange
	Porous gra