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INTRODUCTION

There is a growing interest in the development of ceramic membranes for the separation and purification of solutes from aqueous solutions or a mixture of gases, as well as for the use of these membranes as supports for metallic, zeolite or polymeric coatings 1 and even for other promising applications, such as catalytic reactors. Numerous efforts have been made to design compact, low-cost membranes from abundant and cheap raw materials. In this way, these membranes can be an affordable option for applications for separating solutions on both bench and large scales.

Membranes are barriers that partially or totally restrict the transport of one or more species of interest. The purpose of membranes is to separate, purify, and concentrate through the affinity of a specific component for the membrane material or by the difference in size between the solutes and pores of the membranes. The solutes with the particle sizes larger than the membrane pore are retained, while the other solutes pass through it and constitute the permeate stream. The use of membrane technology for separation processes in the industry is a clean and low-energy alternative to conventional methods, such as distillation, physical and chemical adsorption and crystallization [START_REF] Bissett | Manufacture and Optimization of Tubular Ceramic Membrane Supports[END_REF].

In general, the costs of the ceramic membranes are higher when compared to the polymeric counterparts. The need to operate in hostile environments, with the use of aggressive solvents, wide ranges of pH and temperatures, or other process conditions, imposes the use of ceramic membranes that are more chemically and thermally resistant. In order to reduce the costs of the ceramic membranes, it was sought to manufacture them with cheaper materials. Among these materials can be mentioned silicon clay [START_REF] Suresh | Development of ceramic membranes from low-cost clays for the separation of oil-water emulsion[END_REF][START_REF] Belibi | Microfiltration ceramic membranes from local Cameroonian clay applicable to water treatment[END_REF], rice husk [START_REF] Hubadillah | Fabrication of low cost, green silica based ceramic hollow fibre membrane prepared from waste rice husk for water filtration application[END_REF], and coal fly ash (CFA) [START_REF] Jedidi | New Ceramic Microfiltration Membranes from Mineral Coal Fly Ash[END_REF].

I CFA -Coal Fly Ash PVA -Polyvinyl alcohol 3 CFA is a by-product of burning coal, which composition is dependent on the coal source. The main components are silica and alumina. It is estimated that around eighty million tons of CFA are produced worldwide. According to Silva et al. [START_REF] Silva | Caracterização de Cinzas Volantes Para Aproveitamento Cerâmico[END_REF], the Candiota Power Station, in Brazil, produces approximately 800.000 tons per year of CFA.

Meanwhile, only a small percentage of the total CFA produced is used as building material for construction and architectural components [START_REF] Rawlings R D | Glass-ceramics: Their production from wastes -A Review[END_REF] or in the cement industry, for paving and brick manufacture. These data confirm the CFA disposal problems and highlights the need to find other uses for this waste. Transforming CFA into a raw material for the manufacture of ceramic membranes can be a valuable option.

Some works already explore the potential of using CFA in the production of ceramic membranes. Jedidi et al. [START_REF] Jedidi | New Ceramic Microfiltration Membranes from Mineral Coal Fly Ash[END_REF] proposed a CFA-based microfiltration membrane for the treatment of effluents from the textile industry. For the preparation of the membrane, first a macroporous support was made, and then an active microfiltration layer, by slip casting process, was deposited on the support. Both the support layer and the microfiltration layer were prepared from the same material, containing a small CFA contribution of 4 wt.%, 30 wt.% of polyvinyl alcohol (PVA) as binder, and 66 wt.% of water. The water flux of the membrane was found to be 475 L m -2 h -1 . Fang et al. [START_REF] Fang | Preparation and Characterization of Tubular Supported Ceramic Microfiltration Membranes from Fly Ash[END_REF] obtained a tubular macroporous support for microfiltration, mixing CFA with water and methylcellulose to prepare the dough for extrusion. The extrusion method was followed by slip casting process to obtain an intermediate and a top layer from the CFA aqueous solution, with a dispersant and a binder. The results showed a crack-free CFA membrane prepared.

Available literature about using CFA for manufacturing membranes shows the following shortages. Very few information is available about synthesis of membranes containing larger amounts of CFA (>10wt. %). There is a research gap in forming asymmetric membranes using CFA in just one step, as performed in this work by centrifugal casting technique. Most of publications use expensive organic compounds in order to bring stability and mechanical strength to the membranes. The use of additives and binders increases raw materials and production costs since a slow thermal treatment is necessary for safe removal of these organic compounds. Besides, after removal, the organic compounds are released to the environment, becoming an environmental issue.

Tubular membranes, in comparison to flat ones, offer a larger surface area, which guarantees higher flow rates. According to Biesheuvel et al. [START_REF] Biesheuvel | Graded Membrane Supports Produced by Centrifugal Casting of a Slightly Polydisperse Suspension[END_REF], in tubular membranes, the flow profiles are better defined, with less risk of dead zones and a better match of the membrane geometries to the existing reactor concepts. Currently, the extrusion technique is the most widespread in the production of tubular ceramic membranes, and being cheaper than centrifugal casting. However, the use of the latter one is more suitable for high quality tubes manufacturing with a homogenous packing of particles and a smooth inner surface. It is ideally suited for the deposition of a thin, defect free top-layer [START_REF] Steenkamp | Centrifugal casting of ceramic membrane tubes and the coating with chitosan[END_REF][START_REF] Patterson | Direct synthesis of a titania membrane on a centrifugally casted tubular ceramic support[END_REF][START_REF] Bissett | Manufacture and Optimization of Tubular Ceramic Membrane Supports[END_REF]. As stated by Sacks, Lee and Rojas [START_REF] Sacks | Suspension Processing of SiC Whisker-Reinforced Composites[END_REF], when suspensions are prepared with a unique powder type, the settling classification occurs due to particle size inhomogeneity. First, the larger particles move to the mold wall followed by the smaller ones [START_REF] Steenkamp | Centrifugal casting of ceramic membrane tubes and the coating with chitosan[END_REF]. Meanwhile, in the suspensions with assorted powder types, in general, the ordination occurs due to particle sizes and/or densities differences. The particles with higher density and/or larger size tend to concentrate in the outer sample surface and smaller or lower density particles accumulate in the inner tube side. A support made using the centrifugal casting technique, as reported by Biesheuvel and Verweij [START_REF] Biesheuvel | Design of ceramic membrane supports: permeability, tensile strength and stress[END_REF] and Biesheuvel et al. [START_REF] Biesheuvel | Graded Membrane Supports Produced by Centrifugal Casting of a Slightly Polydisperse Suspension[END_REF], can combine the settling of large particles over the external part (bringing elevated permeability) with small particles on the inner surface, forming a thin layer (that provides high smoothness and the possibility of subsequent membrane application). This results in higher permeance of the support when compared to support consisting of an inner surface with the same particle size.

The objective of this work is the preparation of alumina-based tubular asymmetric membranes incorporated with coal fly ash (CFA), additive and binder-free, using the centrifugal casting method. The structural properties and performance of membranes were characterized using a combination of methods.

EXPERIMENTAL

Raw Materials

Alumina

The commercial alumina CT 3000 SG used in this study was supplied by Almatis

GmbH. The chemical composition was obtained from the Product Data Sheet (PDS)

provided by the supplier. The presented Al2O3 purity is higher than 99 wt.%, additional data are given in the Appendix (Table A.1). The particle size was also obtained from the supplier; the method used was the Laser Diffraction. For 50 % of alumina particles (d50) the values are in the range of 0.3 to 0.6 µm. More detailed information can also be seen in the Appendix (Table A.2).

The apparent density for the commercial alumina CT 3000 SG was determined by Pycnometry, based on the D854-92e1 Standard Test Method for Specific Gravity of Soils.

CFA

The coal fly ash (CFA) was supplied by the Candiota Coal Plant (Candiota, Rio Grande do Sul, Brazil). The CFA was characterized by multiple techniques: X-Ray diffraction (XRD) patterns were measured using D2 Phaser -Bruker diffractometer (30 kV potency and Cu kα radiation), the 2θ angle was scanned between 5° and 75° with scan speed of 0.05°s -1 ; elemental composition and loss on ignition (LOI) were determined by X-Ray Fluorescence Spectroscopy (XRF) using the RIX 2000 analyzer from Rigaku; particle size was obtained by diffraction laser technique with the 1180, CILAS/France analyzer.

Distilled water was used as the dispersing medium. The D854-92e1 Standard Test Method for Specific Gravity of Soils was used to determinate the apparent density by Pycnometry.

The thermogravimetric analysis and differential thermal analysis of CFA (TGA/DTA) was performed in the SDT Q600 -TA Instruments equipment, with a temperature limit of 1000 °C, a heating rate of 10 °C min -1 , and nitrogen atmosphere (1 x 10 -4 m 3 min -1 ).

Ceramic Membranes Preparation

To prepare the suspension was used a formulation containing 45 wt.% solids and 55 wt.% water. In this work, the solid was constituted by both alumina and CFA. The CFA content in the dry mass varied from 10 wt.% to 60 wt.%. However, the tubes containing more than 40 wt.% CFA in the dry mass were very fragile and brittle after drying or demolding.

The technique for tubes production was the horizontal Centrifugal Casting. No dispersant, binder or chemical additives were used. In Table 1 are depicted the different formulations tested in this work to synthesize the alumina/CFA-based tubular membranes.

The CFA was passed through a 100-mesh sieve and a fraction of 90 % or more of through particles was obtained. Thus, it can be considered that most of the particles have sizes smaller than 0.149 mm. The portion that passed through the sieve was used for the production of ceramic membranes.

Alumina, CFA, and distilled water were weighted and mixed, forming an aqueous suspension, which was placed on the magnetic stirrer for 10 minutes. To ensure a better homogenization, the suspension was left in the ultrasonic bath for other 10 minutes; this causes the grain deagglomeration and dispersion. The solution was left again stirring for 10 minutes, and finally, it was introduced into metallic mold 17.1 cm long and with a diameter of 1.0 cm, until filling it up completely. The metallic mold was attached horizontally to a centrifugal casting home-built equipment.

The centrifugal casting equipment comprises a high-speed motor, a metallic mold and two holders, one for each mold extremity. In this technique, the mold speed rotation creates the centrifugal force and allows the tube production (Fig. 1). The velocity applied was 8000 rpm and the specified processing time was 10 minutes.

The tubes were dried, inside the mold, in a climatic chamber at 25 °C, for moisture removal and reducing the thermal stress, during four to seven days, depending on the composition, until they can be released from the metallic mold. If the tubes were defect or fissure free, they were sintered slightly in a muffle furnace until 1200 °C, following the heating temperature profile shown in Fig. 2, and cooling back to room temperature naturally.

The temperature ramping was slow (0.5 °C min -1 ) until 200 °C in order to avoid the rapid water release from the ceramic membrane tubes during the initial sintering stage.

Ceramic Membrane Characterization

Linear Shrinkage

The green body, just after preparation by centrifugal casting, presents the same length as the metallic mold. To obtain the membrane length shrinkage, 10 membranes of the same composition were measured at two moments: just after centrifugal casting preparation ( ) and after sintering at high temperatures ( ). The total shrinkage ( ) is calculated as follows:

(%) = × 100

(1)

Apparent Porosity

The Archimedes method was used to estimate the open porosities. This method is based on the body water absorption according to the conditions established by standards ISO 10545 [START_REF]Ceramic Tiles -Part 3: Determination of water absorption, apparent porosity, apparent relative density and bulk density[END_REF] and ASTM C373-88 [START_REF]Standard Test Method for Water Absorption, Bulk Density, Apparent Porosity, and Apparent Specific Gravity of Fired Whiteware Products[END_REF]. The method for calculating apparent porosity (AP) is given by Eq. ( 2).

(%) = × 100 (2) 
where is the sample weight after 24 h drying at 105 °C, ! is the weight sample after boiling for 2 h in distilled water and "" is the sample weight immersed in distilled water.

Morphology

The external, internal and cross-section morphologies of the tubes were analyzed using Scanning Electron Microscopy (SEM) to find evidence of asymmetry due to CFA addition in the matrix. The micrographs were obtained in a bench Scanning Electron Microscope -TM3000 Hitachi -with 100x magnification for the inner and outer surfaces and 50x for the cross section, with the beam accelerating voltage of 15 kV.

Mechanical Strength

Ceramic membranes are known for good performance under critical mechanical conditions. To investigate mechanical strength on the ceramic tubes, and in order to evaluate in which way the CFA addition impacts the support structure, the 4 Points Flexural Method was used. This method is based on the ASTM C1684-18 [START_REF]Standard Test Method for Flexural Strength of Advanced Ceramics at Ambient Temperature-Cylindrical Rod Strength[END_REF] (Standard Test Method for Flexural Strength of Advanced Ceramics at Ambient Temperature) and described in the work from Luiten-Olieman et al. [START_REF] Luiten-Olieman | Porous Stainless Steel Hollow Fiber Membranes via Dry-Wet Spinning[END_REF].

The equipment INSTRON 3369 gave the maximum flexural load (#, in Newtons)

for five samples of each membrane composition, which were cut into short segments of 0.045 m. The crosshead speed used was 2 x 10 -4 m s -1 and the equations applied to calculate the correspondent strength ($, in MPa) are displayed below.

$ = %& ' ( ) * + ) , - , . (3) 
/ = ) 0 1 ( 4 
)
where 2 3 and 2 % are, respectively, the sample outer and inner diameters, in millimeters, and 4 and 5 are the distances between the two outer supports and between two inner loads, also in millimeters.

Hydraulic Performance and Observed Retention

The permeation system was composed of a stainless steel tubular module to insert the membrane; a jacketed feed tank and a diaphragm pump for solution circulation. Two manometers indicate the pressure and two valves, one for the retentate and one the by-pass stream complete de system (Fig. 3). The operating mode used was total recycle, being both the concentrated and the permeated streams returned to the feed tank. The hydraulic performance of the ceramic membranes was tested in triplicate.

The process started with the compaction of the membrane until constant water flux (variation lower than 5 %) using distilled water, under 3.0 bar transmembrane pressure, feed flow rate of 0.15 m 3 h -1 , and temperature of 24 °C. The permeate flux (6) was calculated measuring the time (7, h) to complete a certain volume (8, ), passing through the porous material area ( , m 2 ). The membrane permeation area was obtained by measuring the length and internal diameters for each permeated membrane.

After the compaction, the water permeate flux (6) was measured for four different transmembrane pressures between 3.0 and 1.5 bar, at constant flow rate of 0.15 m 3 h -1 . The hydraulic permeance ( : , L m -2 h -1 bar -1 ) was the slope of the curve obtained by plotting the permeate flux as a function of pressure (Eq. ( 5)).

6 = : ∆ (5) 
The membrane retention limit was determined using a solution containing 

= >?@ (%) = A1 -) C × 100 (6) 
At the end of the experiments, aliquots of feed and permeate streams were taken.

Then, the iodine test was done by dripping an iodine solution and observing the color Blue indicates the starch presence, otherwise the liquid turns yellow.

RESULTS AND DISCUSSION

Alumina and CFA Characterizations

CFA X-Ray Diffraction

X-Ray diffraction pattern obtained for the CFA sample (Fig. 4) shows crystallographic phases composed by anhydrite (CaSO4), hematite (Fe2O3), mullite (Al6Si2O13) and, in majority, by quartz (SiO2).

The XRD peak positioned at 26.6° (2 theta) corresponds to quartz, showing a significant presence of this mineral in the CFA matrix. The XRD results are corroborated with the data presented in the work of Santana et al. [START_REF] Santana | Caracterização de cinzas sulfatadas de carvão visando utilização na indústria de cimento -reconstrução mineralógica do carvão de Candiota (Brasil)[END_REF]. The pattern suggests the presence of a low concentration of impurities in CFA. This allows potential CFA application as raw material to be incorporated into alumina-based membranes to reduce costs and to provide a use to this industrial waste.

CFA Chemical Composition

The chemical composition of the CFA sample from Candiota coalmine, Brazil, is depicted in Table 2. CFA is mainly composed by silica, followed by alumina and iron oxides.

Oxygen, silicon and aluminum are the dominant elements appearing in the CFA fluorescence analysis, as can be seen in Fig. 5, with lesser proportions of alkalis or alkaline earth and sulfur. The loss on ignition (LOI), shown in Table 2, is quantified in 6.0 % and is related to the unburned carbon remaining in the CFA sample.

XRF results for CFA sample are in agreement with the XRD pattern (Fig. 4). They are also consistent with the elemental composition of other mineral coals, in which the major compound is silicon dioxide [START_REF] Jedidi | New Ceramic Microfiltration Membranes from Mineral Coal Fly Ash[END_REF][START_REF] Odunayo | Comparative Chemical and Trace Element Composition of Coal Samples From Nigeria and South Africa[END_REF].

CFA Particle Size Analysis

To obtain smaller particles and less heterogeneous particle distribution, the CFA was sieved in a stainless steel grid. A certain amount of CFA passed through the mesh 100 (150 μm), and it was chosen for the ceramic tubes preparation since smaller particles were preferred over the larger ones to obtain a more homogeneous mixture with alumina particles. The average grain size encountered for CFA sample was 48.4 μm, and the histogram can be seen in Fig. 6.

The granulometry analysis shows 10 % of particles (d10) with the diameter smaller than 9.01 µm, 50 % of particles (d50) presenting a medium diameter smaller than 45.4 µm, and the big particles (d90) with a mean size smaller than 90.2 µm.

Apparent Density Analysis

Table 3 shows the average apparent density values obtained for the CFA and alumina samples. The analyses were done in triplicate. CFA particles presented a density close to the SiO2 (2.65 x 10 3 kg m -3 ) since it is formed mostly by this component. Alumina pycnometry test resulted in a higher value when compared to the CFA sample, close to the density values obtained in the literature for Al2O3.

CFA Thermogravimetric and Differential Thermal Analysis

The TGA/DTA analysis provides information about the percentage of mass loss, which was estimated in 2 % (Fig. 7). As described in Masiá et al. [START_REF] Masiá | Characterising ash of biomass and waste[END_REF], the DTA curve for CFA shows a weight loss peak starting around 850 °C and ending at the temperatures higher than the equipment limit (1000 °C). The CFA final mass was quantified in almost 98 % from the initial when the temperature has reached 1000 °C. The main constraint encountered was identifying the compounds released during the mass loss stage, which may originate from the moisture in the sample and volatile matters [START_REF] Fan | Comparison of the Loss-on-Ignition and Thermogravimetric Analysis Techniques in Measuring Unburned Carbon in Coal Fly Ash[END_REF].

Ceramic Membrane Preparation

For the preparation of the tubular membranes by centrifugal casting was applied to an optimum mold rotation of 8000 rpm, previously determined. The speed at which the mold rotates when using an assorted particle sizes can create asymmetry due to the difference in grain settling, according with the grain size. As found by Prasad [START_REF] Prasad | Analysis of fluid flow in centrifugal casting[END_REF],

applying low mold speed can lead to poor cylinders formation, with a symmetric structure.

Meanwhile, too high mold speeds may cause asymmetry, i.e., non-uniform distribution of the grains. Fig. 8(a) shows images of the tubular ceramic membranes prepared in this work.

It is possible to notice a grey gradient, which becomes more evident for tubes with a higher concentration of CFA. In the images of the radial section that appear in Fig. 8(b), it is possible to observe either a color gradient between internal and external faces, mainly in tubes with a greater presence of CFA. The grain size classification leads to a clearing of the internal surface due to the predominance of smaller alumina grains. Observing the surface of these tubes, it is also possible to notice that the roughness of the tubes increases with the increase in the CFA concentration, probably due to the larger size of the CFA grains.

The differential particle settlement shown in the ceramic tubes is in accordance with the expected one. Once the terminal velocity for particles in a fluid, 8, is governed by the Stokes' Law (Eq. ( 7)), the velocities acquired by the particles are dependent on the particle diameter, D, and particle density, D : .

8 = E F +G H G I .J %K L (7) 
The liquid density, D M , dynamic viscosity, N, and centrifugal acceleration, O = P 1 (where is the angular velocity and P the radius of the particle), are the same for both CFA and alumina particles.

Despite CFA particles presented, according to the data depicted in Table 5, lower density than alumina particles, the larger particle size (around 45 µm), when compared to alumina (0.45 µm), seems to be more relevant in order to confer a higher terminal velocity to the CFA particles. Thus, the CFA particles were arranged first close to the metallic mold wall, followed by the alumina particles.

Ceramic Membrane Characterization

Linear Shrinkage

After the drying in the climate chamber, a small retraction is already perceived. The tube length and diameter decrease due to the release of the excess of water remaining and conjunction of the material. A non-significant retraction of the tubes is expected, as it is only necessary to allow the green body to detach from the metal mold. However, after the sintering process, the total shrinkage values presented differences according to the composition. Fig. 9 shows the average retractions for the tested tubes.

The tubes containing CFA in their structure showed less retraction compared to those prepared with alumina only. The increase in the CFA content decreases shrinkage, probably due to the differences in the size of the particles, as well as in the differential sedimentation during the preparation of the ceramic tubes by the centrifugal casting method. The results shown are in agreement with the results discussed by Bissett, Zah and Krieg [START_REF] Bissett | Manufacture and Optimization of Tubular Ceramic Membrane Supports[END_REF], who tested 3 different alumina particle sizes and quoted that small particle structures presented higher retraction due to more contact points between the grains, which are the driving force for shrinkage.

The large CFA particles were thus accommodated preferentially on the mold wall, during the production process, followed by the smaller particles. Therefore, the empty spaces between the larger particles, which were not occupied by the smaller grains, resulted in a smaller number of contact points per volume unit and lower driving force in the coalescence and shrinkage of the grains. Thus, the use of a broad particle size distribution associated with the centrifugal casting technique implies smaller length retractions, which reduces the amount of raw material and, consequently, production costs.

Apparent Porosity

The apparent porosity of the ceramic tubes was measured using the Archimedes Method for 15 samples of each alumina/CFA composition. The apparent porosity increases with CFA addition as observed in Fig. 10. Average apparent porosity obtained for tubes without CFA was in the range of 25.3 %, while the ceramic with the highest amount of CFA, CFA40, presented 39.7 %.

Apparent porosity and linear shrinkage showed an inverse correlation. As the CFA content increases, there is an increase in porosity and a decrease in linear shrinkage of the ceramic tubes. As verified through the LOI values, approximately 6.0 % of CFA is removed from the sample during the thermal treatment (Table 2). Such losses can lead to the void formation in the membrane structure, increasing the porosity. The greater apparent porosity when using CFA can also be explained by differences in sedimentation during the production of tubes by centrifugal casting. As already noted by Sacks, Lee and Rojas [START_REF] Sacks | Suspension Processing of SiC Whisker-Reinforced Composites[END_REF],

in powders with a wide particle size distribution, fine particles are less likely to be located within the interstices formed by larger particles due to segregation. In this way, the interstices become voids, increasing the porosity of the body. Steenkamp et al. [START_REF] Steenkamp | Centrifugal casting of ceramic membrane tubes and the coating with chitosan[END_REF] used two different sizes of alumina particles and a mixture of these two powders to produce centrifugal casting tubes. The results achieved by the author corroborate with the data obtained in the present work, showing an increase in porosity with the increase in particle size.

Morphology

Fig. 11 shows SEM photomicrographs for all prepared ceramic tubular membranes: CFA0, CFA10, CFA20, CFA30 and CFA40. The micrographs are for outer and inner surfaces and cross-section, using magnifications of 100, 500, and 50x. The analysis of the images reveals that the external surfaces present more irregularities. Either, coarser particles can be perceived in comparison with the images of the internal surface, which exhibit fine particles and smoother surfaces. This evidences the differences in settling due to the arrangement of larger particles on the outer surface and smaller particles on the inner face of the tube, according to the size classification caused by the centrifugal force.

Analyzing the cross-section image of the CFA0 membrane, Fig. 11(c), it is possible to notice a differentiated particle spreading between the inner and outer sides of the tube.

This slight segregation was due to the narrow particle size distribution of the commercial alumina, and to the high speed applied in the centrifugal casting method. For membranes based on mixtures of alumina and CFA, a clear size gradient is observed along the crosssection, since the CFA presents larger particles than commercial alumina as well as a wide distribution of particle sizes. Besides, the size gradient becomes even more pronounced as the CFA content increases. Still, by observing the cross-section of tubes CFA10 and CFA20, Fig. 11(f) and Fig. 11(i), it is possible to notice a mixture between particles of alumina and CFA, i.e., the stratification is not yet fully defined. For CFA30 and CFA40

tubes, the increase in the CFA content leads to better particle separation and classification, forming two well-defined phases, one more porous and the other more dense, Fig. 11(l) and Fig. 11(o).

Biesheuvel et al. [START_REF] Biesheuvel | Graded Membrane Supports Produced by Centrifugal Casting of a Slightly Polydisperse Suspension[END_REF] discussed and presented a transport model to predict the particle size distribution in the membrane support prepared by a dispersed powder with a size distribution, applying the centrifugal casting technique. The model was validated based on simulations with real powder blends. According to the study, the mean particle size in the final membrane structure increases gradually with increasing radial coordinate.

Mechanical Strength

The results of mechanical resistance for the alumina-based tubular membranes incorporated with different amounts of CFA are shown in Table 4. The ceramic tubes obtained in this work are formed by alumina, which results in a less porous layer, due to the smaller size of the particles, and by ash, which produces a more porous layer to the membrane. The tubes CFA0, containing only commercial alumina, therefore less porous, showed the highest mechanical strength. With the addition of CFA, the tubes become more porous, with less mechanical resistance. The structure voids caused by burning residual carbon of the CFA increases the porosity and decreases mechanical strength of these membranes.

As observed in the SEM analysis, the structure of the cross-section for tubes CFA10 and CFA20 is not well stratified. In contrast, for tube CFA30, the layers of CFA and alumina have almost the same thickness, and greater stratification is perceived; this can cause an increase in mechanical strength. For the CFA40 tube, the alumina layer became really thin, which caused a reduction in the mechanical strength. This result may be related to the increase in porosity, the differences in strength between alumina and CFA, as well as the processing conditions used. As shown in the present study, Bisset [START_REF] Bissett | Manufacture and Optimization of Tubular Ceramic Membrane Supports[END_REF] and Chen et al.

[25] reported a decrease in mechanical strength with an increase in the porosity of the tested ceramic membranes.

Hydraulic Performance and Observed Retention

The membrane water permeance ( Q ) was evaluated by means of water flux measurements in four transmembrane pressures 3.0, 2.5, 2.0 and 1.5 bar. The water permeate flux was directly proportional to the pressure applied. A comparison between the obtained results for average hydraulic permeabilities can be seen in Fig. 12.

Based on the data presented for the average hydraulic permeation, a linear increase in permeability is observed as the CFA content increases in the formulation of the membranes. This result demonstrates a reduction in the resistance to water flux (CFA0> CF10> CF20> CF30> CFA40) as the porosity increases. As mentioned by Steenkamp et al. [START_REF] Steenkamp | Centrifugal casting of ceramic membrane tubes and the coating with chitosan[END_REF], which tested two particle sizes of alumina for ceramic tubes obtained by centrifugal casting, with the increase in the particle size of the raw materials, an increase in water permeability occurs.

The retention observed in the membrane is determined by the size and shape of the solute present in the solution in relation to the pores of the membrane. The retention tests revealed that all tested membranes prevented more than 99 % of the passage of cornstarch particles (Table 5).

The ceramic tubes obtained can be classified as membranes, since the size of the cornstarch particles is about 12 µm and the average retention was greater than 99 %, meaning the membranes pore sizes are smaller than this value. The addition of CFA increased the porosity of the membrane and slightly decreased cornstarch retention.

The iodine test was carried out, and, as expected, the solutions collected in the retentate stream turned blue in contact with the iodine droplets. The solutions removed from the permeate stream showed a yellow color, confirming the absence of cornstarch (Fig. 13).

The hydraulic permeance and retention ranges found in this study suggest that the ceramic tubes can be considered membranes since starch has an average diameter around 12 µm.

CONCLUSIONS

Alumina-based asymmetric, tubular membranes incorporated with coal fly ash (CFA) were developed, characterized, and tested successfully. The membranes were prepared using the centrifugal casting technique without dispersants, binder or chemical additives, and contained up to 40 wt.% CFA (dry basis).

The addition of CFA to the slurry composed of alumina and water significantly modifies the structure and characteristics of the tubes. The observed phenomena are attributed to the differences in the characteristics of each material, such as the wide distribution of CFA particle sizes, the remaining carbon on the CFA sample and the processing conditions used in the centrifugal casting method. The presence of CFA in the ceramic membranes resulted in a higher porosity, which increased from 25 to 40 % in comparison with samples prepared with alumina only. There was also an increase in hydraulic permeance for membranes containing CFA, which was almost 6 times higher for CFA40. Membranes with CFA show up to 27 % less shrinkage than membranes without CFA after sintering.

All membranes showed an observed retention of cornstarch above 99 %. The retention did not change significantly with the increase in the CFA concentration, showing an excellent separation for the size of the cornstarch molecule. This result associated with the permeation results shows the possibility of applying the prepared tubes as membranes.

However, further characterization studies must be carried out in order to determine the correct pore size of the membrane and their pores distribution and, thus, classify the membrane.

CFA is an industrial waste that requires proper disposal and represents a problem for the environment. The search for alternative uses can bring together both economic and environmental benefits. The methodology developed in this work proposes the efficient use of CFA for the development of inorganic membranes without additives or binders. The addition of CFA reduces the manufacturing costs of these membranes, pointing out alternatives for several applications, such as the treatment of effluents, or even as supports for carbon membranes. 
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 25 kg m -3 of commercial cornstarch, with particle diameter around 12 µm. The permeation experiment was carried out at transmembrane pressure of 2.0 bar, feed flow rate of 0.15 m 3 h -1 , and temperature of 24 °C, during one hour. The observed retention was calculated on the basis of the turbidity in the final feed solution (< 3 ) and in the permeate stream at the end of the experiment (< ), as shown in Eq.[START_REF] Silva | Caracterização de Cinzas Volantes Para Aproveitamento Cerâmico[END_REF]. A portable turbidity meter, with Fast Tracker Technology, by a Hanna Instruments HI 98703 EPA Compliant provided the values for turbidity.
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 12345678910111213 Fig. 1 Centrifugal Casting apparatus -Adapted from Bertotto et al. [15] Fig. 2 Temperature profile used for the sintering process of the ceramic tubes

  

  

  

  

  

  

  

  

  

  

Table 1

 1 Dry and wet basis contents for the membranes prepared using alumina and CFA as main raw materials

	Abbreviation	Dry basis (wt./wt.%)	Wet basis (wt./wt.%)	
		Al2O3	CFA	Al2O3	CFA	Water
	CFA0	100.0	0.0	45.0	0.0	55.0
	CFA10	90.0	10.0	40.5	4.5	55.0
	CFA20	80.0	20.0	36.0	9.0	55.0
	CFA30	70.0	30.0	31.5	13.5	55.0
	CFA40	60.0	40.0	27.0	18.0	55.0

Table 2

 2 Chemical composition of CFA (Candiota coalmine -Brazil) measured by X-ray fluorescence

	Compound	Proportion (wt.%)
	SiO2	62.65
	Al2O3	16.62
	Fe2O3	4.92
	CaO	2.75
	SO3	3.42
	MgO	0.23
	Others a	3.37
	LOI b	6.03
	a K2O, TiO2, ZeO2, Cr2O3, MnO, NiO, ZnO and SrO

b Loss on ignition

Table 3

 3 Apparent density results for CFA and alumina samples obtained by pycnometry

	Sample	Apparent density (x 10 3 kg m -3 )
	CFA	2.47 ± 0.06
	Alumina CT 3000 SG	3.66 ± 0.23

Table 4

 4 Results of mechanical resistance for the alumina-based tubular membrane incorporated with different CFA concentrations Numbers followed by different letters are statistically different p ≤ 0.05 (Tukey's test)

	Membrane	Average Strength (MPa)
	CFA0	12.0 ± 0.3 c
	CFA10	9.0 ± 0.5 ab
	CFA20	8.0 ± 0.4 a
	CFA30	10.9 ± 0.8 bc
	CFA40	7.4 ± 0.7 a

*

Table 5

 5 Average cornstarch observed retention for the ceramic membranes

	Membrane	Robs (%)
	CFA0	99.9 ± 0.02
	CFA10	99.8 ± 0.07
	CFA20	99.6 ± 0.23
	CFA30	99.7 ± 0.08
	CFA40	99.1 ± 2.07
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APPENDIX