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Abstract

:

In this research, an experimental study was carried out on the pre-treatment and turbidity removal of Persian Gulf water using cross flow microfiltration by new composite ceramic membranes. Three types of tubular microfiltration composite ceramic membranes that consisted of Mullite, Mullite/SiC, and Mullite/SiC/Fe2O3 with different compositions were fabricated at relatively low temperature (1250 °C) with extrusion and sintering for this purpose. Furthermore, changes in porosity, pore size, and mechanical strength were compared in Mullite membranes and composite membranes to find the most suitable membrane for turbidity removal from seawater. According to the results, the most suitable synthetic membrane was M/SiC/Fe10 membrane with 60:30:10 ratios of mullite, silicon carbide, and iron oxide with 64.6 ± 2% porosity, average pore size of 0.54 μm, 95.4% turbidity removal, pure water permeability of 3811 L/m2.h, and higher mechanical strength (22.4 MPa) compared to other fabricated membranes. Results of Hermia’s models for fouling modeling indicated that the dominant mechanism of blocking in all membranes was standard pore blocking with the best compliance with experimental data. Therefore, results demonstrated that the addition of Fe2O3 to silicon carbide ceramic microfiltration membranes, with a specific weight percentage, improves their mechanical properties and membrane performance for pre-treatment of seawaters.
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1. Introduction


Due to the water shortage and drought around the world, societies have considered desalination as an important strategy to support ever-decreasing fresh water sources in the last 40 years [1,2]. Seawater desalination is a necessary strategy for supplying potable water in many parts of the world, such as the Middle East and North Africa [3,4]. Seawater is a potential water source that can be used for household and industrial purposes, after desalination [5]. Different methods are used for seawater desalination, such as thermal and membrane processes. During these years, researchers have found that seawater desalination by membrane processes such as reverse osmosis (RO) is more feasible compared to other methods [6,7]. However, the main problem of membrane desalination technology is the presence of particles and colloids, microorganisms, and organic materials that cause sedimentation on the membrane surface. Therefore, the correct selection of the pre-treatment method is one of the determining solutions for the success or failure of seawater desalination [5]. Seawater desalination is conducted for the reduction in turbidity, microorganisms, colloidal pollutants, Total Dissolved Solids (TDS), and Silt Density Index (SDI) of raw seawater, to acceptable levels and makes it suitable for the RO process [6]. Many common processes are utilized for seawater pre-treatment before RO desalination. However, membrane-based technology, especially microfiltration (MF), has many advantages over other methods including high flux, lower costs and spaces, and no need for chemicals. Furthermore, MF has a high performance in improving sea water quality, especially for the elimination of colloids, suspended particles, microorganisms, and turbidity removal [8,9]. Results of many studies show the utilization of polymer membranes for seawater pre-treatment [10,11]; however, ceramic membranes have been noticed in recent years due to their superior characteristics (high flux, high porosity, higher chemical, and mechanical strength) [12,13]. Many studies were carried out on the pre-treatment of seawater by microfiltration ceramic filters [14,15,16,17,18].



Dey et al. [18] investigated the pretreatment of Arabian coastal sea water using a tubular alumina-based ceramic MF membrane with a 19-channel configuration. The results of their research indicated a decrease in turbidity to less than 1.0 NTU. Achiou et al. [14] manufactured and investigated tubular ceramic microfiltration membranes made from natural pozzolan; their membranes could remove 98.25% of seawater turbidity. Mouiya et al. [16] manufactured and studied natural clay and Moroccan phosphate-based ceramic microfiltration membranes for seawater desalination. Results of this study showed 99.6% turbidity removal. Ceramic microfiltration membranes were manufactured from natural phosphate by Belgad et al. [8] and could eliminate 98% of seawater turbidity. Xavier et al. [19] studied the manufacturing of microfiltration ceramic filters from steel slag to be used in pre-treatment and turbidity removal from seawater. Results of their research indicated 95.37% removal of turbidity by the manufactured ceramic filters.



As the results of these investigations present, ceramic membranes have a very high ability to remove seawater turbidity; however, despite the fantastic performance of microfiltration membranes in seawater desalination, fouling of membranes due to their large pores causes a reduction in their performance including flux and considerably affects their utilization [20]. Considering the importance and necessity of minimizing the sediment formation on membranes to increase flux, improvement of the treatment efficiency, decrease in the cost and energy consumption, and generally optimizing and controlling the filtration process, different mechanisms were proposed and investigated. Some theoretical, experimental, and semi-experimental models exist in the literature that are used to predict the reduction in flux. Both theoretical and empirical models cannot favorably predict the time dependence of flux reduction without using experimental data and an explanation of the sedimentation mechanism. The most commonly used model for studying fouling in MF membranes is the Hermia’s models. Hermia’s models are a one-parameter, semi-experimental model in which the parameters have specific physical meanings. These models were successful at explaining the fouling mechanism and precisely predicting the reduction of flux over time [21,22].



Silicon carbide (SiC) ceramic microfiltration membranes have attracted significant attention due to their favorable properties of fantastic mechanical strength, porous structure, anti-corrosion performance, high chemical resistance, negative surface charge, and high hydrophobicity [23,24]. However, the main problem with these membranes is their high sintering temperature of 2000 °C which consumes much energy, increases the costs of large-scale production, and limits their industrial usage. This problem can be solved by using geomaterials such as clay, phosphate, natural zeolite, kaolin, and pozzolan and manufacturing low-cost composite ceramic membranes [25,26,27,28,29,30]. The addition of sintering-aid materials changes the eutectic temperature and viscosity; therefore, it affects morphology, and the microstructure of SiC ceramic filters, and reduces the sintering temperature and decreases the cost [31,32].



Kaolin is a preferred raw material for developing low-cost porous ceramic filters due to its crystalline structure, chemical composition, and mineralogical characteristics [33].



There has been no investigation until now on the elimination of turbidity from seawater using SiC composite membranes. Therefore, in this research, we study the development of low-cost SiC membranes with desirable characteristics for pre-treatment of sea water. Thus, in this study, low-cost kaolin was used in the structure of SiC ceramic membranes to decrease production costs, and iron oxide was utilized to enhance the flux and mechanical strength of these membranes to be employed for turbidity removal and seawater pre-treatment. For a better comparison, three types of ceramic microfiltration membranes made by extrusion and sintering with different compositions of Mullite, Mullite/SiC, and Mullite/SiC/Fe2O3 were employed for pre-treatment and turbidity removal of seawater. In addition, the fabricated MF ceramic membranes were evaluated by considering their porosity, pore size, percent turbidity removal, mechanical characteristics, and flux of pure water. The Hermia’s models were used for the estimate of the fouling mechanism and the prediction of permit flux during the pre-treatment of seawater.




2. Materials and Methods


2.1. Raw Materials


In this research, kaolin clay powder (particle size < 30 μm) from Iran was used for the preparation of ceramic membranes. The chemical composition of kaolin is presented in Table 1. Commercial SiC powder with a mean particle size smaller than 39 μm and 98.9% purity was supplied by Taif Azarin Co. Ltd., Tehran, Iran. Starch (Merck KGaA) was used as a binding agent. The iron oxide used for the experiments had a mesh size of 400 and 98.6% purity.




2.2. Preparation of Seawater


Seawater used in this work was obtained from shore water of the Persian Gulf in Bushehr city of Iran. The seawater specifications are presented in Table 2.




2.3. Microfiltration Ceramic Membranes Fabrication


In this research, seven MF ceramic membranes were made. Firstly, Kaolin, kaolin/SiC and kaolin/SiC/Fe2O3 with a different percentage composition described in Table 3, were blended using an electrical mixer with high speed for 15 min. Following that, 5 wt.% of starch as a binder and 32 wt.% of distilled water were added to the solid mixture. Extrusion was used to make the kaolin clay/distilled water/SiC powder/Fe2O3 mixture after mixing well for 2 h using a high-powered mechanical mixer. A tubular membrane with an inner diameter of 10 mm, an outer diameter of 14 mm and a length of 25 cm was created. At room temperature, the prepared membranes are completely dried for twenty-four hours and then and then sintered in an electrical furnace (The overall schematic of the membranes fabrication is shown in Figure 1).



Table 3 presents the compositions and characteristics of the prepared membranes. It should be mentioned that 32 wt.% of water and 5 wt.% of starch were added as binding agents.



The synthesized tubular ceramic membranes were dried at room temperature for 48 h. Then, they were sintered in a furnace (1200C MINI LAB ELECTRIC, T-Long, China) according to Figure 2.



When the sintering process was ended, membranes were left in the furnace for eight hours to reach room temperature. If they are promptly removed from the furnace, there will be a risk of thermal shock and cracking of the membranes.




2.4. Experimental Setup


The experimental setup of the cross-flow microfiltration process was designed as shown in Figure 3. This setup was designed so that the operating pressure could be changed and controlled easily. A recycle stream was embedded for better adjustment of the stream, pressure, and mixing. The pressure of seawater on membrane surface was adjusted to 1 bar using a pressure regulator. It should be mentioned that the contact surface area of the microfiltration membrane with the feed stream was 0.004554 m2. Furthermore, three membrane samples were employed in each test to ensure the repeatability of the experimental results; all the presented data are the arithmetic average of three related filtration data. Moreover, all the filtration tests were conducted at room temperature (25 ± 1 °C).



Different parameters are involved in a separation process that needs to be measured, such as flux of the membrane and rejection. The flux was measured at a cross flow regime. The Flux (J) was calculated from the following equation [34]:


  Flux ( J ) =   V     A   Δ t    



(1)




where:



V:the permeate volume in (L),



A: the filtration area in (m2),



and Δt: the time duration of filtration in (h).





3. Modeling


One of the concerns about membrane processes is the fouling of membranes, which reduces membrane efficiency, increases operating costs, and decreases the lifecycle of the membranes. Fouling mechanisms and their effect on the flux reduction during time can differ significantly depending on the type of the membrane, solution specifications, and the type of filtration (i.e., cross flow, submerged, dead-end) [21,22].



Hermia’s models are among the best and most applicable models for the prediction of microfiltration flux reduction in cross-flow filtration. The formation of precipitates is modeled with the Hermia model which presents four different behaviors for membrane fouling. Complete blocking of the pores, incomplete blocking (intermediate fouling) of the pores, standard blocking of the pores, and the cake formation are the four available models [35,36].



The general equation is as follows [36]:


    d J   d t   = K   J −  J  s s      J  2 − n      



(2)




where:



Jss: steady state flux of membrane,



K: constant and it depends on pressure, permeable dynamic viscosity, the blocked area, and membrane resistance.



In this equation, n = 0 for the filtration cake, n = 1 for intermediate pore blocking, n = 1.5 for standard blocking, and n = 2 for complete blocking. If the models can predict the reduction in flux of the membranes, the constant slope of the models (K) can be determined by the linearization of the model and the selection of the greatest coefficient of determination (R2). Therefore, the precipitation mechanism and the flux at any time and at any point of the membranes can be determined by regression of the parameters [36].



	
Cake formation model






This mechanism takes place when the size of dissolved molecules is larger than the size of membrane pores and, therefore, dissolved molecules do not enter the membrane pores and form a cake layer on the membrane surface. Hence, pore blocking is neglected in this model [37]. This model is shown in Equation (3).


  J = [   1 − Y      J  s s             1 − Y      J  s s      2  − 4   X − Y       J  s s   2      2   X − Y      



(3)






  X =      J 0  −  J  s s        J 0       



(4)






  Y = exp   K     J  s s   2  t   −      J  s s        J 0       



(5)




where J0 is the flux at t = 0.



	
Intermediate pore blocking model






This mechanism happens when the size of dissolved molecules is the same as membrane pore sizes; thus, the risk of membrane fouling with dissolved molecules decreases during the time [37]. This model is shown with Equation (6).


  J =      J 0     J  s s   B      J  s s   +  J 0    B − 1      



(6)






  B = e x p   K    J  S S   t      



(7)







	
Standard pore blocking model






This mechanism takes place when dissolved molecules are smaller than membrane pores; therefore, inter-pore blocking happens. In this model, molecules cannot easily accumulate on the pore walls, but they absorb on the walls [37]. This model is presented by Equation (8).


   1   J  0.5     =  1   J 0  0.5     + K t    



(8)







	
Complete pore blocking model






In this mechanism the molecules do not enter the pores, but instead, they block the entrance of the pores. Based on this model, any dissolved molecule that reaches the membrane surface covers the pore entrance and blocks it [37]. This model is demonstrated by Equation (9).


  J =  J  s s   +      J 0  −  J  s s       exp     − K    J 0      t      



(9)







To know the fouling mechanisms, Hermia’s models were employed for cross flow filtration to investigate fouling mechanisms involved in the seawater pre-treatment process by seven fabricated microfiltration membranes. Regression results of the cross-flow filtration models were presented and compared with the experimental data.



To delineate the compliance of data with the considered model, the correlation coefficient (R2) of each model curve was compared with the others.




4. Characterization of Fabricated Membranes


FE-SEM (TESCAN-Vega 3, made by TESCAN Co, Czech Republic) was employed to study membranes’ surfaces. The 2D and 3D photos were captured by AFM (BRISK AFM, made by ARA Research, IRI) to explain the roughness of membranes’ surfaces. The phase changes, after sintering in membranes, was investigated by X-ray diffraction analysis (XRD, D8 Advance, made by BRUKER, Bremen, Germany) with a scan speed of 0.05°/s at 20–80° with 2θ angle. The thermal resistance of the membranes was examined by thermal gravimetric analysis Q600 (TGA, Model: Q600, USA). Next, 5–10 mg of the samples was heated from 30 °C to 800 °C with 10 °C/min rate under atmospheric pressure.



Porosity is another key parameter that determines the performance of membranes; therefore, to calculate the porosity (ε) of each membrane, first, the length, inner diameter, and outer diameter were measured. Membranes’ weights were also measured after five hours of drying at 150 °C. Then, the membranes were placed in water for 12 h to fill the pores with water. The excess water on the membranes’ surfaces was removed and they were weighed again to determine the weight of the wet membranes. The porosity of each membrane was calculated from the following equation [38]:


  ε =    V s     V t    × 100  



(10)






   V s  =    M w  −  M d     ρ w       



(11)






   V t  = π   R  o u t   2  L − π     R  i n   2  L  



(12)




where:



ε: porosity



Vs: cavity volume



Vt: Total membrane volume



Mw: Wet membrane weight



Md: Dry membrane weight



   ρ w   : water density



Rout: external radius of the membrane



Rin: internal radius of the membrane



The Guerout–Elford–Ferry equation was used to measure the average pore radius (rm) of MF membranes based on distilled water J and Porosity [39]:


   r m  =       2.9 − 1.75 ε   8 μ L J   ε TMP      



(13)







In fact, ε is the membrane porosity (%), L is the membrane thickness (m), μ is water viscosity at room temperature (8.9 × 10−4 Pa.s), J is water permeation per unit time (m3s−1), and transmembrane pressure (TMP) is the operating pressure (0.5–2 bar).



Mechanical strength analysis (three-point flexural test) was conducted by the universal test apparatus (Santam STM-20, Iran) according to ASTM d790 standard with a strain rate of 0.5 mm/min at 25 ± 2 °C. Bending stress (σf) was determined from the following equation [40]:


   σ f  =   8 F l     π  d 3     



(14)




Where:



F: the force (N) at the fracture point,



l: the support span (mm)



and R: the radius of the beam (mm).



At least three samples were used to obtain the average values and the standard deviation for each membrane.




5. Results and Discussion


5.1. Membranes’ Microstructures


The microstructures of the prepared membranes were studied by FESEM. Scanning electron micrographs of the kaolin, kaolin/SiC, and kaolin/SiC/iron oxide are presented in Figure 4A–C, respectively, at different scales with different symbols. It should be noted that the micrographs of Figure 5 (row 1 and 2) are related to the surface of the membrane and the micrographs of row three are related to the cross-sectional view of membrane. The FESEM picture of kaolin (Figure 4A) shows a uniform, compact, and crack-free structure; it is also evident in the cross-section picture of the membrane (Figure 4A3). Furthermore, the morphology analysis of the kaolin membrane shows that the dominant morphology of this membrane is non-uniform pores with different and non-uniform sizes.



However, the membrane structure changed after the addition of Fe2O3 and SiC. As shown in Figure 4B, the microstructure of SiC composite membranes is homogeneous and uniform, but it seems that the addition of SiC increased the roughness and porosity of the surface. A closer look at cross-sections of membranes reveals that the membrane surface became rougher after silicon carbide was added. Furthermore, it can be observed that the microstructure of SiC membrane has many pores with nonuniform sizes distributed all over the surface. Results of investigations indicate that the addition of Fe2O3 plays an important role in membrane formation, changes in membrane morphology, and roughness of the surface [18].



As seen in FESEM micrographs of M/SiC/Fe20 composite (Figure 4C), the membrane is still rough after integration with Fe2O3; but it seems that membrane porosity increased with a dominant sponge morphology. As indicated in Figure 4C, the number, size, and types of the pores have changed in M/SiC/Fe20 membrane compared to M/SiC30 membrane. The membrane cross-section pictures (Figure 4C3)) show a decrease in pore sizes after the addition of Fe2O3. Furthermore, the integration of Fe2O3 results in a rather rougher membrane surface. It should be noted that high roughness can significantly improve the flux [41]. Moreover, it is expected that the flux improves due to the addition of Fe2O3, which complies well with the theoretical and experimental data. Figure 5A–C present the scanning electron micrographs of M, M/SiC, and M/SiC/Fe20 after filtration. As seen, at the end of the filtration, a layer has formed in the pores due to the presence of dispersed particles and microorganisms in seawater, and the pores’ volume is reduced.




5.2. Atomic Force Microscopy (AFM)


The surface roughness of membranes can be estimated from 2D (2-dimensional) and 3D (3-dimensional) AFM pictures. AFM analysis gives data on the morphology and roughness of the surface. The relation between these characteristics with surface porosity and filtration performance provides insight into the structure of filtration membranes. Figure 6A–C presents 2D and 3D pictures of the surface roughness of M, M/SiC, and M/SiC/Fe20 membranes. The roughness parameters, including root mean square (Rq), average roughness (Ra), and peak-to-valley roughness (Rt) were calculated and are presented in Table 4 as indicated in Figure 6. The M membrane has a relatively smooth surface with lower surface roughness (Ra = 3.72 nm) compared to other membranes. Figure 6 and data in Table 4 indicate that M/SiC/Fe20 membrane has the maximum roughness; furthermore, SEM analysis results support this subject.




5.3. X-ray Diffraction Analysis (XRD Analysis) of Fabricated Ceramic Membranes


XRD analysis was carried out to ensure and determine the formed phases in membranes and the structure of the as-fabricated samples after being sintering in a furnace. The XRD patterns of M, M/SiC, and M/SiC/Fe20 composites are represented in Figure 7.



Mullite shows different ratios of Al to Si with the overall structure Al4+2xSi2−2xO10−x, where x is between 0.2 and 0.8. At a temperature of 1250 °C, kaolin crystallizes into the dominant phase of quartz, cristobalite, and some mullite. The XRD pattern of the mullite sample demonstrated the characteristic peaks, which are related to cristobalite (α-Al2O3-SiO2), quartz, and mullite phases. As shown in the XRD pattern of the mullite sample (M), the characteristic peaks at around 22.06°, 26.88°, 28.90°, 32.02°, 43.32°, 44.94°, 48.94°, 56.54°, and 58.14° correspond to the cristobalite phase. Moreover, the corresponding peaks of the quartz phase can be observed at around 21.54°, 36.42°, 40.04°, 43.32°, 46.34°, 50.70°, 55.80°, 60.40°, and 68.76°. The specified peaks at 32.02°, 33.94°, 41.50°, 61.32°, 65.14°, 70.74°, and 75.40° are also characteristic peaks of the mullite phase. The presence of these peaks confirms the structure related to mullite [42,43,44,45]. In addition, the various phases of the silicon carbide composition can be clearly seen in the XRD pattern of the M-SiC sample. These phases include SiC-4H, SiC-H, SiC-6H, and yttrium aluminum (Y3Al5O12). Hence, the XRD patterns of M/SiC confirm the successful synthesis of silicon carbide and its doping with mullite [45,46]. As presented in the XRD pattern of the M/SiC/Fe20 composite sample, in addition to the characteristic XRD peaks of kaolin and silicon carbide compounds, the characteristic peaks of hematite (Fe2O3) are also observed at about 24.80°, 33.60°, 35.40°, 49.16°, 54.80°, 63.70°, and 65.30°, which conform to crystal planes (012), (104), (110), (024), (116), (214), and (300), respectively [47]. Hence, the studies of the XRD pattern of the M/SiC/Fe20 microfiltration membrane indicate that no chemical reaction occurred between Fe2O3 and SiC.




5.4. Thermal Analysis of Ceramic Membranes


TGA is a powerful thermal analysis method based on weight change with temperature over time. This test provides information about thermal degradation, solid-gas reactions, phase transition, adsorption, and desorption.



Figure 8 illustrates that weight loss occurred in three different stages for microfiltration membrane M.



The first stage of weight loss of the M microfiltration membrane is probably related to the removal of moisture. The second stage of weight loss occurred between 400 and 650 ℃, which was the result of the phase change and the formation of metakaolin from the kaolinite phase (according to reaction (1)) [45].


2AL2Si2O5(OH)4 → 2AL2SiO7 + 4H2O



(15)







The third stage of weight loss can be due to the formation of mullite phase (reaction 2) [45].


3(AL2O3.2SiO2) → 3AL2O3.2SiO2(mullite) + 4SiO2(quatz, cristobalite)



(16)







Figure 8 also shows that the weight loss for the M/SiC microfiltration membrane is 4.7% and for the M/SiC/Fe20 membrane it is 1.6%. The results indicate that the M/SiC/Fe20 ceramic composite membrane has excellent oxidation resistance because it had the lowest amount of weight loss compared to other membranes.




5.5. Mechanical Strength Analysis of Ceramic Membranes


One of the main problems with ceramic membranes is their brittleness. Mechanical strength analysis (three-point flexural test) was performed to investigate the physical strength of the manufactured membranes. The bending strength is calculated from Equation (14). The strengths of the prepared membranes are listed in Table 5.



There is valuable information in the literature from previous studies that indicate the reduction in the bending strength of porous ceramics when the porosity increases [48,49]. Aouadia et al. indicated that, in addition to increased porosity, increasing the pore sizes of ceramic membranes can also decrease mechanical strength [50].



As seen in Table 4, the addition of silicon carbide increases the membrane porosity and the increased porosity decreases the membrane strength, these results comply well with the report of Jafari et al. [45].



In addition, the results of the investigations show that increasing the concentration of nanofillers will enhance the mechanical strength of nanocomposite membranes to a specific point, and after this optimum point, further addition of nanofillers promotes the accumulation of nanoparticles and weakens the mechanical strength. The addition of Fe2O3 improves the mechanical strength, since it is dissolved with other crystals and increases multization and forms a crystalline phase. Furthermore, Fe2O3 plays the role of a crystalline compound that improves the mechanical characteristics of the samples [51,52,53]. As the values in the table show, increasing Fe2O3 content up to 10 wt.% will increase the membranes’ mechanical strength; however, further addition of Fe2O3 causes the formation of excess liquid and highly porous structures in the membranes and reduces the mechanical strength. These results comply well with the findings of Li et al. [54].




5.6. Porosity and the Average Pore Size


The porosity of MF membranes is calculated from Equation (3). As indicated in Table 6, the porosity of the mullite membrane is 31.3%. The addition of 30% silicon carbide to mullite increases the porosity to 43.8%; this enhanced porosity due to the addition of SiC was also reported by Jafari et al. [45].



Furthermore, we know that the structure of porous ceramics is known to depend on the size and shape of the filler grains, its ratio to the sintering strengthening fine-grained component, and on the compaction pressure, presence, and quantity of organic binders and plasticizers that facilitate the compaction, as well as on the heat treatment modes. However, adding Fe2O3 is closely related to the abnormal grain growth of mullite, which suppressed the sintering behavior and alleviated the densification process and leads to an increase in porosity [55].



The mean pore radius (rm) was determined according to Equation (13) and based on the pure water flux. As seen, enhanced porosity decreases the average pore size and the increased slope of permeability flux versus pressure increases the pore size. Considering the data in this table, the maximum pore radius belongs to the M/SiC30 membrane, with a value of 0.59 μm and 43.8 % porosity, and the minimum one is for the M membrane, with a value of 0.48 μm and 31.3% porosity.




5.7. Flux of Pure Water for Fabricated Membranes


Figure 9 presents the stable permeation of pure water (with <5 cm−1. μs conductivity) versus membrane pressure for microfiltration membranes as a function of different pressure (0–2 bar). A strong correlation (R2 ≥ 0.99) between the applied pressure on all membranes and water flux indicates the absence of fouling during filtration. It is easily recognized that for all the curves, J water was increased linearly with increasing pressure. In fact, J of water is highly dependent on the porosity and average membrane pore size; therefore, the maximum J (4401 L/m2.h at 1 bar pressure) belonged to M/SiC/Fe20 membrane, with a maximum porosity of 69.1% and average pore size of 0.52 μm, and the minimum J (1006 L/m2.h h at 1 bar pressure) was for M membrane, with 31.3% porosity and average pore size of 0.48 μm.




5.8. Seawater Pre-Treatment


The results of flux versus time are presented in Figure 10 for M, M/SiC10, M/SiC20, M/SiC30, M/SiC/Fe5, M/SiC/Fe10, and M/SiC/Fe20 during seawater pre-treatment. Jafari et al. indicated that the addition of SiC to the mullite membrane increased the porosity and hydrophilicity of the membrane surface and, thus, the flux improved compared to mullite membranes. These findings are in good accordance with our data [45]. The membrane flux boosted continuously by increasing the amount of SiC.



Adding Fe2O3 to the membranes improves the hydrophilicity of the surface, which increases the interactions between the membrane surface and water, and, therefore, significantly improves the performance and flux of the membrane. The flux of Mullite/SiC/Fe2O3 composite membrane decreased over time, but it was still higher after 40 min of the start of the process. The integration of Fe2O3 particles into the composite membrane increased the porosity and resulted in enhancement of flux, which complies well with Salar-García results [55].




5.9. Turbidity Removal


The seawater quality was defined by its turbidity before passing from microfiltration membranes. The turbidity of Persian Gulf shore water was measured several times and the average obtained value was 11.64 NTU. This indicates that the Persian Gulf seawater should pass a pre-treatment stage before desalination. The amount of turbidity removal by each membrane is reported in Figure 11.



According to Figure 11, the maximum turbidity removal belongs to the M/SiC30 membrane with 95.6 % removal and the minimum one is for the M membrane with 92.2% turbidity removal.



As it is obvious, increasing silicon carbide percentage in composite membrane structure causes slight enhancement of the turbidity removal and M/SiC30 has the best performance in the removal of turbidity. Moreover, it can be seen that increasing the amount of Fe2O3 decreased the turbidity removal slightly, but this reduction is not considerable and can be neglected against improvement of J and mechanical strength of Fe2O3 membranes.



Previous studies indicated that the performance of ceramic membranes in colloidal and small particle removal is lower than in large particle removal. The main effective parameter of turbidity is the presence of large suspended particles and microorganisms [56]. Results of turbidity removal revealed that the turbidity did not change considerably by changing the membrane pore size and it is in good agreement with previous investigations.





6. Modeling


Modeling of J Reduction over Time for Microfiltration Membranes


Figure 12 presents the results of J modeling by Hermia’s models (Cake formation model, mild pore blocking model, standard pore blocking model, and complete pore blocking model) for microfiltration membranes during seawater pre-treatment.



Figure 12 shows that the standard blocking model has the minimum error and the best compliance with experimental data. To determine the data compliance of each model, R2, mean error of each model was calculated to predict J over the filtration time and the results are listed in Table 7.



According to R2 values and mean errors between the experimental and modeled permeations at all the experiments, it is observed that the regression line of the standard blocking model is in good compliance with the experimental data. As mentioned previously, the fouling mechanism occurs when the pore diameter is greater than the particle diameter, and the particles can enter membrane pores, precipitate on pore walls, and decrease the pore volume. Furthermore, this reduction in pore volume is proportional to the flux and volume.





7. Conclusions


In this study, we fabricated tubular ceramic microfiltration membranes (M, M/SiC, M/SiC/Fe2O3) with different compositions using extrusion and sintering methods. Using kaolin as a geomaterial can decrease the production cost of silicon carbide membranes significantly by reducing the sintering temperature. Scanning electron microscopy was utilized on the surface of the prepared membranes to determine the membrane morphology, XRD was employed to ensure the crystallization and the formation of the desired phases. The porosity, average pore diameter, and membrane strength against mechanical tensions were also measured and calculated. In this study, Persian Gulf seawater was used in all the experiments. Results indicated that utilizing SiC and iron oxide increased the surface roughness of the membranes and improved their performance by increasing the flux.



Among the manufactured membranes, the maximum pure water flux (4401 L/m2.h) belonged to M/SiC/Fe20 membrane with 0.52    μ m    pore size, 69.1% porosity, and maximum surface roughness. The minimum pure water flux (1006 L/m2.h) belonged to the M membrane with 0.48    μ m    pore size, 31.3% porosity, and the minimum surface roughness. Results presented that, for all the manufactured microfiltration membranes, pure water flux increased linearly with increasing the passing pressure, this enhancement can be attributed to the enhanced driving force due to the increased pressure.



Furthermore, the three-point flexural test and TGA analysis indicated that the mechanical and thermal properties of the membranes containing Fe2O3 have improved significantly. The fouling mechanisms in the manufactured microfiltration membranes were determined by modeling the reduction in experimental flux using Hermia’s models. Results indicated that the best model for prediction of membrane fouling is the standard blocking mechanism and this mechanism has the maximum compliance with the experimental data.



Results of this investigation revealed that using M/SiC/Fe10 microfiltration membranes for seawater pre-treatment is more feasible than the other microfiltration membranes, since they have high flux (3811 L/m2.h at 1 bar pressure), better mechanical strength (22.4 MPa), and can eliminate 95.4 % of turbidity.
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Figure 1. Schematic of preparation steps of microfiltration membranes. 
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Figure 2. Sintering procedure of microfiltration membranes. 
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Figure 3. A schematic of the microfiltration system for seawater pre-treatment. 
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Figure 4. FESEM images of ceramic membranes M (A), M/SiC (B), and M/SiC/Fe20 (C). 
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Figure 5. FESEM images of ceramic membranes M (A), M/SiC (B), and M/SiC/Fe20 (C) after filtration. 
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Figure 6. The roughness of membrane surface M (A), M/SiC (B), M/SiC/Fe20 (C). 
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Figure 7. XRD patterns of the samples M, M/SiC and M/SiC/Fe20. 
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Figure 8. TGA of M, M/SiC30 and M/SiC/Fe20 microfiltration membranes. 
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Figure 9. Effect of passing pressure on pure water flux for different microfiltration membranes. 
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Figure 10. Variation of J of the fabricated microfiltration membranes as a function of time at 1 bar constant pressure. 
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Figure 11. Turbidity removal (%) by the manufactured microfiltration membranes. 
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Figure 12. Variations of experimental and predicted J decline for (a) M, (b) M/SiC30, and (c) M/SiC/Fe20. 
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Table 1. Chemical composition (wt.%) of kaolin.
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	Chemical Composition
	wt.%





	SiO2
	61.62



	TiO2
	0.4



	Al2O3
	24–25



	Fe2O
	0.45–0.65



	K2O
	0.4



	Na2O
	0.5



	L.O.I
	9.5–10
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Table 2. Specifications of the seawater.
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	EC (mS/cm)
	56.5 ± 0.1



	TDS (ppm)
	39100–41300



	Turbidity (NTU)
	11.64 ± 0.1



	pH
	8.9 ± 0.1



	Salinity (psu)
	40.4± 0.2



	Temperature (°C)
	30.2 ± 1
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Table 3. Characteristics of fabricated ceramic membranes.
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The wt.% of

the Synthesized

Membranes Constituent

	
Type of Membrane

	
Length

(cm)

	
Inner Diameter

(mm)

	
Outer Diameter

(mm)

	
Membrane Surface Area

(m2)

	
Filtration Type






	
Membranes

	
Mullite

	
SiC

	
Fe2O3

	
tubular ceramic membranes

	
25

	
10

	
14

	
0.004554

	
Cross flow




	
M

	
100

	
-

	
-




	
M/SiC30

	
70

	
30

	
-




	
M/SiC20

	
80

	
20

	
-




	
M/SiC10

	
90

	
10

	
-




	
M/SiC/Fe20

	
50

	
30

	
20




	
M/SiC/Fe10

	
60

	
30

	
10




	
M/SiC/Fe5

	
65

	
30

	
5
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Table 4. Roughness parameters obtained from atomic force microscopy.
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	Membrane
	Rq (nm)
	Ra (nm)
	Rmax (nm)





	M
	24.70
	3.72
	66.91



	M/SiC
	88.12
	11.78
	302.5



	M/SiC/Fe20
	203.7
	26.30
	394.4
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Table 5. Flexural stress (MPa) of MF membranes.
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	Membrane
	Mechanical Strength (MPa)





	M
	19.7 ± 0.5



	M/SiC10
	19.5 ± 0.5



	M/SiC20
	19.1 ± 0.5



	M/SiC30
	18.7 ± 0.5



	M/SiC/Fe5
	21.9 ± 0.5



	M/SiC/Fe10
	22.4 ± 0.5



	M/SiC/Fe20
	19.6 ± 0.5
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Table 6. Porosity and the average pore size of MF membranes.






Table 6. Porosity and the average pore size of MF membranes.





	Membrane
	Porosity (%)
	Average Pore Size (μm)





	M
	31.3 ± 2
	0.48



	M/SiC10
	34.5 ± 3
	0.55



	M/SiC20
	38.6 ± 2
	0.57



	M/SiC30
	43.8 ± 3
	0.59



	M/SiC/Fe5
	58.7 ± 2
	0.56



	M/SiC/Fe10
	64.6 ± 2
	0.54



	M/SiC/Fe20
	69.1 ± 1
	0.52
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Table 7. The mean error between experimental fluxes and the modeled ones, using Hermia’s models for the manufactured microfiltration membranes.
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Cake Formation Model

	
Intermediate Pore Blocking Model

	
Standard Pore Blocking Model

	
Complete Pore Blocking Model




	
Average Error (%)

	
R2

	
Average Error (%)

	
R2

	
Average Error (%)

	
R2

	
Average Error (%)

	
R2






	
M

	
16.303

	
0.847

	
13.438

	
0.8857

	
3.907

	
0.994

	
8.124

	
0.947




	
M/SiC10

	
16.523

	
0.835

	
13.855

	
0.8759

	
2.523

	
0.996

	
8.983

	
0.941




	
M/SiC20

	
14.879

	
0.829

	
12.371

	
0.865

	
3.677

	
0.996

	
7.977

	
0.928




	
M/SiC30

	
14.913

	
0.805

	
12.390

	
0.8359

	
4.865

	
0.995

	
8.019

	
0.906




	
M/SiC/Fe 5

	
10.671

	
0.930

	
7.689

	
0.963

	
3.078

	
0.992

	
3.878

	
0.971




	
M/SiC/Fe10

	
13.017

	
0.8715

	
10.935

	
0.901

	
3.502

	
0.990

	
7.379

	
0.953




	
M/SiC/Fe 20

	
12.595

	
0.8955

	
10.385

	
0.9229

	
4.175

	
0.982

	
6.691

	
0.967
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