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Abstract

:

A high-performance photocatalytic ceramic membrane was developed by direct growth of a TiO2 structure on a macroporous alumina support using a hydrothermal method. The morphological nanostructure of TiO2 on the support was successfully controlled via the interaction between the TiO2 precursor and a capping agent, diethylene glycol (DEG). The growth of anatase TiO2 nanorods was observed both on the membrane surface and pore walls. The well-organized nanorods TiO2 reduced the perturbation of the alumina support, thus controlling the hydrolysis rate of the TiO2 precursor and reducing membrane fouling. However, a decrease in the amount of the DEG capping agent significantly reduced membrane permeability, owing to the formation of nonporous clusters of TiO2 on the support. Distribution of the organized TiO2 nanorods on the support was very effective for the improvement of the organic removal efficiency and antifouling under ultraviolet illumination. The TiO2 nanostructure associated with the reactive crystalline phase, rather than the amount of layered TiO2 formed on the support, which was found to be the key to controlling photocatalytic membrane reactivity. These experimental findings would provide a new approach for the development of efficacious photocatalytic membranes with improved performance for wastewater treatment.
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1. Introduction


Membranes are effective tools for the removal of various contaminants from water sources. As opposed to conventional treatments, membrane processes afford excellent water quality (permeate) and reduce operational costs because of the minimal chemical demands and small footprint [1,2,3,4,5]. Nevertheless, membrane filtration is always hindered by the phenomenon of membrane fouling caused by the deposition of contaminants, resulting in pore blockage and cake layer formation on the membrane. Membrane fouling lowers membrane permeability, thus necessitating chemical cleaning and shortens the membrane’s lifetime [6,7,8].



Ceramic membranes have many advantages over polymeric membranes, including longer service life, superior thermal and chemical resistance, and better fouling resistance, owing to their hydrophilic surface with a low contact angle [9,10,11,12,13]. Recent advances in membrane fabrication techniques have enabled the development of ceramic membranes with higher reactivities and widespread applications beyond their traditional role as a separation tool. Ceramic membranes are also valuable for the treatment of high-strength wastewater, such as industrial wastewater, where polymeric membranes are not suitable.



There is rapidly growing interest in the development of self-cleaning ceramic membranes and their application in water treatments targeting organic contaminants. Membrane performance can be improved by increasing the catalytic membrane surface area and permeability, for example, by the removal of the target contaminants concentrated on the membrane [14,15]. Ceramic membranes have a catalytic layer consisting of catalytic nanoparticles such as iron oxide, which can enhance the decomposition of natural organic matter as it is combined with chemical oxidation promoters such as ozonation [16]. Ceramic alumina (Al2O3) membranes have been modified by coating with titanium dioxide (TiO2) nanoparticles to improve membrane permeability and surface reactivity by removing both organic pollutants and membrane fouling under direct ultraviolet (UV) irradiation on the membrane surface [17,18]. TiO2 has been extensively used for the development of catalytic films due to its wide band gap (anatase: Eg = 3.2 eV), low toxicity, low cost, chemical stability and high photocatalytic activity [19,20]. For improved catalytic efficiency, the controlled immobilization of the TiO2 nanostructure is necessary [21,22].



Catalytic sites with well-controlled structures form the core of a self-cleaning ceramic membrane filtration [23,24]. Improved antifouling was demonstrated with a photocatalytic ceramic membrane consisting of an organized mesoporous TiO2 layer on a porous alumina support [23,25,26]. A series of photocatalytic TiO2 membranes were developed on the macroporous support by the sol-gel route using polymer templates [27]. Precoating of poly (vinyl pyrrolidone) (PVP) homopolymer as the sacrificing agent inside the membrane pores proved an effective way for generating a well-organized TiO2 mesostructure and improved the performance owing to the minimized pore infiltration of the precursor/polymer template solutions. Nevertheless, perturbation of the membrane support by catalyst films produced through the sol-gel route is a serious challenge [28]. The efficient growth of nanostructured TiO2 on a support with high porosity and catalytic activity is the key to developing efficacious photocatalytic membranes. However, most previous studies for photocatalytic degradation were investigated in a batch mode without considering the self-cleaning efficiency of the membrane during membrane filtration [29]. Little information is available in the literature regarding the significance of catalyst distribution and crystalline structure on membrane surfaces or within pore walls to enhance membrane reactivity.



In this paper, we described a high-performance photocatalytic membrane based on diethylene glycol (DEG)-assisted TiO2 nanostructure on a porous alumina support for wastewater treatment. A hydrothermal method was used to enable the direct growth of well-controlled TiO2 structures on the membrane without precoating with a sacrificing agent (e.g., PVP), which would otherwise be required to prevent structure collapse. TiO2 nanostructures with different morphologies on the support were produced by interactions between the TiO2 precursor and a capping agent, i.e., DEG. DEG was utilized to retard the hydrolysis of potassium titanium oxide oxalate dehydrate (PTO) for elaborate control of the TiO2 nanostructure. The antifouling properties of the membrane and degradation of organic compounds through membrane filtration were also evaluated in the photocatalytic membrane reactor especially designed for this study.




2. Materials and Methods


2.1. Materials


Potassium titanium oxide oxalate dehydrate (PTO, Molecular Weight (MW): 354 g mol−1) and DEG (MW: 106 g mol−1) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without any further treatment. The alumina support (α-Al2O3, pore size = 100 nm, diameter = 30 mm, thickness = 2 mm) was purchased from Nano Pore Materials Co., Ltd (Albuquerque, NM, USA).




2.2. DEG-Assisted Synthesis of TiO2 Nanostructure


To prepare the TiO2 precursor solution, 0.73 g of PTO was completely dissolved in deionized water by magnetic stirring, after which DEG was added to the solution dropwise. The resulting mixture was stirred for more than 30 min to induce interaction between the TiO2 precursor and the solvents. For the control of TiO2 nanostructures on the alumina support, the ratio of water to DEG was set to 9:31, 11:29, or 13:27 with a fixed total volume of 40 mL of solvent. The resulting structures were denoted T1, T2, and T3, respectively. The well-mixed TiO2 precursor solution was poured into a Teflon-lined autoclave with a bare alumina membrane leaning against the wall. The autoclave was kept at 200 °C for 11 h in an oven and then cooled naturally. The TiO2 nanostructures grown on the alumina support were taken out of the solution and washed with ethanol and water to remove the residual TiO2 precursor and organics from the membrane. The membranes were completely dried in an oven and calcined at 500 °C for 1 h to crystallize the TiO2 structures and remove residual organic materials.




2.3. Membrane Characterization


Surfaces and cross-sections of the TiO2 structures on the support were characterized by field emission scanning electron microscopy (FE-SEM, JEOL-7800F, JEOL Ltd., Tokyo, Japan). The crystalline phases of the TiO2 structures on the support were investigated with X-ray diffraction spectroscopy (XRD) (D8 ADVANCE with DAVINCI, BRUKER, Hamburg, Germany, 40 kV, 40 mA, wavelength (λ): Cu kα1-1.5418 Å). Three-dimensional surface structures of TiO2 on the support were analyzed with atomic force microscopy (AFM, XE-Bio, Park Systems, Suwon, Korea).



The overall porosity of each membrane was estimated using Equation (1) [25,30]:


ε=w1−w2A L ρw



(1)




where w1 and w2 represent the weight (g) of the wet and dry membrane, respectively, A is the effective membrane area (cm2), ρw is the density of pure water (g cm−3), and L is the membrane thickness (cm) measured by a digital micrometer (Mitutoyo, MDC-25PX, Kawasaki, Japan).




2.4. Photocatalytic Membrane Reactor


Figure 1 illustrates the laboratory-scale photocatalytic membrane reactor used in this study. A photocatalytic batch reactor using a jacketed beaker was used to evaluate the adsorption capacity and surface photocatalytic activity of the membrane, as shown in Figure 1a. A 300 W UVA lamp (Osram Ultra-Vitalux, Munich, Germany) with 365 nm wavelength was positioned above a beaker containing a test solution consisting of Congo Red dye (formula: C32H22N6Na2O6S2, molecular weight: 697 g mole−1). The concentration of Congo Red dye was 5 mg L−1. Tap water was recirculated through the reactor using a chiller (Jeio Tech Co., Daejeon, South Korea). First, the membrane was immersed in a 50 mL of feed solution without UV irradiation. After that, the membrane was exposed to continuous stirring for 3 h to ensure contact of the organic materials with the membrane and to achieve adsorption equilibrium. Both stirrer and membrane were placed at the corners of the jacketed beaker and kept at a sufficient distance to avoid any physical contact. The same experiments were conducted with UV irradiation of the membrane surface for comparison. Sample aliquots were withdrawn at regular time intervals to measure the concentrations of Congo Red dye using a UV-Vis spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) at 496 nm wavelength. After the analysis, the samples were returned to the reactor. Blank experiments were also performed using a bare support membrane to investigate the effect of photolysis on the degradation of organic dye. Removal efficiency by adsorption for each membrane was estimated using Equation (2):


Adsorption (%)=(C0−Ceq)C0×100



(2)




where C0 and Ceq are the feed concentration and the concentration of Congo Red dye after 3 h, respectively. In this study, the 3 h operational time was needed to obtain higher than 90% removal efficiency of Congo Red dye in photocatalytic membrane reactor.



To perform membrane filtration, a laboratory-scale cross-flow filtration setup was developed, as shown in Figure 1b. A circular type of cross-flow membrane module was made from stainless steel, with a quartz window to allow UV light to be transmitted directly onto the membrane surface. The effective surface area of the membrane was 5.3 cm2. A 300 W UVA lamp with a wavelength of 365 nm was positioned about 5 cm from the quartz window above the membrane surface. A compressed oxygen gas tank was connected to the pressurized vessel containing a feed solution. A pressure of 1.5 bar was applied to the membrane module, which was connected to the vessel. The cross-flow rate was maintained by recirculating a feed solution at 0.4 L min−1 through a recirculation pump. UV on-off tests were performed to better understand membrane reactivity and permeate flux recovery under UV irradiation. A feed solution of 10 mg L−1 of Congo Red dye was used for membrane filtration. The filtration cycle was based on 1 h filtration without UV irradiation followed by 1 h filtration with UV irradiation, with a total filtration time of 4 h. The permeate from the membrane was collected in the permeate reservoir, which was positioned on an electric balance connected to the data acquisition system to record the increase in permeate weight with time. Experiments were performed three times and an average value was taken under each operational condition.





3. Results


3.1. DEG-Assistend Synthesis of TiO2 Nanostrtuctures


To synthesize various TiO2 nanostructures on the support, PTO and DEG were utilized as the TiO2 precursor and capping agent, respectively. The capping agent is integral to the formation of structures and therefore should be carefully selected to ensure structure control [31,32]. DEG is known to be effective for adjusting the hydrolysis rate of the precursor during structure formation, enabling precise control of the resulting structures. As a capping agent, it retards the hydrolysis rate of PTO, resulting in the directional growth of TiO2 structures [33,34]. Therefore, the volume ratio of water to DEG applied for the hydrothermal synthesis was considered the key parameter to control the TiO2 nanostructures directly grown on the support.



The surfaces of the TiO2 nanostructures on the support were characterized with FE-SEM (Figure 2). As shown in Figure 2a,b, the bare alumina membrane as a macroporous support (average pore size = 100 nm) was composed of large Al2O3 particles with an irregular size and shape. The hydrothermal reaction resulted in the formation of TiO2 nanorods directly grown on the surface of the support. In contrast to sol-gel coated membranes, the porous structure of the support membrane was not significantly perturbed by the growth of the TiO2 nanorod structures (in the case of T1). This indicated that the TiO2 nanostructure might not have functioned as the high resistance to mass transport, which could have facilitated high permeate flux of the membrane [25].



As shown in Figure 2e,f, a larger number of TiO2 nanorods were grown on the surface of the T2 membrane, potentially leading to a reduced water flux in the membrane. The high-density nanorods were somewhat aggregated and shorter than those of T1 owing to the promoted growth of TiO2 structures. Such a thick layer on the membrane may cause resistance to membrane flow and reduce membrane permeability [25]. However, increased deposition of TiO2 on the membrane may conversely enhance the membrane permeability because the abundant hydroxyl groups of TiO2 increase the membrane hydrophilicity under UV illumination [35,36]. Thus, the growth of more TiO2 nanostructures on the support membrane may be either advantageous or disadvantageous for membrane permeability; this is discussed in the next section.



The thickly formed T3 layer seemed to cause relatively more blocking of the macroporous surface of the support membrane, as shown in Figure 2g,h. The short and thick nanorods clustered together and formed layered structures on the support membrane, potentially lowering the membrane permeability. Low-magnified images of T2 and T3 revealed that their membrane surfaces were covered by TiO2 structures, leading to a significantly altered surface morphology in comparison with T1 and the bare support membrane. The morphological differences among the membrane surfaces resulted from the differing degrees of TiO2 growth, based on different interactions between the TiO2 precursor and capping agent. DEG suppressed the hydrolysis of PTO in a concentration-dependent manner, determining the interactions that take place and thereby the nanostructure morphology. The directional growth of nanorod structures could thus be accelerated by increasing the amount of DEG as a proportion of the total solvent volume. As the amount of DEG decreased, the length of the nanorods decreased and more of the TiO2 nanostructure was synthesized on the membrane. Accordingly, the nanostructure prepared with the lowest amount of DEG had a layered rather than a nanorod structure (T3 membrane). Therefore, the amount of DEG present during the hydrothermal reaction was the key parameter for controlling the TiO2 structures on the membranes.



The distribution of TiO2 nanostructures on the membrane surface was investigated with energy dispersive X-ray spectroscopy (EDS), as shown in Figure 3. Aggregated photocatalysts can cause severe deterioration of photocatalytic activity owing to the decreased number of active sites available for photocatalysis, and uniformly dispersed photocatalysts are essential for the enhancement of photocatalytic activity. Therefore, nonhomogeneous distribution of TiO2 on a membrane can greatly degrade its photocatalytic performance. The Ti elemental mapping images clearly demonstrated that TiO2 was homogeneously distributed across the entire membrane surface, for all the membrane types prepared with the different DEG amounts. The atomic percentage (At %) of the Ti element was inversely proportional to the amount of DEG used: T1 (1.21 At %) < T2 (4.36 At %) < T3 (7.84 At %). This trend in the atomic percentage, i.e., the amount of TiO2, arose because smaller amounts of DEG facilitated TiO2 growth on the membrane, as observed in the surface SEM images. In conclusion, TiO2 structures synthesized based on different interactions between the capping agent and TiO2 precursor and were uniformly deposited on the support membrane.



The cross-sectional and surface morphologies of TiO2 structures are strongly related to membrane performance. Cross-sectional images of the TiO2 nanostructure grown on the support were obtained with SEM (Figure 4). The bare support consisted of a large number of Al2O3 macrocrystals, as shown in Figure 4a. In accordance with the surface SEM results, the cross-section of T1 showed deposition of TiO2 nanorods, as shown in Figure 4b. The nanorods were uniformly grown across the whole cross-section of the membrane. In the cross-section of T2, shown in Figure 4c, aggregated nanorods with high density were observed on the large Al2O3 particles, which was consistent with the surface SEM results. The images of T3, shown in Figure 4d, clearly showed that a larger amount of TiO2 was deposited on the cross-section as well as the surface of the membrane. Based on the cross-section images, T3 appeared to have reduced porosity and less porous structure available for permeation of feed solution in comparison with T1. Such a reduction in the porosity available for permeation not only severely reduces the membrane flux, but also prevents UV light from approaching TiO2 and might thereby result in the increase of membrane fouling [25]. Therefore, the porosity and porous structure in the membrane cross-section seems to be a pivotal parameter in determining the performance of a photocatalytic membrane and should be considered in order to achieve efficient photocatalysis.



The distribution of TiO2 in the membrane cross-section was also analyzed with EDS, as shown in Figure 5. Smaller amounts of DEG incorporated during the hydrothermal synthesis process promoted the growth of TiO2, leading to the formation of more extensive TiO2 layers on the support: T1 (0.32 At %) < T2 (1.92 At %) < T3 (3.12 At %). These results were consistent with the previously discussed Ti elemental distributions on the membrane surface (Figure 3).



The effect of the amount of DEG used on the crystalline property of TiO2 structures was also investigated by XRD, as shown in Figure 6. The TiO2 phase was a decisive factor for photocatalytic activity; the anatase phase was considered more effective in this regard than other phases such as the rutile and brookite phases [37,38]. The higher photocatalytic activity was attributed to the larger surface area, lower recombination rate, and higher electron lifetime of the anatase phase. The bare alumina support exhibited sharp peaks resulting from the highly crystalline α-phase of Al2O3 (Joint Committee on Powder Diffraction Standards, JCPDS Card No. 10-0173). In the diffraction pattern of T1, which was synthesized using the largest amount of DEG, the peaks appeared at 2θ = 25.6, 37.8, and 61.3°, corresponding to the (101), (004), and (115) planes of the anatase TiO2 phase (JCPDS Card No. 21-1272), which is generally considered the most effective phase. The use of smaller amounts of DEG resulted in TiO2 structures consisting of different phases. The peaks of T2 and T3 at 2θ = 25.6, 37.8, and 61.3° indicated the anatase phase, whereas those at 2θ = 27.4, 36.2, 41.3, and 54.2° represented the (110), (101), (111), and (211) planes of the rutile phase (JCPDS Card No. 21-1276). These differences in the TiO2 crystalline phases, depending on the DEG amount, resulted from the different interactions between the TiO2 precursor and DEG. Increasing the amount of DEG used as a capping agent suppressed the formation of the rutile phase, which is unfavorable for photocatalysis of organic materials [33]. Accordingly, T1, which consisted of the pure anatase phase, was expected to exhibit superior photocatalytic activity; refer to the following section on photocatalytic membrane performance.



The three-dimensional surface morphologies of the bare alumina support and the TiO2 nanostructure grown on the support were characterized by AFM. The surface structures of various membranes are shown in Figure 7; the obtained root-mean-squared roughness (Rrms), which provides an indicator of surface roughness, revealed changes in surface morphology upon the growth of TiO2 nanostructures on the membrane. These changes depended on the amount of DEG used as a control agent for the structure. The Rrms value of the bare alumina support ranged from 13.0 to 27.5 nm, indicating the macroporous morphology of the support. The TiO2 nanostructure synthesized with the highest amount of DEG showed slightly reduced Rrms values, ranging from 13.5 to 23.7 nm (T1). However, the formation of more TiO2 nanostructures on the support resulted in increased Rrms values for T2 (21.8–32.6 nm) and T3 (24.3–31.4 nm). The changes in the membrane surface were consistent with the SEM surface images shown in Figure 2, and this resulted from an increased surface coverage by larger amounts of TiO2 nanostructure on the membranes.




3.2. Intrinstic Properties of Membranes


Table 1 compares the overall porosities, membrane thickness, and pure water permeability of the bare alumina support and each TiO2 on the alumina support, termed the T-series membranes. The porosity (%) of the bare alumina support was 52%, but this reduced to 49%, 49% and 48% for the T1, T2, and T3 membranes, respectively. The thicknesses of all T-series membranes were higher than that of the bare alumina support, owing to the formation of the TiO2 layer on the support.



The pure water permeability of the alumina support was 44.3 L m−2 h−1 bar−1, but it decreased to 33.4, 37.7 and 8.3 L m−2 h−1 bar−1 for the T1, T2, and T3 membranes, respectively. The formation of a TiO2 layer on the support should contribute to resistance against water flow through the membrane [25,28,39]. For the T3 membrane, the pure water flux decreased significantly compared with the other two ceramic membranes. As shown in the SEM images of the T3 membrane (Figure 2), the TiO2 layer grown on the support had an aggregated structure with shorter and thicker layered clusters compared with those observed for T1 and T2.




3.3. Static Adsorption Tests, Photodegradation and Self-Cleaning


Figure 8a shows the results of static adsorption tests performed using the T-series membranes. The ceramic membranes were submerged in a reservoir containing Congo Red dye solution under magnetic stirring for 3 h. For the T1 membrane, 11.5% of the Congo Red dye was adsorbed onto the membrane. The adsorption efficiencies were 5.5% and 9.6% for the T2 and T3 membranes, respectively. The direct growth of TiO2 nanorod structures on the alumina support may provide a higher surface area for the adsorption sites, as demonstrated by the SEM image in Figure 2c,d [10]. As shown in Figure 2e–h, a less porous structure associated with an aggregated TiO2 layer on the support was formed on the T2 and T3 membranes, leading to reduced membrane adsorption capacity. As shown in Figure 4b, the TiO2 nanorod structure was formed uniformly on the alumina support across the T1 membrane. In addition, complementary cavities and rebinding sites present on the T1 membrane would have provided more adsorption sites for organic dye compounds [40].



After performing static adsorption tests, each membrane was placed in a jacketed beaker containing 50 mL of Congo Red under UV irradiation. Bulk samples were taken at regular time intervals to investigate the UV removal efficiency. With the bare alumina support, an organic removal efficiency of about 20% was obtained after 3 h UV illumination. However, the removal efficiency increased considerably to 93.5%, 64%, and 66.4% for the T1, T2, and T3 membranes, respectively. Indeed, the highest organic removal efficiency was observed with the T1 membrane, consistent with this membrane having the highest adsorption capacity, as shown in Figure 8a. Table 2 compares the photocatalytic degradation efficiency of different organic dye compounds using the photocatalytic membrane. The results, for the photocatalytic degradation of Congo Red with T-series membranes, were further analyzed using pseudo-first-order kinetics, as below:


ln(CC0)=−kap t



(3)




where C0 is the initial concentration of Congo Red dye (mg L−1), C is the concentration of dye at a specific time (mg L−1), kap is the global rate constant (min−1), and t is time (min). From the log-log plots of Equation (3), the rate constants were obtained. The rate constants were measured as 0.82, 0.28, and 0.3 min−1 for the T1, T2, and T3 membranes, respectively. Visual observations of digital images of each membrane surface after membrane filtration are compared in Figure 9. Without UV irradiation, severe fouling with a black/red color was observed on each T-series membrane. The UV irradiation of the membranes eliminated the fouling layer; this effect was more pronounced for the T1 membrane than for T2 or T3 membrane.




3.4. Antifouling Property by Membrane Fouling Test


The morphological and crystalline structure of a ceramic membrane, rather than the amount of TiO2 photocatalyst grown on the Al2O3 substrate, is the key to improving the antifouling property. Figure 10 shows the change in normalized flux with time during the on-off UV illumination experiments. For the control Al2O3 substrate, flux decline was greatest without UV irradiation. When UV irradiation was initiated, the permeate flux started to recover, reaching about 24% of its initial value. With the T1 membrane, the UV irradiation resulted in almost a full recovery of the permeate flux within only 1 h. The complementary cavities and homogenous TiO2 nanorod structures formed on the Al2O3 substrate were thought to allow greater accessibility of the UV light onto the membrane surface and into the pore walls. Both surface and in-pore reactivity associated with the T1 membrane controlled the organic removal efficiency under UV irradiation [46]. The surface and cross-sectional views of the T1 membrane obtained by SEM (shown in Figure 2 and Figure 4) confirmed the growth of a TiO2 structure associated with the anatase crystalline phase, both on the membrane surface and in membrane pore walls. Although EDS analysis (Figure 3 and Figure 5) indicated that a smaller amount of TiO2 was grown on the T1 membrane than on T2 or T3, the permeability of the T1 membrane was much higher than those of the other two membranes under UV illumination. Although the photocatalytic degradation between T2 and T3 membrane was not significantly different as observed in batch study (Figure 8), the layered morphology of the T3 membrane posed detrimental effect not only on membrane antifouling property but also on membrane permeability.





4. Discussion


Figure 11a,b show conceptual diagrams to illustrate the importance of the morphology of catalytic nanomaterials on the inorganic substrate with respect to the performance of a photocatalytic ceramic membrane. The agglomerate structure of TiO2 formed on the T2 and T3 membranes reduced the accessibility of UV light onto the membrane surface and pore walls, where photocatalytic reactions occur. However, the T1 membrane, with its homogeneous distribution of anatase TiO2 nanorods, facilitated the catalytic properties of the ceramic membrane. Although co-existence of the anatase and rutile phase of TiO2 can improve photocatalytic activity for removal of organic materials, it is also known that the combination between them such as composition and morphology should be of great importance for the enhancement of photocatalysis. In other words, the mere co-existence does not necessarily improve photocatalysis, but rather deteriorates it. In the XRD results (Figure 6), the rutile phase with a very low intensity was observed in comparison to the anatase phase with high intensity, indicating the formation of a very small amount of the rutile phase. Therefore, it was regarded that the presence of a small amount of the rutile phase did not enhance the photocatalysis, but rather deteriorated it in this study. As can also be seen in Figure 10, the permeate flux of the T1 membrane in the fouling system was 6% higher than that of the non-fouling system (deionized water only) under UV irradiation. Photo-induced hydrophilicity and the photo-wetting phenomenon caused by UV irradiation appeared to affect membrane permeability [47,48]. A conceptual schematic for better understanding the self-cleaning efficiency of the photocatalytic membrane is also presented in Figure 12. The increase in membrane permeability was mainly due to the photo-reduction of Ti4+ sites to Ti3+, where dissociative water adsorption occurred and hydroxyl groups were readily formed. As a result, the organic foulants at the membrane surface and pore walls were degraded easily, owing to both the surface and in-pore reactivity of the photocatalytic TiO2 membrane.




5. Conclusions


The high-performance photocatalytic membrane was developed by applying DEG-assisted TiO2 nanostructure on the support. The membranes demonstrated excellent performance, with improved antifouling and organic removal efficiency. Anatase TiO2 nanorods grown directly on the support were found to be more evenly distributed, not only on the membrane surface but also within membrane pore walls, as the amount of DEG used as a capping agent increased. The well-organized TiO2 morphology reduced the perturbation of support, thereby improving the reactivity of the photocatalytic TiO2 membrane. The highest organic removal efficiency of the Congo Red dye was observed with the T1 membrane consisting of the pure anatase phase of TiO2 on the membrane support under UV illumination. However, lower DEG concentrations resulted in a non-porous, aggregated TiO2 layered structure, leading to significantly reduced the reactivity of the photocatalytic membrane. The photocatalytic ceramic membranes fabricated with a homogenous distribution of nanostructures have a profound potential to be applied as next generation membranes in the wastewater treatment industry.
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Figure 1. (a) Experimental setup for investigating photocatalytic activity of membranes in the batch test, (b) experimental setup for the photocatalytic membrane reactor (PMR). 
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Figure 2. Surface SEM images of (a,b) the bare alumina support membrane, (c,d) T1, (e,f) T2, and (g,h) T3. 
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Figure 3. Surface SEM images of (a) T1, (c) T2, and (e) T3. The corresponding EDS elemental (Ti) mapping images of (b) T1, (d) T2, and (f) T3. 
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Figure 4. Cross sectional SEM images of the (a) bare alumina support, (b) T1, (c) T2, and (d) T3. 
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Figure 5. Cross sectional SEM images of (a) T1, (c) T2, and (e) T3. The corresponding EDS elemental (Ti) mapping images of (b) T1, (d) T2, and (f) T3. 
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Figure 6. XRD patterns of various membranes. 
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Figure 7. AFM images of the (a) bare alumina support, (b) T1, (c) T2, and (d) T3. 
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Figure 8. (a) The comparison of the percentage of initial concentration of Congo Red dye adsorbed on the surface of the bare alumina support and T-series membranes; (b) photocatalytic degradation of Congo Red dye for pre-adsorbed membranes. 
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Figure 9. Digital photographs of the bare alumina support and T-series membranes before (i.e., pre-adsorbed membrane) and after (i.e., UV illumination for 3 h) to demonstrate the self-cleaning properties of membranes. 






Figure 9. Digital photographs of the bare alumina support and T-series membranes before (i.e., pre-adsorbed membrane) and after (i.e., UV illumination for 3 h) to demonstrate the self-cleaning properties of membranes.



[image: Water 11 00750 g009]







[image: Water 11 00750 g010 550]





Figure 10. Transient behavior of membrane flux decline during the filtration of Congo Red dye (10 mg L−1) under intermittent UV illumination in photocatalytic membrane reactor (J is instantaneous permeate flux, J0 is initial permeate flux). 
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Figure 11. Schematic illustration to demonstrate the performance of the membrane: (a) T1 membrane with homogenous distribution of nanorods; and (b) T2/T3 membrane with nanorods cluster or aggregates. 
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Figure 12. Conceptual schematic illustration of photodegradation and photo-induced hydrophilicity for the T1 membrane. 
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Table 1. Properties of bare alumina support and T-series membranes on the support.
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	Membrane
	Porosity (%)
	Thickness (cm)
	Permeability (L m−2 h−1 bar−1)





	T1
	49
	0.219
	33.4



	T2
	49
	0.221
	37.7



	T3
	48
	0.225
	8.3



	Bare
	52
	0.208
	44.3
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Table 2. Comparison of dye degradation with other studies.
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	Photocatalyst
	Degradation/Color Removal Efficiency (%)
	Dye/Concentration (ppm)
	UV/Solar Lamp Wattage (W)
	Degradation Time (min)
	Reference





	Immobilized TNR
	52
	Reactive Black 5/(10)
	36
	360
	[41]



	Immobilized TNR
	82
	Methyl Orange/(15)
	36
	100
	[42]



	Immobilized TiO2 NPs
	42
	Reactive Black 5/(40)
	15
	120
	[43]



	Immobilized nitrogen-doped graphene/TiO2
	80.6
	Methylene Blue/(50)
	125
	120
	[44]



	Immobilized α-Fe2O3 NR in presence of 75ml/L H2O2
	88
	Congo Red/(20)
	150
	120
	[45]



	Immobilized TNR
	93.5
	Congo Red/(5)
	300
	180
	This study







NPs: Nanoparticles; NR: Nanorods; TiO2: Titanium dioxide; TNR: TiO2 nanorod; UV: Ultraviolet; α-Fe2O3: Iron oxide.


media/file13.jpg





media/file4.png
‘., )._. -4
Pia
TLRL.
Y a I3

8270

.

o ) B WA ’
“’iﬁi&"n&

b
T y ﬁj“
3 -t ¥ : ':'_"f o ?’;:
PR
PR R

v 3 L
o 5

. s,
B e o B
TN S





media/file18.png
After Before After






media/file21.jpg
(2) Homogenous

Nanorods distribution (b) Nonporous aggregate

- In-pore activity Nanorods cluster

- Self-cleaning - Layered morphology

- High anti-fouling - Mostly surface reactivity

- Efficient photodegradation - Low photocatalytic activity

- Light attenuation






media/file3.jpg





media/file22.png
(a) Homogenous

Nanorods distribution

- In-pore activity

- Self-cleaning

- High anti-fouling

- Efficient photodegradation

(b) Nonporous aggregate
Nanorods cluster

- Layered morphology

- Mostly surface reactivity
- Low photocatalytic activity
- Light attenuation

W o o

o
o ¢= Permeate = _ o R
Pores -

Membrane

© Water molecule a Congo Red dye + TiO, Nanorods cluster 2, TiO, Nanorods






media/file19.jpg
®T1-W UV
A T2-W UV
©T3-W UV
= Bare

§ 8






media/file7.jpg





media/file10.png





media/file14.png
! o 250 500 750 A000 0 250 500 750 1000
‘ nm nm

0 250 500 750 A000 0 250 500 750 A000
nm nm





media/file11.jpg
Intensity(a.u.)

@Anatase]
A -ALO,
®Rutile
A
A
Barefalumina
—T T T
20 30 40 50 60 70

Two theta (degree)





media/file6.png
(a)

(b)






media/file15.jpg
Time (h)





nav.xhtml


  water-11-00750


  
    		
      water-11-00750
    


  




  





media/file16.png
o
—
p—
©
'

1
0 el <

uondiospy o,

Bare

N
=

T1

eT1
AT2
¢T3