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Abstract

:

Support is a necessary foundation for ceramic membranes to achieve high performance. Finding the optimum balance between high performance and low cost is still a significant challenge in the fabrication of ceramic supports. In this study, low-cost fly ash-based ceramic supports with enhanced performance were prepared by the addition of bauxite. The pore structure, mechanical strength, and shrinkage of fly ash/bauxite supports could be tuned by optimizing the bauxite content and sintering temperature. When the sintering temperature and bauxite content were controlled at 1300 °C and 40 wt%, respectively, the obtained membrane supports exhibited a high pure water permeance of approximately 5.36 m3·m−2·h−1·bar−1 and a high bending strength of approximately 69.6 MPa. At the same time, the optimized ceramic supports presented a typical mullite phase and excellent resistance to acid and alkali. This work provides a potential route for the preparation of ceramic membrane supports with characteristics of low cost and high performance.
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1. Introduction


Ceramic membranes have been widely used in water treatment owing to their distinctive characteristics, such as high flux, antifouling properties, long life, and flexibility of operation [1,2,3,4,5]. Ceramic membranes generally consist of a support, an intermediate layer, and separation layers [6]. Among these, the support usually occupies more than 95% of the volume of the membrane element; therefore, it is the main contributor to the strength of the ceramic membrane. In addition, a high-performance support is a prerequisite for ensuring membrane permeability. On the one hand, the mass transfer resistance through an asymmetric ceramic membrane with a macroporous support is significantly lower than that of a symmetric membrane. On the other hand, a uniform pore size distribution of ceramic support facilitates the deposition of the subsequent intermediate and separation layers and allows for a reduction in thickness. In summary, the support is a necessary foundation for ceramic membranes to achieve high performance.



Conventional high-performance ceramic membrane supports are usually fabricated from high-purity Al2O3 powders and sintered at temperatures above 1700 °C [7,8,9]. The high cost of raw materials and energy-consuming fabrication results in expensive ceramic membranes, which in turn restricts their promotion and application especially in cost-sensitive fields. Therefore, the preparation of low-cost ceramic membrane supports has attracted extensive attention in recent years [10,11]. These are usually fabricated from inexpensive raw materials that can be easily sintered, such as kaolin [12,13,14,15], bauxite [16,17], clay [18,19], pozzolan [20], and fly ash [21,22,23,24,25]. Fly ash is an industrial waste generated by coal-fired power plants [26], and it contains mainly Al2O3, SiO2, and other metal oxides. Thus, using fly ash as a raw material to prepare ceramic supports can also reduce the material cost. Zong et al. [24] prepared porous ceramics using high-alumina fly ash microbeads as raw materials via a solid-phase sintering method at 1170 °C. The porosity and bending strength of the obtained ceramics were 49.21% and 12.88 MPa, respectively, and pore sizes ranged from 5 to 50 μm. Jedidi et al. [25] used fly ash as a raw material to prepare tubular ceramic supports. After being sintered at 1125 °C, the average pore diameter of the obtained ceramic supports was approximately 4.5 μm and the porosity was 51%.



However, fly ash has a wide particle size distribution and low melting temperature, which hinders the control of the sintering process and the obtainment of a macroporous structure with uniform pore size distribution and high porosity. Moreover, the consistency and composition of fly ash are significantly affected by the source and even the season. In recent years, some researchers have tried to adjust the composition of fly ash and control the porous structure of supports through doping methods. Liu et al. [27] prepared porous ceramic supports by adding 28.43 wt% dolomite to fly ash, this resulted in an increase in ceramic porosity from 25.2% to 46.5% and in a bending strength of 35 MPa. Li et al. [28] prepared ceramics reinforced with mullite whisker using fly ash as the raw material, Al2O3 as the aluminum source, and AlF3 as the mullite whisker promoter. After sintering at 1200 °C, the bending strength of the ceramic supports was 59.1 MPa and the porosity was 26.8%. In our previous work [29], fly ash powders were employed to prepare ceramic supports for microfiltration membranes. The addition of mullite fiber to fly ash reduced the shrinkage and improved the permeance and bending strength of the ceramic supports.



As evidenced above, most of the materials added to fly ash are rich in aluminum. The reason for using these components is that the percentage of mullite in the obtained ceramics can be increased by introducing an additional source of aluminum to combine with the free SiO2 in fly ash [30]. Mullite is one of the most important oxide materials for conventional ceramics, and it is more stable in the binary systems of SiO2 and Al2O3 [31,32]. Therefore, alumina or aluminum-rich materials are added during the preparation of fly ash supports to react with excess SiO2 and produce secondary mullite, thereby enhancing the resistance of the ceramic under harsh conditions [33].



In this study, low-cost ceramic membrane supports were fabricated from industrial waste fly ash and bauxite was employed as an aluminum source. The effects of bauxite content and sintering temperature on the structure and performance of the prepared supports were systematically investigated by taking into account porosity, pore size, bending strength, pure water permeance, and micromorphology. In addition, the resistance of the optimized ceramic membrane supports to acid and alkali was characterized using H2SO4 and NaOH solutions at 100 °C and the bending strength before and after treatment was measured.




2. Experimental


2.1. Raw Materials


The fly ash powders used in this study were purchased from a power plant in Hebei Province, China, whereas bauxite powders were purchased from Shijiazhuang, Hebei, China. These materials were used as received, without purification. Glycerol (Sigma–Aldrich, Burlington, MA, USA) and polyvinyl alcohol (PVA; Sigma–Aldrich, Burlington, MA, USA) were used as binders to obtain fly ash supports. The pure water used in this work was deionized water (conductivity < 5 µS·cm−1).




2.2. Preparation of Fly Ash Support


First, a certain amount of bauxite was added to the fly ash at ratios ranging from 0.2:1 to 1:1. Then, solutions of glycerol and PVA (10 wt% in water) were added in the respective amounts of 4 and 3 wt% to the total mass of bauxite and fly ash. Glycerol acts as a lubricant to make the powder particles mix more evenly. PVA acts as a binder to improve the strength of the green support. Subsequently, the powder and additives were mixed well in a mortar and then shaped using the dry press molding method to form disk supports (30 mm in diameter and 2.8 mm in thickness) and rectangular column supports (50 mm × 6.1 mm × 5.9 mm). The obtained green samples were sintered at different temperatures varying from 1150 to 1300 °C at an interval temperature of 50 °C. During the sintering process, the holding time was 2 h, and the heating rate was 2 °C/min. Samples were generically denoted as Ax-y, where x indicates the mass of bauxite added to fly ash (100 g), and y is the sintering temperature (e.g., a sample without bauxite doping sintered at 1150 °C would be A0-1150; a sample with 40 g bauxite per 100 g fly ash sintered at 1250 °C would be A40-1250). The detailed compositions of the samples are presented in Table 1.




2.3. Characterization


The fly ash and bauxite powders were characterized using field-emission scanning electron microscopy (FESEM, S-4800, Hitachi, Japan). The particle sizes of fly ash and bauxite were measured using a laser particle sizer (Mastersizer 3000, Malvern Panalytical, UK), while their elemental compositions were determined via X-ray fluorescence spectroscopy (XRF, ZSX-Primus II, Rigaku, Japan). The surface micromorphology of the ceramic support was characterized using a benchtop scanning electron microscope (TM3000, Hitachi, Japan). The phase compositions of the fly ash and bauxite powders, as well as ceramic supports obtained at different sintering temperatures, were determined by X-ray diffraction (XRD, MiniFlex 600, Rigaku, Japan). The shrinkage was calculated by measuring the diameters of the disk supports before and after sintering at different temperatures using Vernier calipers (HengLiang, Shanghai, China). The shrinkage rate was calculated using the following equation:


  φ =    D 0  −  D S     D 0    × 100 %  



(1)




where φ is the shrinkage of the ceramic support, and    D 0   ,    D S    is the diameter (in mm) of the disk support before and after sintering, respectively. The porosity of the disk supports was measured via the Archimedes method using pure water as the liquid medium and calculated through the following equation:


  ε =    m w  −  m d     m w  −  m s    × 100 %  



(2)




where  ε  is the porosity;    m w    is the mass of the wet ceramic support, in g;    m d    is the dry mass, in g; and    m s    is the wet mass measured in water, in g. The pore size distribution of the supports was measured using a mercury porosimeter (Poremaster GT-60, Quantachrome Instruments, Middlesex, MA, USA). The pure water flux under the unit pressure of the disk supports was tested using a cross-flow filtration device and calculated according to Equations (3) and (4):


  F =  V  A ⋅ t    



(3)






  J =  V  A ⋅ t ⋅  Δ P     



(4)




where V is the volume of liquid on the permeate side, in L; A is the effective filtration area of the ceramic support, in m2; t is the filtration time, in h; ΔP is the transmembrane pressure, in bar; F is the pure water flux of the ceramic support, in L·m−2·h−1; and J is the pure water permeance of the ceramic support, in L·m−2·h−1·bar−1. The three-point bending strength of the rectangular column supports was measured using a universal testing machine (CMT-6203, SANS, China) with at least five samples for each test and calculated according to the following equation:


  σ =   3 F a   2 b  c 2     



(5)




where σ is the three-point bending strength of the ceramic support, in MPa; a is the length of the ceramic support, in mm; b and c are the width and height of the ceramic support, in mm; and F is the fracture force of the ceramic support, in N.



Ceramic supports A40-1200 and A40-1300 were placed in NaOH (10 wt%) and H2SO4 (20 wt%) solutions heated to 100 °C in an oil bath, and they exposed for 8 h; a set of samples was taken every 2 h. After 8 h of corrosion, the samples were soaked in 3.65 wt% HCl or 4 wt% NaOH solutions for 30 min to neutralize the residual alkali or acid on the surface of the samples, and then, all samples were rinsed with water; after that, the samples were placed in an oven at 70 °C for 12 h to completely remove the residual moisture. The dried supports were used to test the three-point bending strength and mass loss after corrosion. The mass loss rate was calculated using the following equation:


   η m  =    m 0  −  m c     m 0    × 100 %  



(6)




where    η m    is the mass loss after corrosion of the ceramic support;    m 0    is the mass of ceramic support before corrosion, in g; and    m c    is the mass of ceramic support after corrosion, in g.





3. Results and Discussion


3.1. Characterization of Raw Materials


The detailed compositions of fly ash and bauxite analyzed by XRF are listed in Table 2. The materials consisted mainly of Al2O3 and SiO2, with a total proportion of approximately 80 to 90 wt%. Other metal oxides can aid in reducing the sintering temperature because of their low melting points. The morphologies and size distributions of the fly ash and bauxite powders are shown in Figure 1. Fly ash particles were spherical, with a particle size range of 0.7–80 µm and an average size of 10 µm. Bauxite particles were irregularly shaped, with a particle size range of 0.2–70 µm and an average size of 25 µm.



The XRD patterns of fly ash and bauxite are shown in Figure 2. The crystalline phases of fly ash were mainly mullite, corundum, and quartz phases (Figure 2a), in agreement with the literature [34,35]. The mullite existing in fly ash is primary mullite, which is formed from aluminosilicate clay minerals during the combustion process of raw coal [36]. The crystalline phases of bauxite consisted mainly in mullite and corundum phases (Figure 2b); the latter was present in a relatively high amount. Therefore, when bauxite was added to fly ash as an aluminum source, it reacted with the fly ash quartz phase to form a mullite phase, which could enhance the performance of the ceramic supports.




3.2. Effect of Bauxite Doping on the Micromorphologies of Ceramic Supports


The effects of bauxite addition on the micromorphologies of the ceramic supports sintered at different temperatures were studied, as shown in Figure 3. In the absence of bauxite, the A0 supports exhibited significant densification with an increase in the sintering temperature from 1150 to 1300 °C. Compared with the A20 to A100 supports, the A0 supports had a lower porosity, especially when the sintering temperature was above 1200 °C. When the sintering temperature was 1150 °C, the A0 supports exhibited only some initial neck connections between particles, suggesting a low degree of sintering. The same effect was observed even after adding bauxite (A20-A100 supports), indicating that in general, 1150 °C was not a suitable sintering temperature. When the sintering temperature increased to 1200 °C, the fly ash in the A0 supports melted and thus occupied the voids among particles, resulting in partial densification. However, the FESEM images of the bauxite-containing ceramic supports (A20 to A100) did not show a densified structure. With sintering temperatures of 1250 and 1300 °C, the A0 supports were very dense, and no pore structure could be observed. However, those containing bauxite (A20 to A100) showed strong neck connections and porous structures. These FESEM results demonstrate that the sintering temperature of pure fly ash supports should be adjusted in the narrow temperature range between 1150 and 1200 °C; however, the addition of bauxite can expand such temperature range up to 1300 °C.




3.3. Effect of Bauxite Doping on the Phase Composition of Ceramic Supports


In general, the resistance of fly ash supports to acid or alkali is determined by their phase composition. The phase of the supports sintered at different temperatures between 1150 and 1300 °C with different bauxite contents is shown in Figure 4. By applying a sintering temperature of 1150 °C, the main crystalline phases formed in the supports were cristobalite, mullite, and corundum (Figure 4a). The original quartz phase observed in the initial fly ash was no longer visible in the ceramic supports owing to its transformation into cristobalite at high temperatures [27]. As evidenced in the figure, the peak intensity of the cristobalite phase gradually decreases, while those of mullite and corundum gradually increase with increasing bauxite content. This indicates that the addition of bauxite to fly ash can promote the transformation of cristobalite into mullite. Upon further increasing the sintering temperature to 1200 °C (Figure 4b), cristobalite and corundum phases were still observed in the samples, indicating that the mullitization reaction was incomplete.



When the sintering temperature reached 1250 and 1300 °C (Figure 4c,d), the characteristic cristobalite peaks were no longer observed in the A20 to A100 supports, indicating that high temperatures can promote a complete mullitization reaction between cristobalite and corundum [37]. However, cristobalite was also no longer observed in the A0 supports; this was due to the presence of CaO and Na2O in the fly ash, which react with cristobalite to form a glass phase at high temperatures [38]. In the Figure 4c and d, the peak intensity of the mullite phase gradually increases with increasing bauxite content. Hence, by adding bauxite to the fly ash, the cristobalite phase reacts at high temperatures to form mullite instead of a glass phase.




3.4. Effect of Bauxite Doping on the Pore Structure of Ceramic Supports


The effects of different bauxite contents on the shrinkage and porosity of the ceramic supports obtained by sintering at different temperatures are shown in Figure 5. In Figure 5a, the shrinkage of the supports clearly decreases with the increase in bauxite doping and is more evident at high temperatures. At a sintering temperature of 1150 °C, the shrinkage of the fly ash support without bauxite doping was 2.5% and show a slight decrease after bauxite doping. When the sintering temperature reached 1300 °C, the shrinkage rate decreased from 13% to 2.5%, with an increase in bauxite doping, indicating that the presence of bauxite can effectively inhibit the densification of fly ash.



The variation of support porosity as a function of bauxite doping is shown in Figure 5b: with an increase in bauxite content, the porosity of the supports increased, following an opposite trend to that observed for the shrinkage (Figure 5a). At a sintering temperature of 1150 °C, all samples exhibited high porosity. However, when the sintering temperature reached 1300 °C, the porosity of the undoped fly ash support (A0) was almost zero, indicating that the samples were almost completely densified at this time. As the bauxite doping increased, the porosity increased gradually, reaching the same level as that observed at 1150 °C for A100. Interestingly, the increase in porosity concerned mainly samples A20 and A40.



The effects of bauxite content and sintering temperature on the pore size distributions of fly ash/bauxite supports were investigated at different sintering temperatures between 1150 and 1300 °C; the results are shown in Figure 6.



In the A0 supports (Figure 6a), the average pore size increased from 2.4 to 3.2 µm with increasing sintering temperature (from 1150 to 1250 °C). However, the porosity gradually decreased, as shown by the larger pore size but relatively smaller number of pores, which is indicative of particle growth. When the sintering temperature was 1300 °C, no pore structure could be observed, indicating that the A0 supports were completely densified, in agreement with the FESEM images.



For supports A20 to A100, the pore size increased with increasing sintering temperature. This is consistent with the trend observed in the A0 supports, where a high sintering temperature promoted particle growth. However, the sintering temperature did not have any clear adverse effects on the porosity of the A20 to A100 supports. In addition, when the sintering temperature was 1250 and 1300 °C, the A20 to A100 supports exhibited a narrower pore size distribution than A0. This demonstrates that the addition of bauxite can endow fly ash supports with a narrow pore size distribution while maintaining a high porosity. It is clear that the pore size distributions were determined by the sintering temperature and the amount of bauxite added.




3.5. Effect of Bauxite Doping on the Performance of Ceramic Supports


In general, high bending strength and high permeance to pure water are desirable properties for ceramic supports. The experimental and calculated pure water permeance of fly ash supports obtained by sintering at different temperatures with different bauxite contents are shown in Figure 7. The experimental data of the support were obtained using the Equations (3) and (4). The calculation value of the support was using the Hagen–Poiseuille equation [6]. The results can be seen that the trend of the calculation value is consistent with that of the experimental data.


  F =   Δ P ⋅  d m 2  ⋅ ε   32 μ ⋅ L ⋅ τ    



(7)




where F is the pure water flux,   Δ P   is the transmembrane pressure,    d m    is the pore size,  ε  is the porosity,  μ  is the viscosity of pure water,  L  is the thickness of the support, and  τ  is the tortuosity factor.



The pure water permeance of the A0 supports decreased from 4300 to 0 L·m−2·h−1·bar−1 for an increase in sintering temperature from 1150 to 1300 °C, as shown in Figure 7. This phenomenon is in a direct relationship with the porosity of the pure fly ash supports, which decreases with an increase in sintering temperature (from 0.33 to 0.004); therefore, the resistance increases dramatically during water filtration. When considering a specific temperature, we can observe an increase in pure water permeance with increasing bauxite doping. This is consistent with the variation in porosity, as the permeance is proportional to the porosity.



The bending strengths of the fly ash supports obtained with different sintering temperatures and bauxite contents are shown in Figure 8. The bending strength was proportional to the sintering temperature for each bauxite/fly ash ratio. For the A0 support, an increase in the sintering temperature determined an increase in the bending strength from 35 to 96 MPa. This represents a substantial increase and is mainly related to the melting of the fly ash particles at 1170 °C [39]. This, in turn, promoted the connectivity among fly ash particles and increased the interparticle bending strength. Doping with bauxite led to a slight decrease in bending strength following a trade-off effect between the bending strength and water permeance; this aspect is important and should be taken into account when choosing the appropriate bauxite doping in practical applications.




3.6. Corrosion Resistance of Optimized Ceramic Supports


The corrosion resistance of a ceramic membrane determines its range of applications. In this study, the A40-1200 and A40-1300 supports were tested to characterize the corrosion resistance of the fly ash support (see details in Section 2.3). The bending strengths and mass loss rates of the two supports before and after acid or alkali corrosion are shown in Figure 9. Here, the bending strength of A40-1200 decreases gradually with the increase in corrosion time in the NaOH solution; the bending strength approaches 34 MPa when the corrosion time is 8 h. However, for A40-1300, the decline is less marked, and the bending strength is still 65 MPa even after 8 h of alkali corrosion. To confirm the stability of their performance, the mass loss rates of the samples were determined, as shown in Figure 9a. As the corrosion time increased, the mass loss rate of A40-1200 increased gradually, reaching 8.95% after 8 h of corrosion. In contrast, the mass loss rate of A40-1300 presented a smoother variation and it was only 2.54% after 8 h of corrosion, which is consistent with the results of bending strength tests.



The bending strength and mass loss rate of the ceramic supports before and after acid corrosion are shown in Figure 9b. The bending strength of A40-1200 decreased from 44 to 32 MPa, and the strength loss was substantially concentrated in the first 2 h of corrosion. Sample A40-1300 still exhibited a strength of 56 MPa after 8 h of corrosion, and its value remained high. Figure 9b also shows the mass loss rates of the samples after acid corrosion: the maximum mass losses for A40-1200 and A40-1300 after 8 h of corrosion were 3.39% and 0.56%, respectively.



A comparison of the properties of the supports prepared in this work with those reported in the literature is shown in Table 3, evidencing that the low-cost ceramic supports obtained from fly ash and bauxite can be prepared at lower sintering temperatures. In addition, these supports exhibit a very stable performance even when corroded in acidic and basic environments at high temperatures. Hence, such low-cost supports can be employed in industrial applications under harsh conditions.





4. Conclusions


Fly ash and bauxite were used as raw materials to prepare ceramic supports. Bauxite served as the aluminum source to promote mullitization during sintering and increase the corrosion resistance of fly ash supports. The effects of the sintering temperature and amount of bauxite on the performance of the fabricated supports were thoroughly investigated. With an increasing bauxite doping, the shrinkage of the supports decreased while the porosity increased. The pore size of the supports decreased slightly with an increase in bauxite content, but the trend was not definite. In the supports having the same bauxite content, the pore size would increase at higher sintering temperatures. At 1300 °C and 40 wt% bauxite, we manufactured a fly ash support with a pure water permeance of 5.36 m3·m−2·h−1·bar−1 and bending strength of 69.6 MPa. The corrosion tests and comparison with the literature demonstrated the good resistance of this support to acid and alkali. Therefore, the supports prepared in this work can be employed in practical applications where resistance to harsh conditions is necessary.







Author Contributions


Conceptualization, Y.F.; Formal analysis, W.F., D.Z. and J.X.; Funding acquisition, X.C., M.Q. and Y.F.; Investigation, W.F., D.Z. and J.X.; Methodology, W.F.; Supervision, Y.F.; Writing—original draft, W.F.; Writing—review & editing, W.F., D.Z., X.C., M.Q. and Y.F. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by the National Natural Science Foundation of China (22078147, 21838005, 21921006), the National Key Research and Development Program of China (2017YFC0403702), the Project for Marine Science and Technology Innovation of Jiangsu Province (HY2018-10), and the Project of Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Samaei, S.M.; Gato-Trinidad, S.; Altaee, A. The application of pressure-driven ceramic membrane technology for the treatment of industrial wastewaters A review. Sep. Purif. Technol. 2018, 200, 198–220. [Google Scholar] [CrossRef]

	



Asif, M.B.; Zhang, Z. Ceramic membrane technology for water and wastewater treatment: A critical review of performance, full-scale applications, membrane fouling and prospects. Chem. Eng. J. 2021, 418, 129481. [Google Scholar] [CrossRef]

	



He, Z.; Lyu, Z.; Gu, Q.; Zhang, L.; Wang, J. Ceramic-based membranes for water and wastewater treatment. Colloids Surf. A-Physicochem. Eng. Asp. 2019, 578, 123513. [Google Scholar] [CrossRef]

	



Ke, X.B.; Zhu, H.Y.; Gao, X.P.; Liu, J.W.; Zheng, Z.F. High-Performance Ceramic Membranes with a Separation Layer of Metal Oxide Nanofibers. Adv. Mater. 2007, 19, 785–790. [Google Scholar] [CrossRef]

	



Elaine Fung, Y.-L.; Wang, H. Investigation of reinforcement of porous alumina by nickel aluminate spinel for its use as ceramic membrane. J. Membr. Sci. 2013, 444, 252–258. [Google Scholar] [CrossRef]

	



Zou, D.; Ke, X.; Qiu, M.; Chen, X.; Fan, Y. Design and fabrication of whisker hybrid ceramic membranes with narrow pore size distribution and high permeability via co-sintering process. Ceram. Int. 2018, 44, 21159–21169. [Google Scholar] [CrossRef]

	



Hubadillah, S.K.; Harun, Z.; Othman, M.H.D.; Ismail, A.F.; Gani, P. Effect of kaolin particle size and loading on the characteristics of kaolin ceramic support prepared via phase inversion technique. J. Asian Ceram. Soc. 2018, 4, 164–177. [Google Scholar] [CrossRef]

	



Qin, W.; Peng, C.; Lv, M.; Wu, J. Preparation and properties of high-purity porous alumina support at low sintering temperature. Ceram. Int. 2014, 40, 13741–13746. [Google Scholar] [CrossRef]

	



Chang, Q.; Wang, Y.; Cerneaux, S.; Zhou, J.-e.; Zhang, X.; Wang, X.; Dong, Y. Preparation of microfiltration membrane supports using coarse alumina grains coated by nano TiO2 as raw materials. J. Eur. Ceram. Soc. 2014, 34, 4355–4361. [Google Scholar] [CrossRef]

	



Abdullayev, A.; Bekheet, M.F.; Hanaor, D.A.H.; Gurlo, A. Materials and Applications for Low-Cost Ceramic Membranes. Membranes 2019, 9, 105. [Google Scholar] [CrossRef]

	



Zou, D.; Fan, Y. State-of-the-art developments in fabricating ceramic membranes with low energy consumption. Ceram. Int. 2021, 47, 14966–14987. [Google Scholar] [CrossRef]

	



Hedfi, I.; Hamdi, N.; Rodriguez, M.A.; Srasra, E. Development of a low cost micro-porous ceramic membrane from kaolin and Alumina, using the lignite as porogen agent. Ceram. Int. 2016, 42, 5089–5093. [Google Scholar] [CrossRef]

	



Hubadillah, S.K.; Othman, M.H.D.; Matsuura, T.; Ismail, A.F.; Rahman, M.A.; Harun, Z.; Jaafar, J.; Nomura, M. Fabrications and applications of low cost ceramic membrane from kaolin: A comprehensive review. Ceram. Int. 2018, 44, 4538–4560. [Google Scholar] [CrossRef]

	



Bouzerara, F.; Harabi, A.; Achour, S.; Larbot, A. Porous ceramic supports for membranes prepared from kaolin and doloma mixtures. J. Eur. Ceram. Soc. 2006, 26, 1663–1671. [Google Scholar] [CrossRef]

	



Hubadillah, S.K.; Othman, M.H.D.; Harun, Z.; Ismail, A.F.; Rahman, M.A.; Jaafar, J.; Jamil, S.M.; Mohtor, N.H. Superhydrophilic, low cost kaolin-based hollow fibre membranes for efficient oily-wastewater separation. Mater. Lett. 2017, 191, 119–122. [Google Scholar] [CrossRef]

	



Lu, Q.; Dong, X.; Zhu, Z.; Dong, Y. Environment-oriented low-cost porous mullite ceramic membrane supports fabricated from coal gangue and bauxite. J. Hazard. Mater. 2014, 273, 136–145. [Google Scholar] [CrossRef]

	



Wang, F.; Ye, J.; He, G.; Liu, G.; Xie, Z.; Li, J. Preparation and characterization of porous MgAl2O4 spinel ceramic supports from bauxite and magnesite. Ceram. Int. 2015, 41, 7374–7380. [Google Scholar] [CrossRef]

	



Saja, S.; Bouazizi, A.; Achiou, B.; Ouaddari, H.; Karim, A.; Ouammou, M.; Aaddane, A.; Bennazha, J.; Alami Younssi, S. Fabrication of low-cost ceramic ultrafiltration membrane made from bentonite clay and its application for soluble dyes removal. J. Eur. Ceram. Soc. 2020, 40, 2453–2462. [Google Scholar] [CrossRef]

	



Jana, S.; Purkait, M.K.; Mohanty, K. Preparation and characterization of low-cost ceramic microfiltration membranes for the removal of chromate from aqueous solutions. Appl. Clay Sci. 2010, 47, 317–324. [Google Scholar] [CrossRef]

	



Achiou, B.; Elomari, H.; Bouazizi, A.; Karim, A.; Ouammou, M.; Albizane, A.; Bennazha, J.; Alami Younssi, S.; El Amrani, I.E. Manufacturing of tubular ceramic microfiltration membrane based on natural pozzolan for pretreatment of seawater desalination. Desalination 2017, 419, 181–187. [Google Scholar] [CrossRef]

	



Zou, D.; Xu, J.; Chen, X.; Drioli, E.; Qiu, M.; Fan, Y. A novel thermal spraying technique to fabricate fly ash/alumina composite membranes for oily emulsion and spent tin wastewater treatment. Sep. Purif. Technol. 2019, 219, 127–136. [Google Scholar] [CrossRef]

	



Cao, J.; Dong, X.; Li, L.; Dong, Y.; Hampshire, S. Recycling of waste fly ash for production of porous mullite ceramic membrane supports with increased porosity. J. Eur. Ceram. Soc. 2014, 34, 3181–3194. [Google Scholar] [CrossRef]

	



Zou, D.; Fan, W.; Xu, J.; Drioli, E.; Chen, X.; Qiu, M.; Fan, Y. One-step engineering of low-cost kaolin/fly ash ceramic membranes for efficient separation of oil-water emulsions. J. Membr. Sci. 2021, 621, 118954. [Google Scholar] [CrossRef]

	



Zong, Y.; Wan, Q.; Cang, D. Preparation of anorthite-based porous ceramics using high-alumina fly ash microbeads and steel slag. Ceram. Int. 2019, 45, 22445–22451. [Google Scholar] [CrossRef]

	



Jedidi, I.; Khemakhem, S.; Larbot, A.; Ben Amar, R. Elaboration and characterisation of fly ash based mineral supports for microfiltration and ultrafiltration membranes. Ceram. Int. 2009, 35, 2747–2753. [Google Scholar] [CrossRef]

	



Shaheen, S.M.; Hooda, P.S.; Tsadilas, C.D. Opportunities and challenges in the use of coal fly ash for soil improvements—A review. J. Environ. Manag. 2014, 145, 249–267. [Google Scholar] [CrossRef]

	



Liu, J.; Dong, Y.; Dong, X.; Hampshire, S.; Zhu, L.; Zhu, Z.; Li, L. Feasible recycling of industrial waste coal fly ash for preparation of anorthite-cordierite based porous ceramic membrane supports with addition of dolomite. J. Eur. Ceram. Soc. 2016, 36, 1059–1071. [Google Scholar] [CrossRef]

	



Li, C.; Zhou, Y.; Tian, Y.; Zhao, Y.; Wang, K.; Li, G.; Chai, Y. Preparation and characterization of mullite whisker reinforced ceramics made from coal fly ash. Ceram. Int. 2019, 45, 5613–5616. [Google Scholar] [CrossRef]

	



Zou, D.; Qiu, M.; Chen, X.; Drioli, E.; Fan, Y. One step co-sintering process for low-cost fly ash based ceramic microfiltration membrane in oil-in-water emulsion treatment. Sep. Purif. Technol. 2019, 210, 511–520. [Google Scholar] [CrossRef]

	



Foo, C.T.; Salleh, M.A.M.; Ying, K.K.; Matori, K.A. Mineralogy and thermal expansion study of mullite-based ceramics synthesized from coal fly ash and aluminum dross industrial wastes. Ceram. Int. 2019, 45, 7488–7494. [Google Scholar] [CrossRef]

	



Schneider, H.; Fischer, R.X.; Schreuer, J. Mullite: Crystal Structure and Related Properties. J. Am. Ceram. Soc. 2015, 98, 2948–2967. [Google Scholar] [CrossRef]

	



Lerdprom, W.; Bhowmik, A.; Grasso, S.; Zapata-Solvas, E.; Jayaseelan, D.D.; Reece, M.J.; Lee, W.E. Impact of spark plasma sintering (SPS) on mullite formation in porcelains. J. Am. Ceram. Soc. 2018, 101, 525–535. [Google Scholar] [CrossRef]

	



Zhu, Z.; Wei, Z.; Sun, W.; Hou, J.; He, B.; Dong, Y. Cost-effective utilization of mineral-based raw materials for preparation of porous mullite ceramic membranes via in-situ reaction method. Appl. Clay Sci. 2016, 120, 135–141. [Google Scholar] [CrossRef]

	



Wei, Z.; Hou, J.; Zhu, Z. High-aluminum fly ash recycling for fabrication of cost-effective ceramic membrane supports. J. Alloy. Compd. 2016, 683, 474–480. [Google Scholar] [CrossRef]

	



Dong, Y.; Liu, X.; Ma, Q.; Meng, G. Preparation of cordierite-based porous ceramic micro-filtration membranes using waste fly ash as the main raw materials. J. Membr. Sci. 2006, 285, 173–181. [Google Scholar] [CrossRef]

	



Zhu, L.; Dong, Y.; Li, L.; Liu, J.; You, S.-J. Coal fly ash industrial waste recycling for fabrication of mullite-whisker-structured porous ceramic membrane supports. RSC Adv. 2015, 5, 11163–11174. [Google Scholar] [CrossRef]

	



Chen, C.Y.; Lan, G.S.; Tuan, W.H. Preparation of mullite by the reaction sintering of kaolinite and alumina. J. Eur. Ceram. Soc. 2000, 20, 2519–2525. [Google Scholar] [CrossRef]

	



Zhang, J.; Dong, W.; Li, J.; Qiao, L.; Zheng, J.; Sheng, J. Utilization of coal fly ash in the glass-ceramic production. J. Hazard. Mater. 2007, 149, 523–526. [Google Scholar] [CrossRef]

	



Dong, Y.; Chen, S.; Zhang, X.; Yang, J.; Liu, X.; Meng, G. Fabrication and characterization of low cost tubular mineral-based ceramic membranes for micro-filtration from natural zeolite. J. Membr. Sci. 2006, 281, 592–599. [Google Scholar] [CrossRef]

	



Dong, Y.; Feng, X.; Dong, D.; Wang, S.; Yang, J.; Gao, J.; Liu, X.; Meng, G. Elaboration and chemical corrosion resistance of tubular macro-porous cordierite ceramic membrane supports. J. Membr. Sci. 2007, 304, 65–75. [Google Scholar] [CrossRef]

	



Dong, Y.; Lin, B.; Zhou, J.-E.; Zhang, X.; Ling, Y.; Liu, X.; Meng, G.; Hampshire, S. Corrosion resistance characterization of porous alumina membrane supports. Mater. Charact. 2011, 62, 409–418. [Google Scholar] [CrossRef]

	



Dele-Afolabi, T.T.; Hanim, M.A.A.; Norkhairunnisa, M.; Sobri, S.; Calin, R. Investigating the effect of porosity level and pore former type on the mechanical and corrosion resistance properties of agro-waste shaped porous alumina ceramics. Ceram. Int. 2017, 43, 8743–8754. [Google Scholar] [CrossRef]

	



Cheng, Y.; Yu, Y.; Peng, C.; Wu, J. Preparation and characterization of high flux alumina membrane supports by composite pore former method. Ceram. Int. 2020, 46, 11297–11303. [Google Scholar] [CrossRef]

	



Ma, J.; Du, B.; He, C.; Zeng, S.; Hua, K.; Xi, X.; Luo, B.; Shui, A.; Tian, W. Corrosion Resistance Properties of Porous Alumina–Mullite Ceramic Membrane Supports. Adv. Eng. Mater. 2020, 22, 1901442. [Google Scholar] [CrossRef]








[image: Membranes 11 00711 g001 550] 





Figure 1. Morphologies and particle size distributions of fly ash (a,b) and bauxite (c,d). 
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Figure 2. XRD patterns of fly ash (a) and bauxite (b). 
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Figure 3. Microstructures of fly ash supports obtained by sintering at different temperatures with different bauxite contents. 
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Figure 4. XRD patterns of fly ash supports with different bauxite contents sintering at 1150 °C (a), 1200 °C (b), 1250 °C (c) and 1300 °C (d). 
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Figure 5. Shrinkage (a) and porosity (b) of fly ash supports obtained by sintering at different temperatures with different amounts of bauxite. 
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Figure 6. Pore size distribution of supports sintered at different temperatures for A0 (a), A20 (b), A40 (c), A60 (d), A80 (e), and A100 (f). 
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Figure 7. Experimental and calculated pure water permeance of fly ash supports obtained by sintering at different temperatures with different bauxite contents. 
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Figure 8. Three-point bending strength of fly ash supports obtained by sintering at different temperatures with different bauxite contents. 
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Figure 9. Bending strengths and mass loss rates of A40 samples sintered at 1200 and 1300 °C, before and after corrosion in 10 wt% NaOH (a) and 20 wt% H2SO4 (b) solutions at 100 °C. 
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Table 1. Detailed compositions of ceramic supports. 1 The concentration of the PVA solution is 10 wt%.
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	Sample Code
	Fly Ash (g)
	Bauxite (g)
	Glycerol (g)
	PVA (g) 1





	A0
	100
	0
	4.0
	3.0



	A20
	100
	20
	4.8
	3.6



	A40
	100
	40
	5.6
	4.2



	A60
	100
	60
	6.4
	4.8



	A80
	100
	80
	7.2
	5.4



	A100
	100
	100
	8.0
	6.0
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Table 2. Compositions of fly ash and bauxite (wt%). * Other represents the sum of other oxides with lower content, including SrO, ZrO2, CeO2, MnO, and V2O5.
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	Al2O3
	SiO2
	CaO
	C
	Fe2O3
	TiO2
	K2O
	MgO
	P2O5
	Na2O
	Other *





	Fly ash
	39.35
	42.88
	4.09
	3.84
	3.63
	1.55
	1.22
	0.61
	0.54
	0.29
	2.00



	Bauxite
	71.89
	18.98
	0.34
	0.69
	3.02
	3.21
	0.48
	0.12
	0.22
	0.04
	1.01
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Table 3. Comparison of corrosion resistance between the supports fabricated in this study and existing literature.
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Raw Materials

	
Sintering Temperature

	
Bending Strength

	
Pore Size

	
Corrosion Test

	
Mass Loss/Bending Strength after 8 h Acid Corrosion

	
Mass Loss/Bending Strength after 8 h Alkali Corrosion

	
Ref.




	
(℃)

	
(MPa)

	
(μm)

	
Acid

	
Alkali

	
%/MPa

	
%/MPa






	
Cordierite,

kaolin

	
1380

	
31.03

	
8.66

	
20 wt% H2SO4,

105–107 °C

	
10 wt% NaOH,

105–106 °C

	
17

N/A

	
12

27

	
[40]




	
Alumina,

kaolin

	
1620

	
87.02

	
2.96

	
20 wt% H2SO4,

105–107 °C

	
10 wt% NaOH,

105–107 °C

	
1

78

	
23

15

	
[41]




	
Alumina,

rice husk

	
1450

	
N/A

	
138

	
20 wt% H2SO4,

110 °C

	
10 wt% NaOH,

110 °C

	
0.95

N/A

	
2

N/A

	
[42]




	
Alumina,

sugarcane bagasse

	
1450

	
N/A

	
84

	
20 wt% H2SO4,

110 °C

	
10 wt% NaOH,

110 °C

	
1.6

N/A

	
1

N/A




	
Alumina,

carbon black,

sawdust, HEC, TiO2

	
1500

	
46.2

	
2.42

	
20 wt% H2SO4,

80 °C

	
10 wt% NaOH,

80 °C

	
0.44

N/A

	
0.39

N/A

	
[43]




	
Alumina,

silica

	
1550

	
51.1

	
3.1

	
20 wt% H2SO4,

80 °C

	
10 wt% NaOH,

80 °C

	
0.20

48

	
2.0

47

	
[44]




	
1550

	
49.7

	
3.1

	
20 wt% H2SO4,

80 °C

	
10 wt% NaOH,

80 °C

	
0.30

47

	
1.9

43




	
Fly ash,

bauxite

	
1300

	
69.6

	
3.4

	
20 wt% H2SO4

100 °C

	
10 wt% NaOH,

100 °C

	
0.56

56

	
2.54

65

	
This work
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