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Abstract

:

Porous phyllosilicate-based ceramics were manufactured by freeze-tape casting from clays of different particle size and morphology in order to characterize their microstructure and stress to rupture changes before and after firing. Three raw clays were selected: HCR (77% Halloysite–10Å), KORS (29% kaolinite), and KCR kaolin (98% kaolinite). These clays exhibited a monomodal distribution and were used to prepare four slurries, three with each clay material and one consisting of a mixture of KCR and HCR labeled KHCR. After shaping by freeze-tape casting, the porosity and stress to rupture obtained by a biaxial flexural test were collected for disk-like samples after drying and sintering at 1200 °C. Results showed that KCR ceramic materials had the highest biaxial bending strength (70 ± 1.1 MPa) and those from KORS had the highest porosity value (80 ± 1%). SEM observation revealed a difference in microstructure and texture for the manufactured porous ceramic materials. In the KCR ceramic disks, the flattened pores appeared more textured, and the primary mullite crystallites formed a rigid skeleton within the amorphous phase. KORS ceramic materials showed a small quantity of secondary mullite needles which were randomly dispersed in a vitreous phase. The relatively important vitreous phase in the porous materials of HCR led to the bulk formation of small mullite particles. The biaxial flexural strength values were related to the presence of the mullite, as well as to the microstructure (volume, morphology, and size distribution of pores) after sintering.
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1. Introduction


Since the early 1970s, porous ceramics have been studied for various applications such as energy, the environment [1,2,3,4,5,6], and building purposes [7,8]. Since the year 2000, research interest on the processing of porous ceramics has significantly increased thanks to the development of different technologies and methods, including soft chemistry, additive manufacturing, and spark plasma sintering [6,9]. In the field of water treatment, membrane technology (microfiltration, ultrafiltration, or nanofiltration) is considered an effective means of water purification [5,6,10] and in particular, ceramic membranes are widely studied owing to their excellent mechanical properties, thermal stability, high chemical resistance, and long life cycle [1,11]. These porous and textured ceramics can be produced by different methods, such as compaction [1,3], sol–gel [12], extrusion [13], hydrothermal synthesis [14], and gel casting [15]. Among these techniques, compaction is one of the most frequently employed methods for manufacturing porous ceramics [16,17]. Therefore, the incorporation of a pore-former or porogen agent into the starting mixture is required. The as-obtained ceramic products provide sufficient mechanical strength as well as a highly porous texture [18] and thus allows the filtration of pollutants contained in water with a high flow rate to produce drinking (tap) water [1,19,20,21].



The porous ceramics for water treatment are currently made by using silicates, and the range of porosity ranges from 40% to 80% depending on the target final properties [1,4,7,10,21,22]. With the current environmental and energy regulations regarding sustainability (availability, embodied CO2, reuse, etc.) issues, the need for eco-materials is gaining interest. Indeed, clays appear to be appropriate raw material resources for these applications. Clays are readily available raw materials, mainly constituted from clay minerals, that exhibit a layered structure and are classified as phyllosilicates [23,24,25]. In general, raw clays also include some secondary non-clay minerals such as quartz, mica, feldspar, iron oxides, and titanium oxides. The relative amount of these secondary phases will have a significant effect on the sintering behavior and the final properties (porosity, color, stress to rupture, etc.) of related ceramic products [12,26,27]. Regarding clay minerals, two main families are identified according to the piling up of silica-rich tetrahedral layers and alumina (or magnesia)-rich octahedral layers to form the unit sheet. The 1:1 or Te-Oc phyllosilicates unit sheet originates from the stacking of one octahedral and one tetrahedral layer, and includes minerals such as kaolinite, halloysite, and lizardite. In the case of 2:1 or Te-Oc-Te phyllosilicates, the unit sheet results from the piling-up of one octahedral layer sandwiched between two tetrahedral layers; this includes, for example, pyrophyllite, chlorites, talc, smectites, and illites. Indeed, their layer structure can be profitable to manufacture textured and/or porous silicate ceramics.



Previous works showed that the technique of tape casting allows for the production of textured and porous ceramics, which can have potential applications in water filtration [28,29]. Jin et al. [29] used the tape casting process to obtain ceramic materials with an interconnected pore network and an asymmetric structure. In particular, freeze-tape casting allows for the production of ceramics with a singular and highly porous texture. Rachadel P. L. et al. [28] used this process to produce ceramic-based perovskite supports with an interconnected and lamellar pore network. Freeze-tape casting technology is not yet well-developed, so we mounted a homemade setup and attempted to produce low-cost porous ceramics using phyllosilicate-rich materials (which are easy to reuse and environmentally friendly). The aim of this work is to manufacture textured and porous ceramics based on natural clays rich in kaolinite or halloysite by the process of freeze-tape casting. Three types of clay with different particle sizes and fluxing oxide contents were used in this study in order to compare the microstructure and mechanical resistance changes of related tapes before and after consolidation at 1200 °C.




2. Materials and Methods


2.1. Raw Materials


In this study, three raw clay materials rich in kaolinite or halloysite, called KCR, HCR, and KORS, respectively, were used to manufacture the ceramic tapes. HCR (rich in halloysite) and KORS were natural ground clays from Cameroon and Burkina Faso, respectively. KCR was provided by Imerys society (Limoges, France). Dolaflux B11® (CERADEL, Limoges, France), PolyVinyl Alcohol 22000® (PVA 22000, VWR, Prolabo, Fontenay-sous-Bois, France) and PolyEthylene Glycol 300® (PEG 300, SIGMA ALDRICH, St. Quentin Fallavier, France) were used as dispersants of particles in distilled water, organic binder, and plasticizer, respectively.




2.2. Processing of the Porous Phyllosilicate-Based Ceramics


Prior to the shaping process, surfactants (dispersant, binder, and plasticizer) were introduced into the prepared slurries in order to improve the stability of the slurries, and the mechanical strength and flexibility to the green tapes regarding their handling.



2.2.1. Preparation of the Slurries


Four different slurries were prepared with regard to the raw clay material: three slurries containing KCR, KORS, and HCR, respectively; and a fourth slurry resulting from a mixture of 50 mass % each of KCR and HCR, identified as KHCR. For each slurry, the preparation includes the followings steps:




	(i)

	
The clay powder was mixed with deionized water containing an appropriate amount of dispersant (0.2 wt.% regarding the clay content) to achieve a clay content within the slurry close to 62.5 wt.%. The dispersant introduction was important to ensure the homogeneity and stability of the particles in suspension. Indeed, the mixture was gently mixed on a roller-mixer for about 12 h to promote the dispersant adsorption onto the surface of particles.




	(ii)

	
This step involved the grinding of the obtained slurry in a planetary mill with a rotational speed of 180 rpm for 6 h to obtain the adequate grain size distribution based on previous studies [23,24].




	(iii)

	
After the first grinding step, 5 wt.% of binder (PVA 22,000) and 5 wt.% of plasticizer (PEG 300) were added to the slurry before achieving the second grinding step in the planetary mill with a rotational speed of 100 rpm for 16 h.




	(iv)

	
Finally, the slurry was sieved to <125 μm to remove the residual agglomerates before the freeze-tape casting operation.










2.2.2. Shaping and Sintering of Phyllosilicate-Based Tapes


A homemade setup was mounted to realize the simultaneous casting and freezing of the slurries. This setup, illustrated in Figure 1, consisted of a container to ensure the regular and monitored pouring of the slurry; a horizontal copper support, which enables the fast and homogeneous repartition of the temperature; a thermocouple, in order to control the temperature close to the tape; two generators, to supply the appropriate power requested for the cooling of the Peltier cells embedded within the copper plate and the displacement of the container; and a computer connected to the device, for the monitoring of the casting speed and length. The thermostatic bath is useful in order to facilitate the cooling of the copper plate (regardless of the room temperature) at temperature lower than 10 °C before starting the freeze-tape casting operation. The gap between the blade of the container and the copper plate was fixed at 200 μm, while the casting shear rate was close to 50 s−1 (casting speed is 10 mm/min). After sieving the slurry, the tape was cast by introducing 10 mL of suspension into the reservoir. The casting was performed onto a polymeric (Mylar) film covering the copper plate maintained at –5 °C. Following the removal of the reservoir at the end of the casting, the cooling temperature was set to –15 °C. After 2 min of stabilization, the tapes were collected and stored in a freezer until their lyophilization (freeze-drying). The latter operation was conducted at –80 °C, under a pressure of 10−2 mbar for 7 h. At this stage, the disk-like samples of 30 mm in diameter were punched out from the dry tapes and submitted to physical and chemical characterizations (Figure 1). The heat treatment (at 1200 °C) applied to these samples (Figure 1) consisted of two main ramps: (1) a ramp of 1 °C/min from room temperature to 500 °C followed by 1 h soaking at 500 °C, and (2) a ramp of 3 °C/min up to 1200 °C, whereby a dwelling time of 1 h was applied before cooling to room temperature.





2.3. Characterization Techniques


2.3.1. Morphological Analysis


The specific surface area was determined by the nitrogen gas adsorption (BET method), using an ASAP 2020 device (Micromeritics Instrument, Norcross, GA, USA). Previously, the samples were submitted to degassing at 250 °C for 4 h to reach a required pressure of 6.5 Pa. The density of clay powders was measured using an AccuPyc II 1340 Pycnometer (Micromeritics Instrument, Norcross, GA, USA) with a sample chamber volume of 1 cm3. The samples were previously dried at 105 °C for 24 h before each measurement.



The particle size distribution (PSD) of the casting suspensions and clays (KCR, HCR, and KORS) was determined using Laser Scattering equipment, Horiba LA-950 V2 (Kyoto, Japan). In this study, before each measurement 0.5 g of each type of clay was added to 10 mL of NaHMP solution (1 g/L). Moreover, all the suspensions were de-agglomerated under ultrasound (37 kHz) for 1 min. All the measurements were carried out at room temperature, and each sample was measured at least five times. PSD values listed in this paper are average values.




2.3.2. Microstructure


Scanning electron microscopy observations were performed using the FEI Quanta 450 FEG device (Thermo Fisher Scientific, Waltham, MA, USA). Bulk specimens were characterized (surfaces and sections of tapes before and after sintering). Before observation, bulk samples were coated using a 10 nm platinum layer in order to ensure sufficient electron conduction at external surfaces. Powder samples were observed after a previous dispersion in ethanol. A drop of each prepared suspension was placed onto a sample holder and then dried.



The porosity of ceramic materials (raw and sintered) was evaluated from the geometrical density (   ρ  g e o m    ) and the density (   ρ s   ) measured by pycnometer. The geometrical density was measured on the disk specimens of known diameter and thickness. The porosity, p in vol. %, was calculated from the formula Equation (1) established from the standard ISO 10545-3:2018 [30].


  p    %  = 1 −    ρ   g é om       ρ s    × 100  



(1)







Images were preprocessed using Gimp software. We removed the noise and performed a grey-level threshold to obtain a binary image. Successive uses of dilatation erosion filters are able to reduce the interconnections between particles. The remaining spurious areas were also removed. It is followed by a segmentation with image J, for partitioning the image into separated regions [31,32]. The analyses of particles from binary images perform the counting of pixels inside closed areas. From the number of pixels, we obtained the distribution of the particles size.




2.3.3. Chemical and Mineralogical Analyses


X-ray fluorescence analysis of the chemical composition of raw materials was measured with a Panalytical Zetium instrument (Malvern, Westborough, MA, USA) using a rhodium generator for X photon (60 kV, 50 mA). The measurements were performed for 40 min and using transparent disk samples (glass samples). These disk-like samples were obtained by mixing 1 g of raw material (KCR, HCR or KORS) with 10 g of lithium tetraborate (Li2B4O7) and by heating this mixture at 1050 °C within a platinum crucible. The semi-quantitative analysis allowed to identify chemical elements from oxygen to uranium.



The nature of the crystalline phases within the raw materials was examined through room temperature laboratory by X-ray diffraction (XRD) experiments using a D8 Advance DaVinci diffractometer (Bruker, Madison, WI, USA), operating in Bragg–Brentano geometry with CuKα1 radiation (λ = 0.1540598 nm). The operating voltage and current were maintained at 40 kV and 40 mA, respectively. The clay samples were placed into a classical transparent resin sample holder. The nature of the crystalline phases present in the raw materials was determined on powdered samples through qualitative analysis of XRD patterns (DIFFRAC.SUITE EVA software, Bruker Company, Madison, WI, USA) collected in a range of 2° < 2θ < 60° with a step of 0.02°, integration time of 0.54 s/step, and width of the slits of 15 mm. The DIFFRAC.SUITE EVA software was granted with the ICDD (PDF2, PDF4 plus), PDF4 AXIOM, and COD reference databases.



The crystalline phases within the manufactured materials were determined by X-ray diffraction (XRD) using the same device. The analyses were performed in the same conditions as for the raw materials; however, the shaped materials were glued in the specimen holder and adjusted to the same level.




2.3.4. Thermal Analyses


The differential thermal (DTA) and thermogravimetric (TG) analyses were carried out using a Setaram Labsys Evo device (SETARAM, City, France). Before DTA-TG analysis, the samples were dried at 105 °C for 24 h. During the measurement, specimens were introduced in a platinum crucible of 100 μL. A quantity of 45 mg of powder was analyzed for each sample. The analyses were conducted under synthetic air, from 30 °C to 1300 °C with heating and cooling rates of 5 °C/min, respectively.



The mass variations obtained by TG were correlated with the chemical composition and the qualitative XRD analysis to determine the number of the major phases in the starting clays.




2.3.5. Mechanical Resistance


The biaxial flexural tests were carried out with an “LLOYD Easy Test EZ 20” universal mechanical testing device, which was configured in compression and controlled by the NEXYGEN PLUS 3.0 software. The speed of elongation was set at 1 mm/min. The experimental procedure was performed according to standards in the case of a piston-ring configuration by ASTM F394-78 [33] and other previous works [34]. The calculations proposed by Kirsten and Woolley [35] allowed Glandus [36] to reach the formula Equation (3). The values of the tensile strength (   σ R   ) of the ceramic disks before and after sintering were calculated using the formula Equation (2).


   σ R  =   3  P R    1 + υ     4    π e   2      1 + 2 × ln  A B  +     1 − υ   1 + υ     ×   1 −    B 2    2  A 2      ×    A 2     B 2       



(2)







A is the ring diameter (22 mm), B is the piston diameter (4.4 mm), e is the specimen (disc) thickness, PR (N) is the maximum load applied before breaking, and υ is the Poisson’s ratio (0.25).






3. Results


3.1. Powder Characterization


3.1.1. Chemical Analysis, X-ray Diffraction, and Morphological Analysis of Clay Particles


Table 1 shows the chemical composition (XRF analysis) and some physical properties of the clay raw materials. The SiO2/Al2O3 mass content ratio of KCR is ≃1.1, while those of KCR and KORS are 1.7 and 4.0, respectively. KORS is composed of approximately 12 mass % fluxing oxides with 8.2 mass % Fe2O3 and HCR is composed of 3.8 mass % Fe2O3.



The analysis of XRD patterns (Figure 2) shows that the major crystalline phase present in KCR is kaolinite at 98 mass %. HCR is composed of halloysite (77 mass %) and quartz (17 mass %), and KORS is composed of kaolinite (29 mass %,), quartz (44 mass %), and muscovite (11w mass %).



Figure 3 presents the particle morphology of raw clay materials. The crystalline kaolinite platelets found in KCR (Figure 3a) powder have an average thickness (direct measurement on SEM images) of about 73 nm; some particles among them have sizes of around 1 μm, while others are longer, and can reach 3 μm. The particles of Halloysite (Figure 3b) mainly have a spheroidal (ϕ ≃ 250 nm) and tubular (ϕ ≃ 400 nm and length ≃ 3 μm) morphology. There are also halloysite particles with flat sheets, having the shape of platelets with a size of up to 5 μm. Quartz polyhedra were observed in the HCR (Figure 3b) and KORS (Figure 3c) powders with sizes around 23 μm and 27 μm, respectively.




3.1.2. Differential Thermal Analysis (DTA) and TG


The results of the DTA–TG analyses of raw clay materials (KCR, HCR, and KORS) are shown in Figure 4. The TG diagram of KCR (Figure 4b) indicates a small drop from temperatures of 60 °C to around 300 °C, indicating the departure of hydration water related to a mass loss of about 0.3%. This phenomenon is followed by a broad endothermic peak centered at 540, corresponding to the dehydroxylation of kaolinite into metakaolinite, with associated mass loss of approximately 14.7%. The exothermic peak at 985 °C is related to structural reorganization (recrystallization) to form γ-alumina or a spinel structure (over-stoichiometric mullite in Al2O3) [37,38]. The spinel phase formed from recrystallization evolves up to 1200 °C, whereby the primary mullite tends to appear, characterized by the exothermic peak. The TG curve of HCR (Figure 4c) shows a mass loss of 1.6% from 60 °C to 300 °C, which involves two endothermic peaks at 85 °C and 255 °C that correspond respectively to the departure of hygroscopic water from the surface and interlayer particles and the partial dehydroxylation of halloysite –10Å into halloysite –7Å (Figure 4c) [26,39]. The dehydroxylation of halloysite into metahalloysite is shown by the large endothermic peak at 510 °C. The transformation of residual halloysite remaining in the amorphous phase of metahalloysite occurs at 830 °C, as evidenced on the DTA curves. The mass loss associated to halloysite transformation into metahalloysite includes residual dehydroxylation is 10.02%. The exothermic peak at 982 °C corresponds to the recrystallization of metahalloysite in γ-alumina phase or in spinel phase [40,41]. The last exothermic peak at 1200 °C is due to the formation of primary mullite [42]. As for the DTA thermogram of KORS (Figure 4a), the first endothermic peak centered at 90 °C is linked to a mass loss of 1.08% and can be explained by the departure of hygroscopic water from the particles’ surface. The second broad endothermic peak between 125 and 360 °C centered at 200 °C, with a mass loss of 1.67% may correspond to the dehydroxylation of goethite into hematite [39]. The important mass loss of 4.53% is relative to the dehydroxylation of kaolinite into metakaolinite, which is characterized by the endothermic peak at 496 °C. The endothermic peak at 832 °C, with a mass loss of 0.34%, can be related to the dehydroxylation of the muscovite [40]. The exothermic peaks around 930 °C correspond to the recrystallization of metakaolinite into primary mullite [41,42]. The important quantity of fluxing oxides influences the metakaolinite recrystallization. The exothermic peak at 1022 °C would correspond to the formation of the spinel Mg (Al2O4) and/or the spinel Fe (Al2O4) [43]. The last endothermic peak at 1087 °C is relative to the total dehydroxylation of muscovite [44]. The mass loss related to this phenomenon is included in 0.34%. The exothermic peak at 1195 °C is due to the transformation of primary mullite into secondary mullite [42]. The brackets at 572 °C and 570 °C, respectively, in KORS and HCR correspond to the transformation of α quartz into β quartz.





3.2. Slurry Characterization


Figure 5 shows the particle size distribution of the clay suspensions. KCR exhibits a monomodal dispersion with a characteristic size of 7.7 μm. However, HCR and KORS present multimodal distribution, with coarse grain size up to 34.2 μm and 44.5 μm, respectively. Table 2 shows that the particles’ sizes were significantly reduced within the casting suspensions compared to those within the argillaceous suspensions, as expected. Furthermore, the slurries prepared for casting present a monomodal distribution, thanks to the grinding steps and the presence of surfactants. The D90s of as-prepared slurries are lower than those of argillaceous suspensions (clay slurries). The D90 of the HCR slurry (2.6 μm) is relatively lower than that of KCR slurry (3.0 μm). Those of the slurries of KHCR (6.0 μm) and KORS (10.9 μm) are higher, indicating that the particles are less deagglomerated.




3.3. Characterization of Manufactured Porous Ceramics


Figure 6 shows the results of the biaxial flexural strength and the green tape porosity (before sintering). The evaluated flexural strength is between 3.0 ± 0.6 MPa (HCR) and 7.3 ± 2.2 (KCR) and the porosity between 67 ± 1 vol. % (KCR and HCR) and 80 ± 1 vol. % (KORS). The green tapes of KCR have the highest biaxial bending strength, while those of KORS and HCR have the lowest strength. KORS green tapes are more porous (80 ± 1 vol. %) with a relatively low biaxial flexural strength value. The green tapes of KHCR have porosity higher than those of KCR and HCR and present a flexural strength between the strength values of KCR and HCR.



The SEM images (Figure 7) show a difference in microstructure for all the four green tapes. Furthermore, in the tapes of KCR and HCR (Figure 7 KCR and 7 HCR) the pores are more textured in section with large pores compared to the others. KORS presents a great number of pores with relatively smaller sizes than those of the three others.



Figure 8 shows the results of the biaxial flexural strength and porosity of the textured ceramics, which were obtained at 1200 °C. The biaxial bending values of the specimens are between 4.2 ± 0.7 MPa (HCR) and 70 ± 1.1 MPa (KCR) while the porosity is between 72 ± 2 vol. % (KCR) and 80 ± 1 vol. % (KORS). KORS disks are more porous, with an average value (11 ± 1.1 MPa) of biaxial flexural strength. KCR has the highest biaxial bending strength (70 ± 1.1 MPa) with porosity inferior to that of KORS. HCR ceramic disks have the same porosity rate as KCR; however, they exhibit low biaxial flexural strength (4.2 ± 0.7 MPa) compared to those of KCR. As with the green tapes of KHCR, discs exhibit biaxial flexural strength (17.0 ± 1.3 MPa) between those of HCR and KCR, with comparable porosity values. On Figure 8b, the stress-to-rupture of the solid phase is presented after removal of the pore contribution using the formula of Equation (3) [27]. The observed trend highlights the very low mechanical resistance achieved upon the firing of HCR samples compare to the three other clay samples. It is likely to suggest that in the case of HCR, the mullite type and content are not optimized. SEM observation reveals a difference in microstructure and texture (Figure 9) for all four ceramic disks. In KCR ceramic discs, the pores are more textured, and we noted the formation of the primary mullite in rigid skeleton shape (Figure 9 KCR). SEM images of KORS ceramic disks show the formation of secondary mullite needles with a relatively small quantity and a disordered structure in a vitreous phase (Figure 9 KORS). The relatively important vitreous phase in the porous disks of HCR leads to the bulk formation of small mullite particles (spheroidal halloysite particles transformed into mullite) without skeletons (Figure 9 HCR).


  σ =    σ 0  ×  e  − b P      



(3)




where    σ 0    represents the stress-to-rupture of the solid phase, P is the porosity, and b is a constant that can vary from 3 to 7. In the case of such alumino-silicate compositions, the mean value of b is close to 3.8. We have used value of b = 3 in our calculation.



The X-ray diffraction patterns (Figure 10) of disk ceramic sintered at 1200 °C show the presence of mullite in the four ceramics and therefore confirm the SEM observations of Figure 9. In addition to mullite, cristobalite, and hematitephases in KORS ceramic are identified. All of the ceramic tapes, with the exception of the KCR ceramic, indicate the presence of residual quartz.



As mentioned in Section 2.3.2, images were processed using GIMP software and a typical example of a binary image with HCR is on Figure 11, showing the pore morphology and size distribution obtained in this case.



The methodology of image analyses differs from the sample microstructural type. With HCR, the microstructure is obviously heterogeneous (Figure 11), resulting from the preferential densification of clay assemblies, inducing the occurrence of pores between them. The image analysis allows for the distinguishing of the pores, and the resulting distribution of pore density against pore size (Figure 12a) for HCR.



With KORS, the microstructural transformations are mainly from a liquid-phase sintering process, which leads to a more homogenous microstructure. It induces the formation of a reduced number of larger pores from the coalescence of small pores, and the image analysis is able to identify them. The pore density versus the pore size is in Figure 12a, showing a lower density of pores, but with a larger size.



From the SEM image of KCR, we observe a continuous arrangement of fired clay particles where pores tend to be less easily distinguished. However, the particle density against the particle size can be determined in Figure 12b. In such microstructural arrangements, the porosity occurs at the interconnections between particles, which corresponds to a scale much smaller than that of particles. Therefore, a possible representation of pore density obtained from the particle size is also in Figure 12b. Indeed, the pore size is deduced from the particle size, it is clearly much lower than the pore size of the HCR and KORS samples.





4. Discussion


4.1. Powder Characterization


4.1.1. Chemical, Mineralogical, and Morphological Analyses of Clay Particles


The mass content ratio SiO2/Al2O3 (Table 1) of KCR (≃1.1) shows that it is a kaolin with an impressive purity. Those of HCR and KORS are 1.7 and 4.0 (instead of 1.1 for pure kaolinite), respectively, indicating that in addition to 1:1 clay minerals, there is the presence of silica phase in the form of quartz and/or other types of 2:1 clay minerals [24,25]. The high content of fluxing oxides (12 wt. %) within KORS and Fe2O3 (3.8 wt. %) within HCR clay may enhance the occurrence of a liquid phase and mullite at moderated temperatures upon firing [45,46]. However, the relatively important iron oxide content may also have a negative effect during the sintering, due to the important contraction and related crack development, thus weakening the final material [47]. Both the major crystalline-phase analysis (Figure 2) and the chemical composition (Table 1) show that KCR clay (98 wt. % of kaolinite) is more refractory in comparison with HCR clay (77 wt. % of halloysite). Figure 3a shows that KCR clay is essentially composed of hexagonal kaolinitic platelets, which seem well-crystallized. In the case of HCR clay, Figure 3b indicates that its major phase (halloysite –10Å) particles are essentially spheroidal, mixed with a low fraction of tubular-like particles. This trend is due to the influence of iron content on halloysite particle morphology, since the iron is located in the octahedral layer of iron-rich halloysites as reported in literature [25,48]. Therefore, the iron content influences the shape and aspect ratio of particles [25]. In general, platy forms contain relatively large amounts of iron (2–6 wt. % in Fe2O3), whereas tubular particles exhibit low iron content (<3 wt. % Fe2O3). Spheroidal halloysite exhibit a wide range of iron contents, from almost zero up to values comparable to those of tubular halloysite [49]. The iron content within HCR (3.8 wt. % in Fe2O3) is in agreement with those of spheroidal halloysite.




4.1.2. Differential Thermal Analysis (DTA) and TG


According to the results presented on Figure 4, the dehydroxylation phenomenon of kaolinite and halloysite contained within the used clays occurs at around 500 °C. Indeed, the loss of hydroxyl groups takes place by condensation, namely by grouping 2OH into H2O, and by diffusion, particularly along the planes of the sheets [16]. This dehydroxylation deeply disturbs the Al (O, OH)6 octahedral layers. However, the hydroxyl groups close to the SiO4 tetrahedral layers (10% of hydroxyls) can resist within the metakaolinite up to temperatures of 920 °C [37]. According to the researchers P. Yuan et al. (2008b) [50], B. Zhang et al. (2020) [51], and C. R. Kaze et al. (2020) [39], the complete destruction of halloysite into an amorphous phase of metahalloysite occurs between 650 and 850 °C. The structural reorganization of metakaolinite/halloysite occurs at 985 °C (KCR), 982 °C (HCR), and 930 °C (KORS). This difference in the recrystallization temperature can be explained by the content of fluxing oxides within the clay materials (Table 1). A. Raghdi et al. (2017) [42] mentioned that several researchers such as Okada et al. (1986) [52], Brindley and Lemaitre (1987) [53], Sonuparlak et al. (1987) [54], and Huang et al. (2012) [55], had divergent points of view on the recrystallization reaction. This recrystallization would lead to a γ–alumina (γ–Al2O3), or to a spinel phase (over-stoichiometric mullite in Al2O3) and/or nucleation of the primary mullite. At around 1200 °C, the primary mullite type appears within KCR and HCR, while the secondary mullite type appears within KORS. It is important to note that the nature of the mullite type (primary or secondary) in HCR need to be refined because the significant content (3.8 wt. %) of Fe2O3 could activate the formation of secondary mullite [12].





4.2. Slurry Characterization


This particle size distribution presented in Figure 5 shows that KCR and HCR exhibit the most important dispersion of particles within a monomodal distribution centered around 2.3 μm. This behavior can be explained by the fact that the dispersant introduction (0.2 wt. %) into the slurries creates the interaction phenomenon of electrostatic and/or steric repulsion between the particles, followed by their dispersion, as indicated in previous studies [23]. The characteristic D90 values of the particles within the casting suspensions (Table 2) show that KHCR and KORS would likely require a higher or lower quantity of dispersant to better deagglomerate the particles and/or the removal of some coarse quartz grains. According to previous works [28,56,57], the request for a quantity of dispersant to disperse the particles well and achieve optimum stabilization also depends on the nature of the suspension. The low dispersion of KORS particles compared to others could be due to the significant quartz content (44 wt.%). According to previous work of Nadia Houta et al. (2014) [24], kaolinite platelets present three types of surface (siliceous, aluminous, and edges contributions), which is not the case for quartz particles, and this justifies the different interactions between particles and dispersant in the presence of high quartz content. In addition, the low dispersion of the particles within the KHCR mixture compared to KCR and HCR could be explained by the insertion of halloysite particles between kaolinite platelets, followed by the increasing of the particle size. The dispersion of the particles within HCR suspensions could be favored by the particle morphology (mainly spheroidal) of halloysite.




4.3. Characterization of Manufactured Porous Ceramics


The biaxial flexural strength and porosity of the green ceramic disks (sampled from the green tape) shown in Figure 6 indicate that the green ceramic disks of KCR are the most resistant (7.3 ± 0.5 MPa). Indeed, the stacking of inter-bonded kaolinite platelets under the effect of the used organic binder enhances the mechanical strength of the green material. In addition, the flattened shape of the pores (Figure 6 KCR) is less detrimental towards the network compared to the microstructure of the other green ceramic disks. The green tapes of HCR have the same porosity as KCR (67 ± 1 vol. %) but exhibit the lowest biaxial bending strength (3.0 ± 0.6 MPa) which can be explained by the size and geometry, as well as the distribution in size and the interconnectivity of pores after lyophilization (Figure 6 HCR) [22,58]. The green ceramic disks of KORS are more porous (79 ± 1 vol. %), which correlates with their biaxial bending value.



The results obtained for the textured ceramic disks, which are sintered at 1200 °C, are presented in Figure 7 and tend to show the same trend as those obtained with the green ceramic disks (Figure 6). The high value of the biaxial flexural strength of KCR (7.3 ± 0.5 Mpa to 70 ± 1.1 Mpa) with porosity of 72 ± 2 vol. % after sintering at 1200 °C is explained by the mullite formation in skeletal form (Figure 9 KCR and Figure 10) [36,59,60]. Ceramic disks of HCR after sintering always have the lowest biaxial flexural strength (3.0 ± 0.6 Mpa to 4.2 ± 0.7 Mpa) with porosity comparable to those of KCR and KHCR. This could be due to the size, geometry, texture, and size distribution of the pores [4,22,58], but also to the bulk formation of small particles of mullite (Figure 9) without proper skeletons, under the effect of the vitreous phase (Figure 9 HCR). The identification of the crystalline phases presented in Figure 10 shows the predominance of mullite as the main crystalline phase within HCR. The microstructure of KHCR after sintering is significantly improved compared to that of HCR, since its biaxial bending value (5.7 ± 1.0 MPa to 17.0 ± 1.3 MPa) is greater with porosity (73 ± 2 vol. %) in the same order as those of KCR and HCR. This improvement in biaxial flexural strength compared to HCR could be due to both the structuring effect of the primary mullite crystals [37,61] from KCR and the small particles from HCR (Figure 9 KHCR). With a porosity of 80 ± 1%, the relatively low values of the biaxial bending strength (3.4 ± 0.5 MPa to 11 ± 1.1 MPa) of KORS compared to those of KCR and KHCR could be explained on the one hand by the structuring and the quantity of the secondary mullite within a large quantity of a liquid phase after sintering [62], and on the other hand, by the microstructural characteristics (examples: pore size andtexture, pore size distribution, etc.) of KORS presented in Figure 11. The formation of the secondary mullite and the cristobalite within the ceramic disks of KORS is favored by the high content of the fluxing oxides. Previous studies [62] have shown that cristobalite may be responsible for the weakening (lower mechanical strength) of the ceramic materials by generating local flaws during cooling.



The porosity distributions in HCR and KORS are in Figure 12a. They clearly indicate a good correlation between the microstructural characteristics and the pore density against their size distribution. Since they are very important in filtration processes, we show that is possible to control the characteristics of the materials for filtration by the selection of the clay materials type.



For HCR, the sintering leads to a heterogeneous microstructure with a large porosity and a significant average pore size. It is very different with KORS, since a liquid phase sintering process induces the removal of finer pores but leads to the coalescence of larger pores. In that case, the pore average size is relatively large and the pore number density is reduced. For both HCR and KORS, we expect a significant dependence of porosity and permeability with the sintering temperature and time, due to the high kinetics of the densification mechanisms. This increases the process dependence in the characteristics of the filters and in the fabrication cost.



With KCR, a more homogeneous microstructural arrangement is obtained (Figure 12 b) resulting from the processing and the solid-state sintering of non-agglomerated particles (Figure 5). It leads to an inter-particle porosity with a very fine average size. The much higher porosity (Figure 8) is from a high density of fine pores, and the characteristics in the use of such filters are very different from those of HCR and KORS. Furthermore, the limited kinetics of the solid-state sintering of non-agglomerated particles is expected to reduce the effect of the sintering temperature variations in the properties of the filter, making easier the manufacturing process.



Preliminary works [28] on freeze-tape casting have shown a similar porosity (66–79 vol. %). They have also shown [63] that ceramic water filters do not necessarily require a high mechanical strength, since most ceramic disks are inserted into a specific casing. Here we evidence the sufficient mechanical strength of our ceramics.



The most common microstructural characteristics of the four microstructures presented in Figure 7 are the porous texture and the pores’ orientation, which depends on the nature and the morphology of particles in the starting materials. The work of P. L. Rachadel et al. (2017) based on perovskite materials [28] showed that materials with a lamellar pore network (porosity in the range 66–79 vol. %) and a vertical orientation can be obtained that is similar to the flattened pore network of KCR (Figure 7 KCR). We expected similar results when selecting different starting clay materials.



The results showed that the freeze-tape-casting process allows for the manufacturing of ceramic filters with a high porosity (72–80 vol. %,) and a controlled texture. Differently to the freeze-tape-casting process, the compaction process leads to ceramic filters that are less porous and having an uncontrolled porosity. It is evidenced in Table 3 that such porous texture is more advantageous for applications in water filtration because the pore network is in radial orientation, reducing the pore tortuosity. The main characteristics of ceramic filters listed in Table 3 were obtained from literature obtained by the compaction process with a porosity of 41–60 vol.%, and are reported from Ekpunobi et al. (2019) [2], P. Kamgang-Syapnjeu et al. (2020) [4], Mouiya et al. (2019) [10], Kumar et al. (2019) [22], El Qacimi et al. (2019) [58], Saja et al. (2018) [64], Hubadillah et al. (2018) [65], and U.E.; and our samples seemed to be appropriate for microfiltration. Moreover, KCR could be used for ultrafiltration purposes.





5. Conclusions


The objective of this work was to characterize the microstructure and mechanical resistance of porous textured ceramics, which are produced by the freeze-tape-casting process. The purpose of using different raw materials (clays) rich in kaolinite or halloysite was to compare the obtained results with another and then draw conclusions. Therefore, the raw materials were first characterized by chemical analysis, X ray diffraction, and particle morphology. Indeed, the chemical composition (XRF analysis) shows, in order of refractoriness, KCR (Al2O3, 40.4 wt. %), HCR (Al2O3, 30.3 wt. %), and KORS (Al2O3, 16.1 wt. %). In addition, the mineralogy by XRD indicates that KCR is mainly composed of kaolinite (98 wt. %); HCR of halloysite (77 wt. %), quartz (17 wt. %), and hematite (4 wt. %); and KORS of kaolinite (29 wt. %), quartz (44 wt. %), muscovite (11 wt. %), and Goethite (9 wt. %). The morphology of the clay particles is essentially platelet (kaolinite), spheroidal, and tubular (halloysite). The measurement of particle size distribution showed that the particles within the suspension of HCR (D90, 2.6 μm) are more dispersed, followed by those within KCR (D90, 3.0 μm) and KORS suspensions. KORS ceramic discs are slightly more porous compared to disks obtained with HCR or KCR. Besides, the samples obtained with KCR are significantly more resistant in biaxial bending. The porosity of sintered ceramic discs is between 72 ± 2 vol. % (KCR and HCR) against 67 ± 1 vol. % (KCR and HCR) for green discs. The porosities of the KORS and KHCR samples are not significantly changed upon sintering at 1200 °C. The biaxial bending values of the sintered discs are between 3.5 ± 0.7 MPa (HCR) and 70 ± 1.1 MPa (KCR) against 3 ± 0.6 MPa (HCR) and 7.3 ± 0.5 (KCR) for green discs. These results are interesting according to previous studies. At this stage of the study, the comparison of the results with those of the literature allows suggestion that the textured ceramic discs with the selected clays could be suitable for microfiltration applications. Furthermore, KCR seems to be better in regard to the final mechanical strength and could be used for ultrafiltration. However, further tests such as permeability and biofilm sensitivity will be helpful in order to confirm or deny these final applications.
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Figure 1. Diagram of freeze-tape-casting device and images of freeze-tape-cast disk samples after freeze-drying and after sintering at 1200 °C. 
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Figure 2. XRD patterns of raw materials. 
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Figure 3. SEM images of particle morphology of (a) KCR, (b) HCR, and (c) KORS powders. P = Primary mullite. 
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Figure 4. Differential thermal analysis (DTA) and thermogravimetry (TG) curves of (a) KORS, (b) KCR, and (c) HCR. 
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Figure 5. Particle size distribution of the clay-based suspensions prepared for freeze-tape casting (obtained after milling and sieving). 






Figure 5. Particle size distribution of the clay-based suspensions prepared for freeze-tape casting (obtained after milling and sieving).



[image: Ceramics 05 00007 g005]







[image: Ceramics 05 00007 g006 550] 





Figure 6. Biaxial flexural strength and porosity of manufactured green tapes (before sintering). 
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Figure 7. SEM images (surface and section) of the green tapes before sintering at 1200 °C. 
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Figure 8. Biaxial flexural strength and porosity of (a) manufactured porous ceramics and (b) corresponding solid-phase stress-to-rupture. Discs sintered at 1200 °C. 






Figure 8. Biaxial flexural strength and porosity of (a) manufactured porous ceramics and (b) corresponding solid-phase stress-to-rupture. Discs sintered at 1200 °C.



[image: Ceramics 05 00007 g008a][image: Ceramics 05 00007 g008b]







[image: Ceramics 05 00007 g009 550] 





Figure 9. SEM images realized in the section of the manufactured porous ceramics (discs sintered at 1200 °C. P = Primary mullite; S = Secondary mullite. 
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Figure 10. (a) XRD patterns of manufactured porous ceramics, illustration of the (b) (110) peak, and (c) the (210), (120) doublet of mullite. 
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Figure 11. Typical binary image with HCR. 
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Figure 12. (a) Pore numbers per μm2 of HCR (•) and KORS (o) against the pore size; (b) Grain (•) and pore numbers (thick line) of KCR per μm2 against the grain and pore sizes. 
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Table 1. Chemical composition (XRF analysis) and other characteristic physical properties of the starting powders.
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Chemical Composition (Mass %)




	
Raw

	
SSA (BET)

(m2·g−1)

	
Density Materials

(g·cm−3)

	
Al2O3

	
SiO2

	
Fe2O3

	
K2O

	
Na2O

	
MgO

	
CaO

	
TiO2

	
Loss of Ignition at 1050 °C






	
KCR

	
6.0 ± 0.1

	
2.6

	
40.4

	
42.2

	
0.7

	
0.1

	
-

	
-

	
-

	
0.4

	
16.0




	
HCR

	
28.1± 0.2

	
2.6

	
30.3

	
52.5

	
3.8

	
0.2

	
0.1

	
-

	
0.1

	
0.4

	
12.0




	
KORS

	
31.4 ± 0.3

	
2.7

	
16.1

	
63.9

	
8.2

	
1.3

	
0.2

	
0.5

	
0.2

	
1.3

	
8.0
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Table 2. Characteristic grain size (derived from Figure 2) of the prepared clay suspensions.
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Clay Suspensions Label




	

	
KCR

	
HCR

	
KORS

	
KHCR






	
D10 (μm)

	
1.2

	
1.0

	
1.2

	
1.2




	
D90 (μm)

	
3.0

	
2.6

	
10.9

	
6.0
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Table 3. Characteristics of different ceramic filters from the literature ([2,4,10,22,58,64,65]), in comparison to those of the clay ceramics from this study.
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	Process
	Reverse Osmosis
	Nanofiltration
	Ultrafiltration
	Microfiltration





	Pore size
	Dense membrane
	0.5–2 nm
	2–50 nm
	0.1–10 μm



	Transmembrane

pressure (bar)
	30–100
	5–30
	1–5
	0.5–2



	Pore classification
	Ultra micropores (<0.7 nm)
	Micropores (0.7–2 nm)
	Mésopores (2–50 nm)
	Macropores (50 nm)



	Present work
	
	
	KCR
	KCR, HCR, KHCR, and KORS
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