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Abstract

:

The present work gives a critical overview of the recent progresses and new perspectives in the field of photocatalytic membranes (PMs) in photocatalytic membrane reactors (PMRs), thus highlighting the main advantages and the still existing limitations for large scale applications in the perspective of a sustainable growth. The classification of the PMRs is mainly based on the location of the photocatalyst with respect to the membranes and distinguished in: (i) PMRs with photocatalyst solubilized or suspended in solution and (ii) PMRs with photocatalyst immobilized in/on a membrane (i.e., a PM). The main factors affecting the two types of PMRs are deeply discussed. A multidisciplinary approach for the progress of research in PMs and PMRs is presented starting from selected case studies. A special attention is dedicated to PMRs employing dispersed TiO2 confined in the reactor by a membrane for wastewater treatment. Moreover, the design and development of efficient photocatalytic membranes by the heterogenization of polyoxometalates in/on polymeric membranes is discussed for applications in environmental friendly advanced oxidation processes and fine chemical synthesis.
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1. Introduction


Membrane reactors (MRs) are multifunctional reactors that are characterized by the combination of a (catalytic) reaction with a membrane separation processes. The early examples of MRs date back to the 1970s with the use of polymeric membranes in enzymatic reactions and metal membranes for high temperature reactions [1]. Currently, MRs have relevant industrial applications in biotechnological field but also in the environment areas, such as wastewater treatment and gas emissions purification [2,3]. An interesting case is the membrane bioreactors (MBRs) technology recognized as a best available technology (BAT) for wastewater treatments [4]. However, in the last decades, a growing interest towards MRs technology is evident in a wide range of applications, including, not only biotechnological, but also petrochemical, chemical production, environmental remediation, and energy sector. Regarding the environment protection, MRs have been applied in different areas such as wastewater treatment by advanced oxidation processes (AOPs) for organic pollutants degradation and gas emissions purification for CO2 capture [3]. The main driving force of these academic and industrial research efforts is the necessity to innovate the current resource within an intensive industrial system in the perspective of the sustainable growth.



The Process Intensification (PI) strategy [5,6] is recognized as an efficient tool for the realization of this sustainable growth. The PI strategy comprises an innovative equipment design and process development methods, being able to improve manufacturing and processing, by decreasing production costs, equipment size, energy consumption, waste generation, while improving process efficiency, remote control, information fluxes, and process flexibility [7]. MRs are specific example of reactive separations well responding to the requests of the PI strategy, coupling a reaction with a membrane separation process, not only at equipment level, but by realizing functional synergies between the operations involved [6]. This synergic combination can have several advantages in comparison with traditional reactors depending on the specific functions performed by the membrane [8]. With respect to traditional reactive separations (e.g., reactive distillation, reactive adsorption, reactive crystallization/precipitation), MRs have the advantage to use intrinsically more clean and energy-efficient separation routes [6]. Membrane separations are in fact typically characterized by lower operating temperature, in comparison with thermal separation processes, such as distillation, and they might offer a solution in the case of catalysts or products with a limited thermal stability. Additionally, membrane separation processes are able to separate nonvolatile components by a difference in dimensions, charge, or volatility.



The selective transport of the products and/or the reagents through the membrane can increase the yield and/or the selectivity of some processes. Typical examples are esterification and de-hydrogenation reactions (thermodynamically controlled reactions), in which the removal of water or hydrogen, respectively, increases the reaction yield. The extraction of an instable intermediate through the membrane in a MR might give an improvement of the reaction selectivity; this is the case of partial oxidation reactions and hydrogenation reactions carried out in MRs; also, the selective removal of the reaction products might also improve the downstream processing.



In the case of homogenous catalysts, their immobilization in or on a membrane represents an efficient way to achieve the catalyst recovery, regeneration, and reuse in successive catalytic runs [9].



The membrane can also define the reaction volume providing a contacting zone for two immiscible phases (e.g., in phase transfer catalysis) [10] avoiding the use of polluting auxiliaries, like solvents, in agreement with the green chemistry principles.



The design of the membrane reactor requires a multidisciplinary approach in which different disciplines, like: chemistry, chemical engineering, membrane engineering, and process engineering, give their contribution in order to achieve a synergic combination of the separation and reaction processes that allows optimal performances in terms of productivity and sustainability.



When a membrane is combined with a photocatalytic process the MR is indicated as photocatalytic membrane reactor (PMR) [11] and it can be designed in two main configurations, depending from the catalyst confinement [12,13,14]: (i) PMRs with solubilized or suspended photocatalyst; and, (ii) PMRs with photocatalyst immobilized in/on a membrane.



Both configurations present specific advantages and limitations depending from the specific application. In a PMR with a solubilized or suspended photocatalyst, a membrane with appropriate molecular weight cut off (MWCO) can be used for the retention of the catalyst in the reactor. Usually globular proteins in aqueous solution are used for MWCO measurements, however in the membrane selection it is necessary to consider that the MWCO depends on the solvent and the solution composition and polarity might change in relevant way during the reaction [10]. The catalyst retention can be optimized by enlargement of the catalyst as: dendrimers, hyperbrached polymers or catalyst bound to a soluble polymer [15]. Moreover, the membrane can have the multiple role of confining, the catalyst, the pollutants, and the degradation intermediates into the reaction environment. In a traditional photoreactor, the degradation intermediates remain in the treated effluent resulting often in a not sufficiently efficient process because these intermediates are frequently more hazardous than the original pollutants. The coupling of photocatalysis and membrane separation can permit to obtain, by using a membrane with an appropriate selectivity, a permeate free of both pollutants and degradation intermediates.



PMRs with solubilized/suspended photocatalyst can be further classified in: (i) integrative-type PMRs and (ii) split type PMRs. In the first one, the photocatalytic reaction and membrane separation processes take place in one apparatus, i.e., an inorganic or polymeric membrane is submerged in the slurry photocatalytic reactor. In split-type PMRs the photocatalytic reaction and membrane separation take place into two separate apparatuses, i.e., the photocatalysis module and the membrane module, which are appropriately coupled [12,16]. Besides, on the basis of a different approach, this kind of PMRs can be also classified while considering the position of the light source, which can be: (i) above/inside the feed tank; (ii) above/inside the membrane unit; and, (iii) above/inside to an additional vessel placed between the feed tank and the membrane unit [13].



In PMRs with immobilized photocatalyst, the photocatalyst is not solubilized/suspended into the reacting environment, but it is immobilized in/on the membrane, giving a photocatalytic membrane (PM). In such a system, the membrane acts both as a selective barrier for the contaminants to be degraded, thus maintaining them into the reaction environment, and as the support for the photocatalyst. PMRs with immobilized photocatalyst are intrinsically integrative-type PMRs, i.e., the photocatalytic and the membrane separation processes take place in the same unit.



In general, in the state of the art literature it has been reported that the PMRs with solubilized/suspended photocatalyst permit to achieve higher efficiency when compared to that of the immobilized system, due to the larger active surface area, which guarantees a good contact between the photocatalyst and the pollutants [12,14]. As a consequence, more numerous are the studies of PMRs with solubilized/suspended photocatalyst, in view of large scale applications [17,18,19,20]. However, fouling, which is caused by deposition of the photocatalyst nanoparticles (NPs) on the membrane surface with a consequent flux decline, and light scattering, still limits the performance of this type of membrane photoreactor configuration.



In the immobilized PMRs, the photocatalyst/reagents contact is hindered by the mass transfer limitation over the immobilized photocatalyst. However, in this configuration, it is possible to obtain in general a more easy catalyst recovery, reuse and regeneration in successive catalytic runs than in the previous one.



Besides, PMs generally show better performance with respect to conventional membranes in terms of reduced membrane fouling and improved permeate quality. PMs could degrade the organic pollutants contained into the feed solutions by generating the oxygen-reactive radicals under light irradiation, thereby preventing the formation of a cake layer on the membrane surface, reducing the pollutant concentration in the retentate as well as improving the permeate quality. Moreover, the problem of light scattering by photocatalyst particles, which negatively influence the performance of PMRs with suspended photocatalyst, is avoided by using PMs. So, it can be affirmed that the use of PMs might improve the performance of wastewater treatment by PMRs.



Significant progresses have been also reached in the modelling and simulation of membrane reactors with the aim to improve their performances by the optimization of the reactor design and the operative conditions, as well as, by the understanding and optimization of structural/functional relationships at a molecular level in the systems investigated. New metrics, like the volume index and conversion index, have also been proposed as a simple way to evaluate the efficiency of a membrane reactor in the logic of the process intensification strategy [21].



The present work gives a critical overview of the recent progresses and new perspectives in photocatalytic membranes and photocatalytic membrane reactors. The most important operating parameters affecting the performance of the PMRs are deeply discussed. Then, based on some selected case studies, the criteria for designing and developing a PM are reported. Finally, recent achievements in the use of visible light and in the overcoming of some intrinsic limitations of PMs, like moderate loss of photoactivity and restricted processing capacities, owing to mass transfer limitations and unsatisfactory system lifetime, due to photocatalyst leaching, are overviewed.




2. Operating Parameters and Limits of Photocatalytic Membranes (PMs)


Working under proper operating conditions is important to obtain good PMR performance with both solubilized/suspended and immobilized photocatalyst. The most important factors affecting the PMR performance, influencing the photocatalytic process and/or the membrane process, were reviewed by various authors [12,13,14]. These factors can be summarized, as follows.



2.1. Operating Mode


PMRs with immobilized photocatalyst can be operated in both dead-end and cross flow modes [22,23]. When the PMR is operated in dead-end mode, the substrates are retained by the membrane and accumulate on its surface thus forming a cake layer. As a result, the membrane permeability and the photocatalytic performance are reduced. Relatively low photocatalytic efficiency is usually observed by operating under dead end mode. This drawback can be explained, as follows: since the feed polluted water was kept into the reactor (no recirculation), a not adequate contact between the pollutants to be degraded, the photocatalyst and the light source was achieved.



On the basis of this, it can be affirmed that the cross flow mode should be the better option in view of industrial applications. By operating in this way, the feed phase flows tangentially to the membrane. This tangential flow tends to remove the deposited particles on the membrane surface, thus resulting in a reduced membrane fouling. The permeate flows perpendicularly across the membrane, while the retentate is usually recirculated in the feed tank.




2.2. Typology of Photocatalyst Immobilization


On the basis of the different procedure of photocatalyst immobilization, PMRs with immobilized photocatalyst can be further classified in three sub-categories.



The first sub-category comprises the PMRs in which the photocatalyst is coated on the PM. The procedure of coating can be performed by using different methods [24] such as dip-coating, electro-spraying of photocatalyst particles, magnetron sputtering of the photocatalyst, and deposition of gas phase photocatalyst NPs. The main drawbacks of using this approach are associated to the diminution of membrane permeability after the coating procedures and to photocatalyst leaching during the photocatalytic runs [25].



The second sub-category includes the PMRs in which the photocatalyst is blended into the membrane matrix. Practically in this kind of PMR, during the membrane preparation the photocatalyst is entrapped in the polymeric matrix. By operating with this type of PMRs, the possibility of photocatalyst leaching was reduced with respect to the PM that was prepared by photocatalyst coating.



The third sub-category of PMRs with immobilized photocatalyst is based on the use of free standing PM. In this case, the PM is manufactured with a pure photocatalyst, so that the immobilization of the photocatalyst in/on the membrane support is unnecessary. Thus, a further reduction of the possibility of photocatalyst leaching was obtained.




2.3. Photocatalyst Type and Its Characteristics


Photocatalyst is the key component of a photocatalytic process. The properties of photocatalyst and its concentration in the reacting environment represent key parameters, playing an important role on photocatalytic performance.



Key properties of photocatalyst, having significant effects on photocatalytic efficiency, are the band gap energy, the specific surface area and particle size distribution, the crystallographic structure and composition, etc.



A photocatalyst is a semiconductor material able to convert the energy of irradiated photons in the chemical necessary to excite electrons from its valence band (VB) to its conduction band (CB). Then, it is clear that band gap energy plays the most important role in its selection. A photocatalyst characterized by lower band gap requires less photon energy. In particular, a photocatalyst can achieve a satisfactory visible light response when its band gap is sufficiently low, which is an important characteristic in view of large scale applications. Other important characteristics to be considered to choose a photocatalyst are good chemical and physical stability, non-toxic nature, availability, and low cost.



TiO2-based photocatalyst is the most utilized photocatalyst in PMR (used in suspended form) because it is characterized by strong catalytic activity, relatively long lifetime of electron-hole pairs, high (photo)chemical stability in aqueous media and in a wide range of pH (0–14), limited cost, and low toxicity. So, it can be affirmed that TiO2 is the archetypical photocatalyst, virtual synonym for photocatalysis. However, this material is not active under visible light irradiation, because of its wide band gap. Thus, TiO2 is capable to use only less than about 5% of the solar energy, which is in the UV range. On these bases, the development of photocatalysts that are able to utilize visible light represents a challenge in view of large-scale application of PMR systems, permitting the use of a greener light source (the sun) [26,27]. When considering that the quantum efficiency of the photocatalytic processes usually decreases by increasing the intensity of the radiation, the preparation of photocatalysts active under visible light is convenient only when the quantum efficiency remains relatively high, resulting in a wide use of photons from visible light.



Other metal oxide semiconductors that are used in PMRs are ZnO [28,29], WO3 [30], and CuO/ZnO [31]. These photocatalysts are characterized by a different band gap in comparison with TiO2 [14].



Polyoxometalates (POMs) are instead soluble metal oxide analogs with tunable solubility depending from the counterion used [32]. The heterogenization of POMs in/on polymeric membranes for PMRs application is reviewed in Section 4.2.




2.4. Ligth Source


The starting step in a photocatalytic process is the irradiation of the photocatalyst surface with photons having energy (hν) equal to or higher than the band gap, so that the electrons are promoted from VB to CB. Several authors studied the influence of wavelength and intensity of the light source on the rate of the photocatalytic reaction [33,34,35].



The photocatalytic performance depends strongly on the value of the light intensity [36]. In general, it can be observed that the reaction rate increases by increasing the light intensity till to the mass transfer limit is achieved. In general, the reaction rate increases with the light intensity when the photocatalytic process is operated at low light intensity, which means a light intensity in the range 0–20 mW·cm−2. This trend can be explained when considering that, by operating with this light intensity, the reaction giving the formation of electron-hole couples is predominant with respect to the electron-hole recombination. By operating with a light source emitting at medium light intensity (approximately 25 mW·cm−2), the reaction rate is function of the square root of light intensity. This trend can be ascribed to the competition effect between the electron-hole formation and recombination reactions. The reaction rate is not influenced by this parameter when the photocatalytic process is performed with a high light intensity (>25 mW·cm−2) [12,13].



The UV spectrum is usually divided into UV-A (315–400 nm), UV-B (280–315 nm), and UV-C (100–280 nm), depending on the emitting wavelength. Artificial UV lamps are the most commonly used light sources, because of their higher photon flux with respect to solar irradiation. These lamps can be used in immersed or external configuration, and emit light in the UV-A range (max intensity in the range 355–365 nm) or in the UV-C range (germicidal lamps, max intensity at 254 nm).



Depending on the emission range of interest, different typologies of light sources are available, like xenon, mercury, and deuterium lamps [37]. Besides, regarding the different radiation sources, it can be distinguished between pulsed and continuous light sources [38], which can affect the photocatalytic performance.



Several works on laser induced photocatalysis have been also recently carried out [38,39,40]. Yamani [38], compared the photocatalytic performance of 355 nm pulsed laser and continuous Hg arc lamp equipped with visible light band pass filter. The results evidenced that the photocatalytic degradation efficiencies that were obtained with the different radiation sources were comparable and the pulse energy has an important influence on the photocatalytic performances.



Among the various types of lamps, the led ones, emitting in the UV or UV-vis range, are gaining interest for their efficiency and they can be also powered by photovoltaic panels [41].




2.5. Feed Characteristics


The properties of feed that influence the performance of a PMR with entrapped photocatalyst comprise the initial concentration of the pollutants to be degraded, the pH of the feed, the temperature, and the presence and concentration of inorganic ions.



It is generally accepted that the reaction rate increases with substrate concentration till to a certain level, over which the rate starts to decrease. This trend can be explained considering that a further increase of substrate concentration results in a reduction of the generation rate of •OH radicals due to light scattering by the dissolved substrate and to the decrease of the active sites available for •OH radicals generation (photocatalyst saturation).



In their study on photocatalytic degradation of the dye tartrazine, Aoudjit et al. [42] evidenced that the dye concentration in the feed phase to the PMR system strongly affects system performance. Indeed, the photodegradation percentage decreased from ca. 78 to 46% by increasing the initial concentration of the dye from 10 to 30 mg·L−1. This trend was explained by considering that, maintaining the amount of the photocatalyst constant, the ratio hydroxyl radical/tartrazine molecules decreases by increasing dye concentration, resulting in the lower photodegradation efficiency observed. Moreover, the higher tartrazine concentrations also increase the light scattering, thus affecting the UV light absorbance by TiO2 nanoparticles surface and decreasing the amount of hydroxyl radicals formed.



The increase of the initial substrate concentration influences not only the photocatalytic performance of the system, but also the fouling of the membrane, and thus the permeate flux. So, also when the increase of pollutants concentration has a positive effect on the photodegradation rate, it has to be taken into account that the mass transfer resistance of the membrane also increases, resulting in the deterioration of membrane performance [43].



The operating pH strongly influences the performance of a PM. First of all, the adsorption of the substrate on the active sites of the photocatalyst and desorption of the products are two pH-influenced processes. In the case of the TiO2-Degussa photocatalyst, considering that its isoelectric point is 6.8, it can be affirmed that a TiO2 based PM is negatively charged when the pH of the feed solution is higher than 6.8. In this condition, the adsorption of positively charged molecules is favored. On the contrary, the TiO2 based PM is positively charged when the pH of the feed phase is lower than 6.8, and the adsorption of negatively charged substrates is favored. The operating pH also influences the permeation of the different solutes contained into the feed solution across the membrane. Indeed, the molecules dissolved in the reacting environment could change their state from positively charged to neutral, and then from neutral to negatively charged by changing the pH, having an important effect on their permeation across the membrane.



It is accepted that a temperature in the range 20–80 °C is optimal for conducting photocatalytic processes [33]. By operating at temperature lower than 0 °C, the desorption of the photodegradation products from the surface of the photocatalyst becomes the limiting step, and the photocatalytic activity decreases. On the other hand, at a temperature higher than 80 °C, the electron-hole recombination on the photocatalyst is favored, which has a negative effect on photocatalytic efficiency. Besides, at those higher temperatures the adsorption of the substrate (exothermic process) is inhibited.



The presence of inorganic ions in the feed solution can give positive or negative effects on the rate of the photocatalytic process depending on the reaction mechanism and its nature. In particular, the presence of inorganic ions as Cl−, NO3−, SO42−, CO32− and HCO3−, which usually exist in waters, decreases photocatalytic activity by scavenging holes (hCB) and hydroxyl radical (•OH) [44,45,46]. On the other hand, the addition of oxyanion oxidants, such as S2O82−, BrO3−, IO4−, ClO2−, and ClO3−, has a positive effect on the photoreactivity. Indeed, these ions could act as scavenger for the CB electrons and reduce the electron-hole recombination, as follows:


S2O82− + e− → SO42− + SO4•−



(1)






SO4•− + H2O → SO42− + •OH + H+



(2)







H2O2 is another oxidant species that increases the photoreactivity of the system, thanks to the formation of •OH radicals. Nevertheless, as reported by some authors [47] an excessive amount of hydrogen peroxide can have a negative effect on system reactivity. This behavior can be explained considering that H2O2 acts as scavenger of VB holes and •OH, producing hydroperoxyl radicals (HO2•) as follows:


H2O2 + 2h+ → O2 + 2H+



(3)






H2O2 + •OH → H2O + HO2•



(4)







The HO2• radical has a less oxidizing power than •OH.



The presence of inorganic ions into the feed solution, affecting the photocatalytic performance as described, can also influence the performance of the membrane separation process. The influence of inorganic salts and humic acids on fouling and stability of a polyethersulfone ultrafiltration (UF) membrane operated in a PMR was studied by Dorowna et al. [48]. A more significant influence of inorganic ions on membrane performance was observed by increasing the concentration of the salts.




2.6. Flow Rate over and across the Membrane


In the case of PMRs that operated under cross-flow filtration mode, where the feed solution is continuously recirculated tangentially to the membrane, the recirculation flow rate is an important operating parameter affecting the photocatalytic performance of the system. Usually, the photocatalytic efficiency increases by increasing the recirculation flow rate. This trend can be explained by considering the larger turbulence in the solution, which promotes the mass transfer from the bulk of the feed solution to the surface of the PM, while reducing the membrane fouling.



Flow rate across the membrane depend on the applied driving force (e.g., transmembrane pressure in a pressure driven membrane separation), membrane structure, and composition. It is a key parameter for the PMR because it determines the contact times between the photocatalyst and the reagents/products. Mass transfer of the reagents to the catalytic sites, and of the product away from them, should be fast enough in order to avoid reaction limitation meanwhile the contact time catalyst/reagent should be also appropriate to control reaction selectivity.





3. Preparation and Choice of Materials to Manufacture PMs


An “ideal” (photo)catalyst should conjugate the following properties: low costs, high selectivity, elevated stability under reaction conditions, non-toxicity and “green properties”, like “recoverability”, i.e., the possibility to recover and reuse the catalyst [49,50]. In this perspective, the heterogenization of homogeneous catalysts in/on a support has interesting implications because it permits to recover and reuse the same catalytic system several times. Among the different heterogenization techniques, the entrapping of a catalyst in or on a membrane offers new possibility for the design of new efficient catalytic processes.



In the design of a catalytic membrane major issues in the membrane material selection are the mechanical, thermal and chemical stability under reaction conditions. In the case of photocatalytic membranes also the photostability and transparency of the membrane are critical concerns. Moreover, the membrane transport properties, like permeability and selectivity, need to be considered and can be tailored by an appropriate selection of the membrane structure and composition. In the case of a (photo)catalytic membrane, the incorporation of the (photo)catalyst introduces additional complexity to the fabrication process, because the catalyst should be firmly entrapped in the membrane and the catalyst structure and activity has to be preserved during the membrane preparation procedure. Moreover, the properties (including transport properties) of a catalytic membrane are usually different from those of a pristine polymeric membrane that is prepared in the same experimental conditions.



A variety of materials have been used for the preparation of PMs: organic, inorganic, and metallic. In particular, polymeric membranes represent the most popular organic materials used to prepare PMs. Typical polymers that have been considered as membrane material include polyamide [51], polyvinylidene fluoride (PVDF) [52], polyethersulfone (PES) [53], polyurethane (PU) [54], polyethylene terephthalate (PET) [55], polyacrylonitrile (PAN) [56], and polytetrafluoroethylene (PTFE) [57].



Since the PM is in direct contact with the reacting environment, the possibility of its damage by the irradiation and oxidizing species (e.g., •OH radical) has to be taken into account. More often, the abrasion of membrane surface because of the mechanical action of the particles suspended in the reacting environments causes more damage to the membrane than the action of the oxidant environment [58]. On the basis of this, inorganic ceramic membranes, thanks to their excellent thermal, chemical, and mechanical stability, may represent a good option to polymeric membranes in PM preparation. Actually, the main limitation to ceramic membrane utilization is represented by the higher manufacturing cost when compared to polymeric membrane.



It is important to realize a stable catalyst immobilization in order to avoid catalyst leaching out from the membrane and to have a good adhesion between the membrane material and the catalyst, with an optimal dispersion of the second one. Different immobilization strategies can be used in order to achieve these goals. Covalent bindings in general guarantee a stable immobilization. However, also electrostatic interactions, weak interactions (Van der Waals or hydrogen bonds), or catalyst encapsulation are exploited for an efficient catalyst immobilization [59].



In several cases, the catalyst is immobilized during membrane formation processes by dispersing the catalyst in the polymer dope solution. The polymer/catalyst affinity can be tailored by an appropriate chemical functionalization of one or both components. Ideally, the solvent used for the reaction needs to be a non-solvent for the catalyst, and it is necessary that the membrane does not swell excessively.



For a porous membrane, the choice of the membrane material is of less importance for transport properties in comparison with a dense membrane, because permeation occurs through the membrane pores [10]. However, the membrane material is relevant for the membrane stability, as well as for wettability and fouling tendency.



The membrane preparation technique and conditions depend from the membrane material and the desired structure and morphology. Different techniques for membrane preparation can be opportunely employed to prepare catalytic membranes: phase separation, coating, interfacial polymerization, sintering, stretching, and track-etching, are some examples [60]. The most used and versatile for polymeric membranes is the phase separation technique.



3.1. Dip Coating with Photocatalyst Particles


A widely employed surface immobilization technique consists in dip coating. Wang et al. [61] studied the synthesis of high quality TiO2 membranes on alumina supports and tested the so prepared PMs in the degradation of the dye Methyl Orange (MO). In particular, the PMs were synthesized by the spin-coating technique using the sol-gel method with water-soluble chitosan (WSC) as an additive. Obtained results evidenced that the proposed method of preparation permitted obtaining TiO2 membranes on alumina supports that were characterized by enhanced structural and catalytic properties. High surface area (116–164 m2·g−1) and porosity (47.3%–52.2%) were obtained, as well as homogeneity without cracks and high degradation of MO (61.2%–49.2%).



Chakraborty et al. [62] immobilized TiO2 NPs on polymeric hollow fibers (HFs) UF membranes while using three immobilization methods: (i) spray coating, (ii) vacuum coating, and (iii) sol-gel dip coating. PES and polyvinylchloride (PVC)-PAN HF membranes were used as catalyst support.



In the case of spray and vacuum coating, a significant leaching/detachment of NPs has been observed. This result was explained by the authors while considering that the NPs were immobilized physically and not chemically. Thus, a not stable coating on the membrane surface was obtained. Besides, spray coated and vacuum coated PMs showed negligible permeability due to the clustering of TiO2 adding extra resistance layers to water permeation across the membrane and to the blocking of the membrane pores by TiO2 agglomerates, respectively. This was also confirmed by Scanning Electron Microscopy (SEM) images.



The sol-gel coating was tested as the third method of photocatalyst immobilization on the membrane surface. In this case the coating solution was a diluted sol, coated on the membrane by using a simple lab-scale dip coater. The coating method was optimized in order to obtain a better immobilization of TiO2 NPs on the membrane while limiting the permeability loss in the coated membrane. SEM images and Raman spectra confirmed TiO2 immobilization on the polymeric support and evidenced that sol-gel coating permitted obtaining a stable TiO2 layer. The pure water permeability of the coated membranes was about 65–80% below those of uncoated membranes for both PES and PVC-PAN.




3.2. Electrosprying of Photocatalyst Particles


Daels et al. [51] prepared polyamide nanofiber membranes containing TiO2 NPs by electrospinning. The photocatalytic activity of the prepared PMs was demonstrated by considering the photodegradation of the dye MB. The results of photodegradation (up to 84% after 2 h of UV irradiation) evidenced the excellent photocatalytic activity of TiO2 NPs immobilized on the nanofibrous structure. After 6 h of UV irradiation the photocatalytic degradation increased up to 99%, thus obtaining a quantitative removal of MB. The stability of the PMs was confirmed, demonstrating that the NPs of the photocatalyst were successfully incorporated onto the electrospun fibers.



By using a similar approach, Nor et al. [63] prepared electrospun PVDF/titanium dioxide nanofibers (PVDF/TNF) by hot pressing TNF onto PVDF flat sheet membrane. The membranes were prepared by three consecutive steps. First of all, the polymeric support, i.e., the flat sheet PVDF membrane was prepared by a slight modified diffusion phase inversion technique. Then, the TiO2-NFs were synthesized by the electrospinning technique at room temperature. The spun TiO2-NFs were collected on an aluminum foil. Finally, the TiO2-NFs were placed and hot pressed for 30 min onto the PVDF membrane. The hot press technique was carried out at constant pressure (80 bar) by varying the operating temperatures (60 °C, 100 °C, 160 °C, and 180 °C). The membranes that were hot pressed at 60 °C exhibited unfavorable structure, since the TiO2-NFs were not adhered completely.




3.3. Sputtering of Photocatalyst Particles


Another possible technique for manufacturing PMs with the photocatalyst coated on the solid support is represented by sputtering a titanium film on top of the membrane [64]. By using this approach, Fischer et al. [65] easily synthesized TiO2 nanotubes by sputtering a titanium film on top of a porous polymer material, namely a PES membrane. The sputtering step was followed by the anodization of titanium to TiO2 nanotubes and the subsequent crystallization to photocatalytically active anatase under mild conditions (temperatures below 120 °C). The so-prepared PMs were characterized by a photocatalytic activity increased up to six times when compared to a TiO2 film on the membrane. This result was ascribed to the enhanced surface area and light-harvesting capability of the anatase nanotubular structures on the membrane.




3.4. Deposition of Gas Phase Photocatalyst Nanoparticles


PMs coated with nanostructured thin films of TiO2 and Pt/TiO2 have been also produced by one-step deposition of gas phase NPs on glass fiber filters [66]. The obtained PMs, coated with Pt/TiO2 nanostructured films, were tested in the photocatalytic hydrogen production by ethanol photo-steam reforming. An increased reaction rate with respect to that obtained with the same photoactive Pt/TiO2 films deposited by using more conventional methods on a quartz substrate was observed. This enhanced H2 production rate was ascribed to the increased contact time of the reactant mixture with the photoactive films, thanks to the diffusion through the coated glass fiber filters.



The described methods permit obtaining coated PMs, where the photocatalyst is coated tightly on the surface of the support membrane. The main limitations of these photocatalytic systems consist in photocatalyst leaching and in the diminution of membrane permeability because of the increased membrane resistance.




3.5. Blended and Free-Standing PMs


In the case of blended PMs, the photocatalyst is blended into the membrane matrix. By operating in this way, the possibility of photocatalyst leaching is reduced when compared to coated PMs. The most used membranes for the photocatalyst entrapment were PVDF polymeric membranes [67,68]. Other polymeric membranes were also used [69,70,71]. Aoudjit et al. [42] prepared poly(vinylidenefluoride–trifluoroethylene) (P(VDF–TrFE)) PMs containing titanium dioxide P25 by solvent evaporation (see Figure 1). The analysis of the PM morphological properties evidenced an interconnected porous microstructure and the homogeneous distribution of the TiO2 NPs within the membrane pores.



The production of free-standing PMs, in which the PM is manufactured with a pure photocatalyst, is often performed via the electrochemical anodization of a metallic substrate of the photocatalyst, followed by the separation of the photocatalyst nanotube film and different annealing treatments. Compared to coated or blended PMs, in the case of free-standing PMs the immobilization step is unnecessary, thus further reducing the possibility of photocatalyst leaching. On this topic, Zhao et al. [72] designed and prepared crystallized doubly open-ended Ag/TiNT (NT: Nano Tube) array membranes. The PMs were prepared by a lift-off process. It was based on an anodization-annealing-anodization-etching sequence, followed by uniform Ag NPs decoration. The prepared PMs were tested in the photocatalytic degradation of gaseous N,N-dimethylformamide (DMF), which is a typical volatile organic compound contained in the gaseous effluents from manufacturing factories, obtaining very interesting results.



As reported, in view of efficient utilization of PMs, it is fundamental to prepare systems with appropriate stability, porosity, and durable immobilization of the catalyst particles. When considering these features, the implementation and use of fiber based membranes represent an interesting and promising approach in view of enhancing the photocatalytic activity of PMs [73].





4. Selected Case Studies


4.1. Ti- and Ag-Based Photocatalytic Membrane Reactors


The pioneering studies on the use of TiO2-based membranes in photocatalytic membrane reactors were performed by Anderson and coworkers [74,75] about 30 years ago.



Molinari et al. [76] in 2002 entrapped TiO2 photocatalyst in a polymeric membrane and compared the performance of the PM with that one obtained by using the same photocatalyst in suspension. The used light source was a medium pressure Hg lamp emitting in the range between 300 and 400 nm with a maximum emission peak of 366 nm. The photocatalytic efficiency of the entrapped catalyst was lower with respect to that of the suspended configuration. The presence of the polymeric chain around the particles of catalyst was the main cause of this trend, since it reduces the surface area of the photocatalyst that is available for light irradiation and substrate adsorption. The attack of •OH radicals to the PM represented another disadvantage of this system in which the photocatalyst was entrapped in polymeric membranes. The comparison of the results that were obtained by degrading different pollutants evidenced that the photodegradation rate was influenced by the presence of the reaction intermediate into the reacting environment. These molecules competed with the photocatalyst for light adsorption and with the substrate for catalyst adsorption.



Some important features of inorganic membranes are their higher chemical, thermal, and mechanical stability, with respect to the polymeric materials. Starting from this consideration, Zhang et al. [77] prepared, by using the sol-gel technique, TiO2/Al2O3 PMs and tested them in the degradation of the azo-dye Direct Black 168 (DB). A high-pressure mercury lamp, with a maximum emission at 365 nm, was used as radiation source. The photolytic degradation of the dye achieved 70% and dye retention of the membrane was 65%, after 300 min by operating in continuous. The removal efficiency of the dye was improved markedly by coupling the UV irradiation with membrane filtration, and reached 82% after 300 min of UV irradiation, evidencing a synergistic effect. As emphasized by the authors, these TiO2/Al2O3 composite PMs permitted to perform at the same time the photocatalytic degradation and the separation, obtaining a high permeate flux (82 L· m−2·h−1) under low pressure (0.5 bar), while preventing membrane fouling, thanks to the high porosity and pore size of the PM. Despite these important achievements, the permeate quality was not excellent, evidencing that the membrane possessed an inadequate rejection to the pollutant.



The possibility to use a green light source, like the sun, to activate the photocatalyst represents a fundamental step in view of applying PMR systems at large scale. Thus, it is of great importance to develop immobilized photocatalytic systems with high quantum efficiency under visible light. In this direction it has to be taken into consideration that the increase of the radiation intensity usually causes a decrease of the quantum efficiency of the photocatalytic processes, which means a narrow use of photon from visible light.



On this topic, Athanasekou et al. [26] prepared and tested three kinds of active photocatalytic ceramic UF membranes. These PMs were prepared by dip-coating on the internal and external surface of UF mono-channel monoliths three different TiO2 bases photocatalyst: nitrogen doped TiO2 (N-TiO2), graphene oxide doped TiO2 (GO-TiO2) and organic shell layered TiO2. The photocatalytic activity of these PMs in the degradation of two azo dyes, MB and MO, was evaluated in a photocatalytic device operating in continuous dead-end conditions. Both the internal and the external side of the PMs were irradiated. The external side (shell) of the PMs was irradiated with two different radiation sources: (i) near-UV radiation in the range 315–380 nm, with a maximum emission at 365 nm; and, (ii) visible light. 10 UVA miniature LEDs emitting in the range 360–420 nm or six visible LEDs emitting at 460 nm were used to irradiate the internal side (lumen) of the PMs. The results evidenced that all the PMs were effective against common problems encountered in dye removal by conventional membrane filtration, like fouling tendency, increased energy consumption and the formation of retentate effluents containing the pollutant at high concentration. Best dye degradations (57% and 27% for MB and MO) were obtained by using the N-TiO2 PM under UV irradiation. These unsatisfactory degradations of the dyes gave evidence that the used PMs are not adequate for rejecting the dyes, despite the photocatalyst deposition. Lower dye degradations (29% and 15% for MB and MO, respectively) were obtained by using the same PM under visible light, despite the higher light irradiation density (7.2 vs. 2.1 mW·cm−2). This result evidenced that the N-TiO2 PM did not achieve efficient quantum efficiency under visible light. By considering the cost of the process in terms of energetic consumption, the GO-TiO2 membrane was the best one. Indeed, the energy consumption of GO-TiO2 PM was only 28% when compared with that of consumed by the N-TiO2 PM while providing 63% rejection of MB of N-TiO2 PM. On this basis, it can be affirmed that the GO-TiO2 PM can permit to achieve a higher dye rejection with a lower power energy consumption by recycling two or more times the permeate.



Considering the inadequateness in terms of pollutant rejection of the PMs prepared by Athanasekou, Wang et al. [78] prepared and tested in an experimental set-up operated under dead-end mode N-TiO2 ceramic PMs characterized by higher photocatalytic efficiency. These PMs were synthesized by dip coating, similarly to Athanasekou et al., with a substantial difference: the dip-coating of the photocatalyst NPs on membrane support was repeated seven times. Thus, composite PMs characterized by an average pore size of ca. 2 nm, adequate for retaining the dye, were synthesized. SEM and X-Ray Diffraction (XRD) analyses evidenced that the doping of the TiO2 photocatalyst with N permitted obtaining small nanocrystals with high surface and interfacial area. This feature, due to the inhibition of the growth of TiO2 crystal grains by N doping, permitted obtaining improved photocatalytic performance. In particular, a permeation flux equal to ca. 96% of pure water flux, a close to 99% dye rejection and good membrane stability were obtained. Despite these interesting achievements, a rapid diminution of dye rejection, probably caused by the formation of cake layer and concentration polarization, was observed. This trend was ascribed to the used filtration mode. Besides, the N-TiO2 PMs showed an unsatisfactory photoactivity under visible light.



On the same topic, Aoudjit et al. [42] prepared some PMs by immobilizing TiO2-P25 NPs into a poly(vinylidenefluoride–trifluoroethylene) (P(VDF–TrFE)) membrane. The prepared NPs were tested in the photocatalytic degradation of tartrazine in the solar photoreactor schematized in Figure 2.



The method used to prepare the P(VDF-TrFE) PMs was solvent evaporation, as described in Section 3. The photocatalytic degradation tests were performed in a solar photoreactor sited in northern Algeria, during August and September, under solar irradiation. The effective volume of the photoreactor was 1 L. The tartrazine solution was continuously recirculated at 28 mL·s−1 flow rate. Obtained results evidenced that the PM containing 8 wt.% TiO2 was the best one, exhibiting a remarkable sunlight photocatalytic activity, with 78% of the pollutant degraded over five hours. As reported in Section 2.5, the initial dye concentration strongly affected system performance. In particular, the photodegradation efficiency decreased from 78 to 46% by increasing the initial dye concentration from 10 to 30 mg·L−1 because of: (i) the decreased ratio hydroxyl radical/tartrazine molecules; and, (ii) the higher light scattering, which affects the adsorption of UV light by the surface of TiO2 NPs, thus decreasing the amount of •OH formed. The degradation percentage of the considered dye after 5 h of irradiation was 37% and 77% for 9.78 and 28 mL·s−1, respectively. This trend confirms what is reported in Section 2.6, i.e., the recirculation flow rate strongly influences the photocatalytic performance of the PM. This trend was due to the presence of more turbulence in the solution, which promoted the mass transfer from the feed solution to the surface of the PM. The reusability of the produced PM was also cheeked. Obtained results evidenced a 10% of efficiency loss by passing from the first use of the PM (ca. 78% of dye degradation) to the second use (ca. 67% of dye degradation). The observed efficiency loss was ascribed to photocatalyst leaching both during the photocatalytic tests and during the system cleaning with distilled water. However, no further reuses were possible because of the relevant leaching out of the NPs. The obtained dye degradations, unsatisfactory by an environmental point of view, were interesting by considering that they were obtained by using natural solar light.



Multi-walled carbon nanotubes (MWCNTs) are characterized by interesting properties, such as huge surface area, great electronic mobility, and stability. These characteristics make this material a good additive for preparing photocatalytic systems that are characterized by satisfactory photocatalytic activity and stability. On the basis of this and always with the aim of using solar radiation Wu et al. [79] prepared, by combining the electrospinning technique with an in situ reaction to obtain Ag3PO4, ternary composite fiber membranes (TCFMs), which possessed good photocatalytic performance. These TCFMs were composed by MWCNTs and Ag3PO4 supported on PAN. The results evidenced that the addition of MWCNTs into the Ag3PO4/PAN binary composite fiber membranes (BCFMs) is fundamental for obtaining a PM that is active under visible light. Indeed, the band gap of Ag3PO4/PAN BCFMs decreased by adding MWCNTs, making the ternary system able to use light characterized by higher wavelengths. The photocatalytic activity and stability of the prepared PMs were evaluated in a batch processing system by using a Xenon arc lamp. The emitted radiation was filtered with a 420-nm cut-off filter. Rhodamine B (RhB) was considered as model contaminant. By operating with the MWCNTs/Ag3PO4/PAN TCFMs, the RhB solution gradually discolored and the dye concentration drastically decreased and became practically zero after 80 min. When compared with the binary system, the ternary system was characterized by a higher and more stable photocatalytic activity for degrading RhB. In particular, the kinetic constant of dye degradation, calculated for the ternary system after observing that the degradation follows pseudo-first-order kinetics model, was 1.8-fold higher than that of the binary system. This result was ascribed to the fast electron transfer from Ag3PO4 to MWCNTs, resulting in a reduced electron-hole recombination and less photocorrosion of Ag3PO4.



Regarding system stability, the photocatalytic efficiency of TCFMs quantified in terms of dye removal after three recycles decreased by 20%, instead of the 45% decrease that was obtained without the MWCNTs. The slight decline of the activity was ascribed by the authors to the leaching of some Ag3PO4 NPs. When considering the photodegradation mechanism, it was observed that holes (h+) and superoxide radicals (•O2−) played fundamental functions for degrading RhB.



The possibility of continuously degrading RhB by using flexible TCFMs under visible-light irradiation was checked in a PMR operated under dead end mode. On the basis of the results that are summarized in Table 1, it can be affirmed that the most important operating parameter affecting the removal rates was the initial RhB concentration. While considering the influence of initial RhB concentration in the feed solution on the removal percentage, it is confirmed that the reaction rate increases with substrate concentration till to a certain level, over which the rate starts to decrease. This trend, as reported in Section 2.4, can be ascribed to both diminution of •OH/pollutant molar ratio and light scattering, which reduced the production rate of •OH. The increase of the solution flow rate was also able to improve the removal percentage (Table 1).



As emphasized by the authors, the overall results showed a high potentiality in continuous wastewater treatment when using a sustainable PMR. Modified methods to further improve the intensity of the interaction between Ag3PO4 NPs and fibers have to be employed for reducing leaching problems and increasing the stability of the photocatalytic performance.



The influence of salts and dissolved organic matter on the performance of PMs is another crucial point to be considered in the view of developing photocatalytic processes that are applicable at a large scale. Indeed, these substances, which are frequently present in real industrial effluents, can affect system performance by decreasing photocatalytic performance, due to scavenging effects, and/or by increasing membrane fouling.



On these aspects, Pastrana-Martìnez et al. [27] determined the influence of dissolved NaCl on the performance of three PMs, indicated as M-P25, M-TiO2, and M-GOT. These membranes were obtained by immobilizing on a plane cellulosic membrane TiO2 P25, a lab-made TiO2 and TiO2 modified with graphene oxide (GO-TiO2). These PMs were tested for photodegrading MO. A medium pressure mercury vapor lamp was used to operate under a near UV irradiation. A 430 nm cut-off filter was used for performing the experiments under visible light irradiations. The tests were performed in continuous under dead-end filtration. Three different aqueous matrices, distilled water (DW), simulated brackish water (SBW, 0.5 g·L−1 NaCl), and seawater (35 g·L−1 NaCl) were considered.



In Figure 3, the results that were obtained by using DW as aqueous matrix are summarized. The photocatalytic activity of M-GOT PM for MO abatement was higher than the other. This trend was also confirmed in terms of total organic carbon (TOC) removal. By using DW as aqueous matrix, MO abatement and permeate flux for two successive use were practically constants, regardless of the used PM. This result evidenced the maintaining of the photocatalytic activity of the tested PMs (membrane stability) without fouling problems. Practically, by using DW as the solvent, the photodegradation intermediates did not accumulate on the membrane surface. Thus, high permeate fluxes can be maintained by the PMs for long operation periods. The activity of M-P25 and M-TiO2 membranes under visible light were negligible, while the M-GOT PM possessed a moderate visible light activity, due to the decrease of the band gap. The lower degradation that was obtained by operating under visible light was due to the lower light intensity entering into the photoreactor (2.8 vs. 33 mW·cm−2).



The presence of NaCl in SBW (0.5 g·L−1) lead to a little decrease of photodegradation performance with respect to the use of DW, regardless of the PM employed. This trend was ascribed to Cl− ion, having a scavenging effect on holes and hydroxyl radicals. This trend was also confirmed by TOC removal. However, the better performance (52% and 13% MO degradation for near UV–vis and visible light irradiation, respectively) was obtained by using the M-GOT PM. Moreover, the photocatalytic performance decreased from the first to the second use, confirming that chlorine anions act as scavengers of holes and hydroxyl radicals.



The authors observed that, despite the encouraging results, these PMs showed lower photocatalytic efficiency with respect to PMRs with photocatalyst in suspension, as also evidenced in other works [80,81].



Fiber based membranes are characterized by good porosity and efficient dispersion and stabilization of catalyst NPs into the solid matrix. On the basis of this, Papageorgiou et al. [73] prepared and tested for MO degradation Ca alginate polymer fibers, which represent good candidates for photocatalytic applications thanks to some of their properties as the possibility to achieve good porosity together with the high transparency of their matrixes.



The results that were obtained during preliminary batch tests evidenced that Ca alginate/TiO2 fibers possessed a photodegradation efficiency (measured in terms of MO degradation) higher than that of TiO2 powder. This result was attributed to the good adsorption capacity and the high surface area of the fibers coupled with the excellent dispersion and stability of the TiO2 NPs into the solid matrix. Despite these encouraging results, Ca alginate/TiO2 polymer fibers gradually degraded, because of the •OH attack on the polymeric material, as previously observed by Molinari et al. [76].



Continuous flow experiments were performed in the hybrid photocatalytic/UF experimental set-up schematized in Figure 4, where a photocatalytic UF membrane (UF-PM) was coupled with the composite Ca alginate/TiO2 porous fibers. The UF-PM was obtained by chemical vapor deposition of TiO2 NPs on both the surfaces of a γ-alumina UF support. As evidenced in Figure 4, the permeate effluent, which represents the treated water, was collected inside the UF-PM, indicated as tubular membrane (Figure 4). 15 UVA LEDs emitting in the UV range 360–420 nm with a maximum emission peak at 383–392 nm irradiated the internal surface of this membrane. The polluted water has been fed in the lumen of Ca alginate/TiO2 polymer fibers in a flow channel that is defined by the intermediate and the outer Plexiglas tubes (Figure 4). Four UV lamps emitting in the near-UV range 315–380 nm with a maximum emission peak at 365 nm, were used to irradiate the alginate fibers.



The TiO2/Ca alginate fibers, working as pretreatment stage of the UF-PM, permitted to obtain an increase of the photocatalytic efficiency in comparison with the use of the UF-PM alone. Moreover, these photocatalytic active fibers in the process permitted obtaining an increased permeate flux across the UF-PM. The degraded Ca alginate/TiO2 polymer fibers were retained by the UF-PM, thus preventing permeate quality deterioration. Despite these advantages that were achieved thanks to the use of these fibers as pretreatment stage, an unsatisfactory 40% dye removal was obtained.



Summarizing, it can be affirmed that particle agglomeration, which is an important drawback of TiO2 promoted photocatalysis, can be limited/eliminated by developing TiO2-nanofiber (TiO2-NF). Despite this achievement some fundamental aspect have to be addressed in view of industrial application: (i) the degradation of the TiO2/Ca alginate fibers, which affects both permeate quality and system lifetime, and (ii) the poor dye removal meaning unsatisfactory permeate quality.



On the same topic, Nor et al. [63] prepared nanocomposite PMs consisting of TiO2 nanofibers (TiO2-NFs) electrospun on PVDF supports. The photocatalytic efficiency of these PVDF/TiO2 PMs was evaluated in the photocatalytic degradation of bisphenol A (BPA). The catalytic test were performed by irradiating a polluted solution with a UV lamp having a maximum emission peak λ = 312 nm. The results that were obtained during the photodegradation tests evidenced that the PVDF/TiO2 PM hot-pressed at 100 °C (PVDF/TiO2-100), permitted to obtain a higher UV absorbance and pure water flux in comparison with the PMs PVDF/TiO2-160 and PVDF/TiO2-180 hot pressed at higher temperatures. This is because the morphological structure of the nanocomposite PMs was strongly influenced by the hot pressing temperature. In particular, the structure density of the PMs increased with the hot pressing temperature. Good BPA photodegradation (84.53%) was obtained by using the PVDF/TiO2-100 under UV for 300 min, followed by PVDF/TiO2-160 (77.61% BPA degradation) and PVDF/TiO2-180 (62.54% BPA degradation). These results evidenced that the introduction of TiO2-NFs in on PVDF supports via hot pressing is a preparation method, which permits obtaining an enhanced photodegradation of organic pollutants, such as BPA.



Ramasundaram et al. [80] prepared TiO2-NFs integrated stainless steel filter (SSF) by some sequential steps (Figure 5), which also included a hot-pressing step. First of all, a free-standing TiO2-NFs layer was electrospun. The so prepared layer was then bounded to SSF surface by a hot pressing process while using PVDF nanofibers (PVDF-NFs) interlayer as a binder. Five different thicknesses of PVDF-NFs layer were considered in order to evaluate the influence of this parameter on the stability and the activity of the prepared SSF PMs. The stability of the five different SSF PMs was evaluated by submitting to sonication for 30 min five solutions containing them in water. The obtained results evidenced that 42 nm was the optimal PVDF-NFs layer for firmly bounding the TiO2-NFs to the surface of SSF.



The photocatalytic performance of the so prepared and characterized PMs was tested in the degradation of cimetidine (CMD), a molecule of pharmaceutical interest, in an experimental set-up operated in dead-end mode. The results evidenced that the CMD photodegradation increased from 42% to 90% when the thickness of TiO2-NFs increased from 10 to 29 mm. A further increase of the thickness did not have significant effect on drug degradation. This trend was probably due to the decreased light penetration. Moreover, CMD photodegradation was influenced by water flux across the membrane. In particular, it decreased from 89% to 64% and 47% by increasing the permeation flux from 10 to 20 and then 50 L·h−1·m−2. This trend can be explained by considering that, when the permeation flux increases, the contact time between the photocatalytic TiO2 layer and drug molecules is decreased, resulting in the observed lower photodegradation.



Metal doping of TiO2 photocatalyst, thanks to the passage of the promoted electron from the CB of the photocatalyst to that one of the metal, enhances: (i) the photocatalytic activity under visible light by reducing the band gap and (ii) the photocatalytic efficiency by minimizing the recombination of electron–hole couples. On these bases, Liu et al. [82] prepared an Ag/TiO2-NF PM and tested it in the photocatalytic degradation of MB using a solar simulator (Xenon arc lamp) as the light source. These Ag/TiO2-NF PMs permitted to obtain advanced performance in terms of both membrane fouling and loss of photocatalytic efficiency. Those enhancements were ascribed to the uniform dispersion of Ag NPs on TiO2-NFs, while maintaining sufficient active sites. The latter achievement was evidenced by Brunauer-Emmet-Teller (BET) measurements (see Table 2): an increased BET specific surface area was obtained by doping with Ag the TiO2-NFs (102.3 m2·g−1 vs. 85.6 m2·g−1). According to these data, the photocatalytic activity under solar irradiation of the Ag/TiO2-NF membrane (expressed in terms of MB degradation rate constant (min−1)) was significantly enhanced. As a consequence, 30 min of solar irradiation were enough to obtain a MB removal of nearly 80%. Complete mineralization was obtained after 80 min.



The results that were obtained by Liu et al. [82] show that the intrinsic diminution of the photocatalytic activity of a PMR using immobilized instead of suspended photocatalyst, caused by presence of the polymeric chain around the particles of catalyst, can be minimized by using NF based PMs, thanks to their high surface area.



Concerning the other classical drawbacks of photocatalyst immobilization, i.e., photocatalyst leaching, Liu et al. [82] found an excellent reusability of the prepared PMs. Indeed, the photocatalytic activity did not decrease during five successive photocatalytic runs. Moreover, the intrinsic antibacterial capability of the Ag/TiO2-NF PMs could have a benefic effect with respect to control of the membrane biofouling, which is an important achievement in view of large scale applications.



A different approach to effectively disperse the photocatalyst particle into a PM was developed by Fischer et al. [83]. By hydrolysis of titanium tetraisopropoxide, TiO2 NPs were formed directly onto the surface of two PES and PVDF hydrophilic membranes, and one PVDF hydrophobic membrane. By means of this method, a thin layer of disaggregated TiO2 NPs was directly synthesized on membrane surface, thus achieving a strong binding between the photocatalyst and the membrane supports. The photocatalytic performance of the prepared PMs was studied by considering the photodegradation of three different pollutants, the dye MB and two drugs (ibuprofen (IBU) and diclofenac (DCF)). On the basis of the results it can be affirmed that the properties of pollutant adsorption gave a greater contribution with respect to TiO2 content onto the PM. Indeed, better photocatalytic performances (70% MB photodegradation) were obtained with the hydrophilic TiO2/PVDF PM, despite its lower TiO2 content with respect to the TiO2/PES PM (0.092% vs. 0.809%). The worst performance was obtained by using the hydrophobic PVDF-modified membrane. This trend was ascribed to the lower contact with MB, which was dissolved in water. Lower photodegradation efficiencies were obtained for DCF and IBU (68% and 44%, respectively), because of their higher concentration in water. An acceptable permeate quality was obtained after two or more permeate recycles. The stability of the photocatalytic performance of the prepared PMs was also tested. The results evidenced a complete stability of PMs after five successive runs obtaining the complete photocatalytic degradation of MB without damaging the PMs. This important achievement was due to the complete covering of the support by the TiO2 layer, thus avoiding the direct irradiation of the polymeric support with UV irradiation.



Another possible way to overcome the intrinsic limitations of PMs is represented by the use of TiO2 nanotubes (TiO2 NTs). Fundamental characteristics in view of achieving excellent photocatalytic performance are their high surface area/volume ratio, short distance for charge carrier diffusion, and high photon-collection efficiency. Fischer et al. [84] prepared nanotubular TiO2-PES membranes. The prepared PMs were tested for degrading DCF under UV light. The photocatalytic tests were carried by using two different operating modes: a static mode, i.e., with the membrane operating only as a photocatalytic support, and dead-end mode. A significant lower degradation rate constant was obtained by using the dead end mode with respect to the static mode (0.085 × 10−3 vs. 9.96 × 10−3 min−1). This difference was ascribed to consideration that, during the dead-end flow tests, only 20% of the solution was irradiated, while the remaining 80%, contained in the feed tank and tubes, was not irradiated. This consideration permit to introduce an important parameter to be appropriately considered in view of yielding satisfactory degradation rates: the ratio between the irradiated and the not irradiated volume.




4.2. Polyoxometalates-Based Photocatalytic Membranes


An interesting example of photocatalytic membrane preparation is the heterogenization in/on polymeric membranes of the polyoxometalate decatungstate (W10O324−). POM are polyanionic metal oxide clusters of early transition metals [85], having promising properties for application in oxidation reactions for fine chemistry and wastewater treatments.



Decatungstate shows remarkable properties for the photocatalytic treatment of wastewater since its absorption spectrum, characterized by a maximum absorption at 324 nm, partially overlaps the solar emission spectrum opening the potential route for an environmentally friendly solar-assisted application [86]. The decatungstate-promoted photocatalysis is a multi-step process that can occur by substrate activation, or, when the reaction is carried out in water, by solvent activation (Figure 6) [86,87]. The dioxygen intercepts the organic radicals giving rise to an autooxidation chain, and provides the re-oxidation of the photocatalyst closing the cycle.



However, decatungstate has also some relevant limitations, like: low quantum yields, small surface area, poor selectivity, and limited stability at pH higher than 2.5 [88,89]. Membrane technology can contribute to overcome these limitations by: the multi-turnover recycling of the heterogeneous photocatalyst, the possibility to tune reaction selectivity as a function of the substrate-membrane affinity, moreover, the structured polymeric micro-environment that is offered by the membrane can influence catalyst stability and activity.



In this perspective, innovative heterogeneous photo-oxygenation systems able to employ visible light, oxygen, mild temperatures, and solvent with a low environmental impact (like water or neat reactions), were designed and developed by the immobilization of decatungstate and other POMs in polymeric membranes made of polydimethylsiloxane (PDMS), PVDF, and Hyflon (Figure 7) [87,90,91,92,93].



These polymers were selected because they are transparent in the region of interest of the catalyst and are characterized by a high chemical, thermal and photostability. Moreover, in the case of PVDF and Hyflon, the use of a fluorinated media to carry out aerobic oxidation reactions is particularly useful because the high solubility of oxygen in fluorinated environment.



With the aim to improve the catalyst/polymer interactions, and to avoid catalyst leaching out from the membrane, liphophilic (insoluble in water) derivatives of the decatungstate were employed: the tetrabutilamonium salt ((n-C4H9N)4W10O32 indicated as TBAW10) and a fluorous-tagged decatungstate, ([CF3(CF2)7(CH2)3]3CH3N)4W10O32, indicated as (RfN)4 W10O32).



The photocatalytic membranes prepared were characterized by different and tailored properties depending on the nature and structure of the polymeric micro-environment in which the catalyst was immobilized.



Solid state characterization techniques, like FT-IR and UV-vis spectroscopy, confirmed that the structure and spectroscopic properties of the catalyst were preserved in the heterogenized form. The results evidenced as the appropriate catalyst/polymer design allowed for realizing new heterogeneous photocatalysts for the oxidation of organic substrates performed under oxygen atmosphere at room temperature, with improved performance concerning catalyst’s stability and selectivity than the analogues homogeneous reactions.



A membrane induced discrimination of the substrate was observed in the oxidations of a series of alcohols at different molecular weight and polarity carried with PDMS- and PVDF-based catalytic membranes containing TBAW10 operating in a batch setup while using a Hg-Xe arc lamp as light source [87]. The alcohol oxidation occurred following a degradation pathway in which the aldehyde was formed as an intermediate [87].



PVDF membranes containing TBAW10 were also successfully used in the aerobic mineralization of phenol in water carried out in a continuous flow-through photocatalytic membrane reactors [92] operating with a mercury vapor lamp, emitting from 310 nm to visible light. The results indicate that the photocatalytic membrane were stable and recyclable in successive runs [92].



The catalyst heterogenization was carried out by solubilizing the catalyst into the polymer dope solution using a common solvent (dimethylacetamide) to prepare nano-hybrid membrane (PVDF-W10) by the phase separation technique. The catalytic membranes were characterized by a homogeneous distribution of the catalyst in membrane, as evident from SEM in back scattered electrons mode (BSE) and linear RX maps on the cross sections.



The catalyst stability was positively influenced by the polymeric environment, in which it was confined. Moreover, the selective separation function of the membrane resulted in an enhancement of the phenol mineralization in comparison with an analogous homogeneous reaction carried out with sodium salt of the decatungstate [92]. The dependence of the phenol degradation rate by the catalyst loading in membrane and the transmembrane pressure was investigated, allowing to identify the catalytic membrane with catalyst loading 25.0 wt.% and operating at 1 bar (contact time 22 s), as the more efficient system [92].



The rates of phenol degradation catalysed by homogenous Na4W10O32 and heterogeneous PVDF-W10 (25.0 wt.%) were compared in similar operative conditions. The percentages of phenol degraded in the homogeneous and heterogeneous reaction were similar. In both cases, after 5 h, about 50% of the phenol was converted. However, in the case of the homogenous reaction various persistent intermediates (e.g., benzoquinone, hydroquinone, and catechol) were observed and only the 34.0% of mineralization to CO2 and water was achieved. On the contrary, during photodegradation performed by PVDF catalytic membrane, the phenol converted was completely mineralized to CO2 and H2O.



The higher catalytic activity of the PVDF-W10 membranes, in comparison to the homogeneous catalyst, was ascribed to the selective absorption of the organic substrate from water on the hydrophobic PVDF polymer membrane that increased the effective phenol concentration around the catalytic sites, optimizing the catalyst-substrate contact in the flow-through PMR.



Moreover, the polymeric hydrophobic environment protected the decatungstate from the conversion to an isomer, which absorbs only light under 280 nm, which instead occurs in homogeneous solution at pH > 2.5 [89,92].



Polymeric catalytic membranes were also prepared by immobilizing sodium decatungstate (Na4W10O32; W10) [94,95] and phosphotungstic acid (H3PW12O40; W12) [91], on the surface of PVDF membranes functionalized by Ar/NH3 plasma discharges (PVDF-NH2).



Polar chemical groups (mainly NH2, but also OH, CN, NH, and CO) were grafted by a NH3 plasma discharge on the upper surface of PVDF membranes [91,94,95], pre-treated with Ar in order to control hydrophobic recovery phenomena [96].



The groups grafted on the membrane surface were able to interact with the POMs solubilized in the aqueous solution, forming charge transfer complexes.



Surface-diagnostic techniques, such as X-ray photoelectron spectroscopy, contact angle measurements (CA), and RX maps, were used to support the successfully surface modification.



The catalytic membranes obtained showed superior performances (higher reaction rates) when compared to the corresponding homogeneous catalysts, in the aerobic phenol degradation reaction [91,94,95].



Decatungstate was also heterogenized in membrane made of Hyflon, an amorphous perfluoro co-polymer. It is important to note that the TBAW10 formed irregular catalyst aggregates in Hyflon membranes because of the low affinity with the polymeric matrix. However, the affinity between the polymer and the catalyst was improved by an appropriate functionalization of the second one. The fluorous-tagged (RfN)4 W10O32, was well dispersed in the Hyflon membranes as spherical clusters with uniform size.



The cationic amphiphilic RfN+ groups induced the self-assembly of the surfactant-encapsulated clusters (i.e., RfN+ groups capped on W10O324−) which, during membrane formation process, gave supramolecular assemblies of the catalyst, stabilized by the polymeric matrix.



This self-assembling process was tuned by a proper choice of the membrane preparation conditions, like polymer concentration, catalyst loading, cast film thickness, and temperature [9].



The Hyflon-based catalytic membranes were applied in the solvent-free photo-oxygenation of benzylic C-H bonds with up to 6100 turnover number (moles of products for moles of catalyst) in 4 h and remarkable alcohol selectivity, thus providing a convenient alternative to other radical centered oxygenation systems [94].





5. Conclusions


In the last years, significant progresses were reached in the design and development photocatalytic membranes and photocatalytic membrane reactors.



PMRs are reactive separations that realize functional synergies between a membrane-based separation process and a photocatalytic conversion in agreement with the fundamentals of the process intensification strategy. However, significant improvements in membranes performance and durability, as well as plant design optimization, are still required in order to reach a mature technological stage and offer a real challenge to conventional photocatalytic systems in the perspective of the realization of a sustainable growth.



TiO2 is the most widely investigated photocatalyst in PMRs. This photocatalyst is used in two main configurations: (i) dispersed in solution and compartmentalized in the reactors by the membrane; and, (ii) immobilized in or on the photocatalytic membrane.



However, interesting results were also achieved with photocatalytic membranes functionalized with polyoxometalates applied into oxidation reactions for wastewater treatment and fine chemistry.



The design and realization of photocatalytic membranes by the immobilization of a photocatalyst in/on a membrane, is characterized by relevant technical complexities but these systems can lead specific advantages in terms of productivity and sustainability in comparison to traditional heterogeneous photocatalysts.



Main issues to be addressed are the development of tailored photocatalytic membranes and membrane modules with acceptable costs, stable in a wide range of operative conditions, resistant to fouling, and showing high and reproducible performance over long terms.
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Abbreviation




	AOPs
	advanced oxidation processes



	BAT
	best available technology



	BCFM
	binary composite fiber membrane



	BPA
	bisphenol A



	BET
	Brunauer-Emmet-Teller



	CHD
	chlorhexidine digluconate



	CMD
	cimetidine



	CB
	conduction band



	DCF
	diclofenac



	DB
	direct black 168



	DW
	distilled water



	DMF
	N,N-dimethylformamide



	GO-TiO2
	graphene oxide doped TiO2



	HF
	hollow fiber



	IBU
	ibuprofen



	MBR
	membrane bioreactor



	MR
	membrane reactor



	MB
	methylene blue



	MO
	methyl orange



	MWCO
	molecular weight cut off



	MWCNT
	multi-walled carbon nanotubes



	NP
	nanoparticle



	NT
	nanotube



	N-TiO2
	nitrogen doped TiO2



	PM
	photocatalytic membrane



	PMR
	photocatalytic membrane reactor



	PAN
	polyacrylonitrile



	PDMS
	polydimethylsiloxane



	PES
	polyethersulfone



	PET
	polyethylene terephthalate



	POMs
	polyoxometalates



	PTFE
	polytetrafluoroethylene



	PU
	polyurethane



	PVC
	polyvinylchloride



	PVDF
	polyvinylidene fluoride



	P(VDF-TrFE)
	poly(vinylidenefluoride–trifluoroethylene)



	PI
	process intensification



	(RfN)4 W10O32
	[CF3(CF2)7(CH2)3]3CH3N)4W10O32



	RhB
	rhodamine B



	SEM
	scanning electron microscopy



	SBW
	simulated brackish water



	SSF
	stainless steel filter



	TBAW10
	(n-C4H9N)4W10O32



	TCFMs
	ternary composite fiber membranes



	TiO2NTs
	TiO2 nanotubes



	TNF
	titanium dioxide nanofiber



	TOC
	total organic carbon



	UF
	ultrafiltration



	UF-PM
	photocatalytic UF membrane



	UV
	ultraviolet



	VB
	valence band



	XRD
	X-ray diffraction



	WSC
	water-soluble chitosan
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Figure 1. Schematic representation of the preparation of TiO2/poly(vinylidenefluoride–trifluoroethylene) (TiO2/PVDF-TrFE) nanocomposite photocatalytic membranes (PMs) by solvent casting; (a) ultrasonic bath of N,N-dimethylformamide (DMF) and TiO2 nanoparticles (NPs); (b) magnetic stirring of DMF, TiO2 NPs, and PVDF-TrFE; (c) pouring of the solution on a glass support; (d) solvent evaporation at room temperature; and, (e) membrane after complete evaporation of the solvent (Aoudjit et al. [42]). 
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Figure 2. Schematization of the proposed solar photoreactor: 1—flask containing tartrazine solution; 2—peristaltic pump; and, 3—photoreactor containing the PM (Aoudjit et al. [42]). 
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Figure 3. Photocatalytic degradation of Methyl Orange (MO) in distilled water (DW) in continuous mode under near UV-vis and visible light irradiation (data from Pastrana-Martìnez et al. [27]). 
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Figure 4. Schematization of the hybrid experimental set-up used by Papageorgiou et al. [73]. 
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Figure 5. Schematization of the preparation process used for preparing the stainless steel filter PMs (SSF PMs) [80]. 
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Figure 6. Schematization of the decatungstate-promoted photocatalysis in water [87]. 
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Figure 7. Chemical formula of the polymers used as membrane materials for the heterogenization of polyoxometalates. 
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Table 1. Influence of feed flow rate and initial RhB concentration on the photocatalytic degradation of RhB by using the MWCNTs-1%/Ag3PO4/PAN TCFMs (data from Wu et al. [79]).
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	Flow Rate

(mL·min−1)
	Feed RhB Concentration

(mg·L−1)
	Removal Percentage

(%)





	10
	2
	88.3



	30
	2
	89.4



	50
	2
	96.9



	30
	1
	89.9



	30
	4
	96.4



	30
	8
	54.4
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Table 2. MB degradation rate constant under solar irradiation by using different TiO2-based photocatalytic membranes (Data from Liu et al. [82]).
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	BET Specific Surface Area

(m2·g−1)
	MB Degradation Rate Constant

(min−1)





	Ag/TiO2-nanofiber membrane
	102.3
	0.0211



	TiO2-nanofiber membrane
	85.6
	0.0137



	P25 membrane
	/
	0.0076
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