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Abstract


Some industrial wastes are shown to be useful in the production of mullite ceramics. These industrial wastes are rich in certain metal oxides such as silica (SiO2) and alumina (Al2O3). This gives wastes the potential to be used as a starting material source for mullite ceramics preparation. The purpose of this review paper is to compile and review various mullite ceramics preparation methods that utilized a variety of industrial wastes as starting materials. This review also describes the sintering temperatures and chemical additives used in the preparation and its effects. A comparison of both mechanical strength and thermal expansion of the reported mullite ceramics prepared from various industrial wastes were also addressed in this work.
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1. Introduction


Mullite, commonly denoted as 3Al2O3∙2SiO2, is an excellent ceramic material due to its extraordinary physical properties. It has a high melting point, low coefficient of thermal expansion, high strength at high-temperatures, and possesses both thermal shock and creep resistance [1]. These extraordinary thermal and mechanical properties enable the material to be used in applications such as refractories, kiln furniture, substrates for catalytic convertors, furnace tubes, and heat shields.



Mullite can be found only as scarce mineral at Mull Island, Scotland [2]. Due to its rare existence in nature, all the mullite ceramics used in industry are man-made. Much research has been done to prepare mullite ceramics using different precursors, starting either from industrial/laboratory grade chemical [3] or naturally occurring aluminosilicate minerals [4]. However, the cost of these starting materials is expensive, which are synthesized or mined beforehand. For years, researchers have been looking for economical alternatives to synthesize mullite ceramics. Hence, numerous mullite precursors derived from industrial wastes have been reported in the literature [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. These industrial wastes have high content of useful silica and alumina, which are the essential chemical compounds needed to produce mullite ceramics. Other benefits of using these industrial wastes are the energy and cost saving if the wastes were diverted and reutilized as an engineering material. Furthermore, this could also help to reduce the environmental burden and enhance its economic benefit.




2. Synthesis of Mullite Ceramics


2.1. Starting Materials


A number of industrial wastes have been used as starting materials to produce mullite ceramics [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41], as summarized in Table 1. Aluminum sludge has been used as the alumina source in mullite forming mixtures [5,6,7,34]. It was mainly obtained as a byproduct from the aluminum industry, produced by physicochemical treatment of wastewater generated by electrochemical treatment of aluminum surfaces. Aluminum sludge is composed essentially of water (70–80%) and aluminum hydroxides, which evolve to γ-alumina and α-alumina, as the temperature increases. In order to compensate for a deficient silica composition as compared to stoichiometric mullite (3Al2O3∙2SiO2), ceramic raw materials [5,6], waste glasses [7], and slate waste [34] was added to the aluminum sludge. The ceramic raw materials that Ribeiro et al. [5,6] used were low-cost common minerals, such as ball clay, kaolin, and diatomite. It should be noted that ball clay and kaolin are minerals that can form mullite by itself via thermal decomposition. The advantages of using aluminum sludge are the small particle sizes and less thermally stable properties of its aluminum hydroxides content, which would readily mix and react with silica source to form mullite upon sintering.



Coal fly ash is an abundant waste product obtained from the combustion of pulverized coal in coal-fired thermal power plants. It consists of fine inorganic particles with main compositions of Al2O3 and SiO2, which is especially suitable for the fabrication of mullite-based ceramics. Therefore, a large number of studies on coal fly ash as a raw material to produce mullite ceramics have been reported [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]. Although mullite is one of the mineralogical components of coal fly ash, the amount of mullite in coal fly ash is rather small. As such to increase the mullite content, aluminum source such as alumina [9,10,11,12], aluminum hydroxide [12,13], aluminum sulfate [14,15], aluminum dross [16], and bauxite [17,18,19,20,21,22,23,24,25,26] was added to the coal fly ash. However, some studies [28,29] showed that it is possible to produce a high crystalline mullite ceramic with no extra aluminum sources. Results from Guo et al. [28] indicated that the desilication-fly ash was more suitable to be used to prepare the mullite ceramics than fly ash. Lin et al. [29] prepared high-performance mullite ceramics from fly ash of high Al content; the original fly ash was pretreated with alkali and acid to adjust the chemical composition. Their beneficiated sintering sample exhibited a mullite content of 88.33%.



Studies also show that coal fly ash is suitable for the fabrication of porous mullite membranes [11,12,13,18,19,20,21,24]. For example, Yang et al. [11] reported that highly porous mullite ceramic with apparent porosity of 67% and a unique pore structure can be prepared by controlled freeze casting of tertiary-butyl alcohol/coal fly ash slurry with an appropriate addition of Al2O3. Li et al. [12] were able to produce porous mullite ceramics with a bending strength about 100 MPa and apparent porosity about 55% by starch consolidation method using fly ash at 1550 °C. Dong et al. [13] used a heterogeneous-precipitation method to produce porous mullite ceramics with fly ash and aluminum hydroxide as starting materials. Besides the above-mentioned techniques, traditional route that involve mixing, pressing, and reaction sintering of mullite precursor is the most commonly used technique. For instance, porous mullite ceramic membrane supports were prepared by Dong et al. [18], who directly used the mixture of fly ash and bauxite via the reaction sintering technique. Zhu et al. [19,20] prepared ceramic membrane support with the same starting materials, but with additional AlF3 and MoO3. This resulted a membrane support with high open porosity and high permeances for both gas and water without strength degradation. Cao et al. [21] and Dong et al. [24] also used coal fly ash and bauxite to produce porous mullite ceramic membrane supports with the use of different additives such as the combination of AlF3, V2O5, and pure titania.



Various aspect ratios of mullite crystals could be produced using coal fly ash. For example, Tan [14] reported synthesis of long acicular mullite crystals by firing appropriate mixtures of coal fly ash and aluminum sulfate in sodium sulfate flux at 1000 °C for 3 h. The crystals produced exhibited a diameter of 0.06–0.3 μm with an aspect ratio of >25 (Figure 1a). Orthorhombic acicular mullite crystals with a diameter of 0.6–1.8 μm with an aspect ratio >30 (Figure 1b) have been prepared by firing compacts of coal fly ash and NH4Al(SO4)2·12H2O powders, with a small addition of NaH2PO4·2H2O, at 1300 °C for 10 h [15]. Long parallelepipeds mullite with an aspect ratio of about 6 (Figure 1c) was prepared using high-aluminum fly ash and bauxite as raw materials [17]. Homogeneous equiaxial grains (aspect ratio of ~1) of mullite (Figure 1d) was prepared by firing a mixture of 50% coal fly ash and 50% bauxite with transferred arc plasma torch at 10 kW input power level for 3 min [22].



Slate wastes are residues that have resulted from cutting and polishing operations in the slate quarries. The wastes composed basically of crushed slate rock, water, and lubricants, in mud form. Slate is a metamorphic stone resulting from fine sediment deposits that are exposed to high-temperatures and pressures. The typical chemical composition of the slate powder mostly consists of SiO2 and Al2O3, as well as other oxides including FeO, Fe2O3, TiO2, MnO, MgO, CaO, Na2O, K2O, and P2O5. The use of slate wastes as raw materials in the manufacturing of mullite ceramics is considered a good option because of the high content of useful silica or alumina in the slate. The slate powder characterization of Souza et al. [31] showed that the quartz phase concentration was high and would be adequate to produce ceramic pieces. Catarino et al. [30] used slate wastes to produce tiles. Their samples were uniaxially pressed at 40 MPa and subsequently sintered at temperatures close to 1150 °C. The qualitative XRD measurement estimated the amounts of glassy phase and mullite to be 56% and 20% respectively. A study by Oliveira et al. [32] verified that mullite with a composition close to Al4SiO8 (mullite 2:1), can be prepared by reaction sintering of slate and alumina fine waste powders, and the optimum sintering temperatures were found to fall in the range of 1425–1450 °C. Martins et al. [33] reported that γ-alumina that was added to the slate powders enhances the amount of mullite formed and inhibits the formation of pores and swelling of the specimens when sintered at temperatures above 1150 °C. As a continuation of their previous work, Martins et al. [34] studied the effect of mixing aluminum hydroxide sludge with slate wastes, the study shows that there is a significant increase of secondary mullite phase in the 2:1 mixture (alumina/silica ratio) after sintering at 1270 °C.



Besides the above-mentioned wastes, a few other wastes have also been investigated, such as schist waste [35], Kaolin waste [36,37], rice husk silica [38,39], sago waste [40], and silica fume waste [41]. Schist is a medium grade metamorphic rock which is often used as tiles for flooring. From schist mining to the last machining process, thousands of tons of wastes has been generated. Recovery of these wastes is critical. Vieira et al. [35] successfully sintered schist waste to produce a mullite composite with excellent mechanical properties. Similar to schist waste, thousands of tons of kaolin waste are also produced each day in mining and mineral beneficiation. In the study of kaolin waste utilization, Brasileiro et al. [36] reported that the formation of secondary mullite with improved properties can be obtained from microwave sintering kaolin waste in mixtures with alumina. The utilization of agricultural wastes such as rice husk silica and sago waste as mullite precursor were found to be feasible too. Sembiring et al. [38] demonstrated that mullite precursor derived from rice husk silica and aluminum nitrate hydrate is a potential alternative raw material for the production of mullite ceramic. Sago waste is a byproduct from the sago palm (Metroxylon sagu) processing industry. A study by Aripin et al. [40] showed that a highly developed mullite structure could be produced from α-Al2O3 and silica xerogel that were converted from sago waste ash and the crystalline mullite could be formed at a temperature as low as 1100 °C and a concentration of α-Al2O3 as low as 20 mol%. Elsewhere, Khattab et al. [41] studied the feasibility of using silica fume as a source of silica in the presence of calcined ball clay, MgO, and calcined alumina to fabricate cordierite-mullite composites. His study showed that the optimum temperature for the formation of cordierite-mullite composites was achieved at 1400 °C.




2.2. Sintering Temperature


In general, mullite formation started at a lower temperature around 1000 °C and the amount of mullite increased at subsequent increase in temperature. For instance, Suriyanarayanan et al. [9] showed that mullitization occurred at 920 °C. Martins et al. [34] reported that an increase of mullite content started from 980 °C and there is an increase of secondary mullite phase in the resultant material up to sintering temperatures of 1300 °C. Sembiring et al. [38] reported that mullite formation started at 1150 °C and its abundance increased drastically with an increase in temperature from 1150 to 1350 °C, resulting in an increased mullite phase content from 30.9 to 67.7 wt%. A similar finding was reported by Francis et al. [7], where mullite which is transformed from Al–Si–oxides wastes produced an exothermic peak in the temperature range of 878–973 °C. While Ribeiro [5] reported that mullite was already observed at temperatures lower than 1350 °C, but the presence of some precursor phases, such as quartz and alumina, were still visible. However, subsequent sintering at the temperature of 1650 °C showed that mullite is the single crystalline phase formed. Besides the increase in the mullite content, high-temperature sintering has a densification effect on the ceramic. As Dong et al. [25] reported that above 1450 °C, the relative density increased sharply with an increase in firing temperature. Their sample sintered at 1600 °C for 4 h had a relative density of 93.94%.



To achieve higher mullite content and density, it is desirable to use as high a sintering temperature as possible, due to the higher reaction rate between Al2O3 and SiO2 in the precursor. However, excessive silica content in the precursor could lead to a sample deformation or meltdown in high-temperature sintering. Kusnierova et al. [27] reported that in a preparation of mullite ceramic using high silica content coal fly ash (Al2O3/SiO2 weight ratio of 0.4), the process of mullitization stopped and the whole volume of the sample were melted at 1500 °C. Choo et al. [16] also reported that samples with high silica content (Al2O3/SiO2 weight ratio less than 1.5) were deformed and melted at 1500 °C.




2.3. Sintering Aids–Additives


Table 2 lists the chemical additives used in the preparation processes of mullite and its effects reported in the literature. Low-temperature sintering using sintering aids is a relatively important method to reduce the production cost of mullite ceramics. Research has been carried out to lower sintering temperature for obtaining mullite ceramics via the liquid-phase process with different sintering aids. CaF2, H3BO3 [7], Na2SO4 [14], TiO2 [24], AlF3, and MoO3 [12,19] have been reported as effective aids to lower sintering temperature. For instance, Zhu et al. [19] reported that with AlF3 and MoO3 addition to coal fly ash-bauxite mixtures, the temperature at which mullite phase was formed, is lowered by 150 °C, as compared with the samples prepared without any additives. Dong et al. [24] also demonstrated the possibility of using TiO2 as sintering aids. The sintering activity of fly ash based mullite was inhibited by TiO2 at low-temperatures, but at high-temperatures, the secondary mullitization reaction temperature was effectively lowered. These sintering aids assist the formation of low melting point liquids during firing and enhance the volume fraction of the glassy phase present, thus facilitating the growth of mullite crystals. One important fact to be noted is that impurities and oxide components in the industrial wastes can contribute to the formation of low melting point liquids with a relatively low viscosity in the Al2O3-SiO2 system [11], which also facilitates mullite crystals growth process in a similar way.



Chemical additives can also be used to promote densification for mullite ceramics. Li et al. [17] synthesized mullite ceramics from high-aluminum fly ash and bauxite with V2O5 addition. They have shown that the apparent porosity and water absorption decreased with an increase in the V2O5 content at 1500 °C. Yang et al. [11] synthesized porous mullite from coal fly ash and Al2O3, and the additions of 10 wt% Y2O3-doped ZrO2 also decreased the porosity and average pore size of mullite. In the research conducted by Jung et al. [10], the addition of 3Y-PSZ powders was found to inhibit grain growth of the mullite and enhanced the densification process.



It has been well documented that mullite whiskers are very effective in toughening and strengthening ceramics. These needle-like mullite whiskers constructed a large compact interlocking structure, which enhanced the physical strength and toughness of the mullite ceramics effectively. Doping with chemical additives such as AlF3 [12], Na2SO4 [14], NaH2PO4·2H2O [15], V2O5 [17,21], and MgO [23] assisted anisotropic growth of these mullite whiskers. For example, Park et al. [15] has produced mullite whiskers with a diameter of 0.6–1.8 µm and aspect ratio larger than 30 by firing compacts of coal fly ash and NH4Al(SO4)2 powders with addition of 2 wt% of NaH2PO4·2H2O, at 1300 °C for 10 h.





3. Mechanical Strength


Table 3 lists the mechanical strengths of mullite ceramic products sintered at different temperatures that were reported in various literatures. The mullite ceramic products were categorized as mullite (polycrystalline mullite ceramic with little or no amorphous glass phase), mullite-containing glass-ceramic (mullite crystals embedded in amorphous glass matrix, e.g., porcelain-like materials) and mullite-containing ceramic composites (e.g., mullite/corundum composite and mullite/cordierite composite). The mullite and mullite-containing glass-ceramics reviewed in this report contained various content of silica amorphous phase. Some mullite ceramics are highly crystalline with small amount of amorphous phase [25], while some mullite-containing glass ceramics are highly amorphous [30,35]. The mechanical strengths of the mullite ceramic were shown to be dependent on the relative volume of crystalline and amorphous phases. The results reported in [30,35] showed that mullite-containing glass ceramics exhibited high flexural strength even though it was sintered at a relatively low-temperature. This is due to the amorphous glass phase which served as a binder lodging into the pores between the mullite crystallites and was thus responsible for the increase in the mechanical strength of the samples [35]. However, for these mullite-containing glass ceramics, the degradation of the mechanical strength starts at a much lower sintering temperature. As reported by Vieira et al. [35], the flexural strength of the mullite-based glass started to drop at the sintering temperature of 1200 °C, concluding that it was related to an excess of amorphous silica formation at high-temperature sintering. The excess of this amorphous fragile phase in ceramic could be responsible for the decrease of mechanical strength. The mechanical strengths of the mullite ceramic were also dependent on crystalline phase composition. Khattab et al. [41] reported that the compressive strength increased with an increase in the cordierite content, until a maximum value was achieved for 80 wt% of cordierite content. This was ascribed to the decrease in porosity that resulted in higher densification.



It also can be seen that the mechanical strength of the mullite ceramic increases with an increasing sintering temperature. Porosity was reduced by the increase of sintering temperature and thus improved the mechanical strength of the ceramic. The porosity of the sample influences mechanical strength inversely, as shown in Figure 2. The improvement of flexural strength [19,20,21,25,28,34] and compressive strength [29] is ascribed not only to the enhanced densification but also to the reinforcement generated by the large network structure of compact interlocked acicular mullite crystals embedded in the glassy phase. The increase in sintering temperature also resulted in the precipitation of more mullite coarse crystals [25].



Choo et al. [16] reported that mullite content can be maximized by adjusting the Al2O3/SiO2 weight ratio of precursor to 2.55, which is the ratio of a stable stoichiometric 3:2 mullite (3Al2O3·2SiO2, 71.8 wt% Al2O3). The ratio adjusting methods reported by the literatures generally can be divided into two groups. The first group is the addition of aluminum source which is the most utilized method. The second group is the removal of silica or desilication. Although the methods in the two groups can increase the mullite content in the sample, the mechanical strengths of the resultant mullite are different. This can be seen by comparing the flexural strength of mullite that was produced by addition of aluminum source [25,34] with mullite produced by desilication [28,29] in Table 3. The result showed that mullite produced by the addition of aluminum source has better flexural strength than that of desilication. Generally flexural strength is about 10 to 20 percent of the compressive strength, this means that flexural strength of the mullite reported in [29] is lower than the value reported in [25,34].



The capability of chemical additives such as AlF3 [12,19,20,21], V2O5 [17,21], MoO3 [19,20], MgO [23], and TiO2 [24] to enhance the mechanical strengths of mullite ceramics has been demonstrated. For instance, the addition of 7 wt% AlF3 enhanced the bending strength of porous mullite ceramics [12]. Similarly, the addition of 10 mol% V2O5 also accelerated mullite formation, yielding homogeneous and relatively dense ceramics, leading to enhanced mechanical properties of the resultant ceramics [17]. Other method reported to enhance open porosity and strength of mullite porous membrane support was the use of a mixed addition of AlF3 and MoO3 [19,20]. The use of small amounts of MgO (4 wt%) and TiO2 (6 wt%) was also shown to improve the strength of mullite ceramics [23,24].



Generally, the reported flexural strengths of mullite prepared from industrial wastes (28–186 MPa) are lower than that of mullite prepared from reagent grade chemical (364 MPa), as reported by Mizuno [42]. Mechanical properties are strongly dependent on the microstructural parameters, such as grain size and shape, crystalline phase composition, relative volume of crystalline and amorphous phases, and porosity. Mullite ceramics prepared from industrial wastes are usually heterogeneous materials, with multiple phases and additional porosity (open and closed). These heterogeneities are related to the physicochemical and structural particularities of the initial powders, to the grain size repartition and shape as well as to the individual transformation and interactions of components during the sintering process [43]. Chemical additives that were used to serve various specific functions in the sintering process also played a significant role in ceramics mechanical properties. This resulted in different mechanical strength values been reported in the studies.




4. Thermal Expansion


Thermal expansion is an important factor that governs the durability of ceramics, especially refractories. The durability of ceramics can be reduced by failures such as spalling and thermal shock. These failures are closely related to the coefficient of thermal expansion (CTE) value of the ceramic. Materials with low CTE have good spalling resistance that minimizes the chance of cracking of refractories in service [44]. Similarly, thermal shock can be prevented by improving the robustness of a material against thermal shock by reducing the CTE value [45].



Mullite is a good refractory ceramic with excellent thermal shock resistance property owing to its low CTE value. This excellent property enables the material to be used for making kiln furniture, catalytic convertors, furnace tubes and heat shields. Table 4 compares the CTE value between the mullite ceramics produced from industrial wastes and from other sources. The results showed that the CTE values of mullite ceramics produced from the industrial wastes ranged from 5.6 to 6.1 × 10−6 °C−1. Their values were slightly higher than those of mullite ceramics produced from minerals, which range from 5.0 to 5.7 × 10−6 °C−1 [46,47,48], the CTE of commercial mullite of 5.5 × 10−6 °C−1 [49].




5. Conclusions


Driven by the need for low-cost and environmentally friendly alternatives, many research efforts have used a variety of industrial wastes as starting materials to produce mullite ceramics. The processing methods, sintering temperatures, and chemical additives have been reviewed. The traditional route processing method that involved mixing, pressing, and reaction sintering of the mullite precursor was the most commonly used method due to its simplicity and cost effectiveness. Although this method is able to produce porous mullite ceramics, the apparent porosities of the resultant mullite ceramic were reported to stay below 50%. On the other hand, freeze casting was shown to be able to produce highly porous mullite ceramic, with an apparent porosity of 67%, even at a very high sintering temperature of 1500 °C. A review of the sintering temperatures and different chemical additives used in the production of mullite was carried out. It is desirable to use a sintering temperature of above 1500 °C for mullite production, due to the higher reaction rate between Al2O3 and SiO2 in the precursor. However, excessive silica content associated with impurities in the precursor could lead to the sample deformation or meltdown during high-temperature sintering. As for the chemical additives, CaF2, H3BO3, Na2SO4, TiO2, AlF3, and MoO3 have been reported as an effective aid to lower sintering temperature while V2O5, Y2O3-doped ZrO2 and 3Y-PSZ can be used to promote densification for mullite ceramics. Doping with chemical additives such as AlF3, Na2SO4, NaH2PO4·2H2O, V2O5, and MgO assisted anisotropic growth of the mullite whiskers, which subsequently enhanced the physical strength and toughness of the mullite ceramics.



As for the physical properties of the resultant mullite ceramics, the reported flexural strengths of mullite prepared from industrial wastes (28–186 MPa) is lower than the mullite prepared from reagent grade chemical (364 MPa). The CTE values of mullite ceramics produced from industrial wastes, which ranged from 5.6 to 6.1 × 10−6 °C−1, were slightly higher than those reported for mullite ceramics produced from minerals, which ranged from 5.0 to 5.7 × 10−6 °C−1, as well as to that of commercial mullite, which is 5.5 × 10−6 °C−1. Finally, the analysis in this review could serve as a basis guide to develop mullite ceramics from industrial wastes for both technical and economic purposes.
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Figure 1. SEM microphotographs of various aspect ratios of mullite crystals produced using coal fly ash (a) Aspect ratio of >25. Reprinted with permission from [14] (Copyright (2011) Elsevier). (b) Aspect ratio of >30. Reprinted with permission from [15] (Copyright (2007) Elsevier). (c) Aspect ratio of 6. Reprinted with permission from [17] (Copyright (2009) Elsevier). (d) Aspect ratio of 1. Reprinted with permission from [22] (Copyright (2011) Elsevier). 
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Figure 2. 3-point flexural strength correlation with porosity. 
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Table 1. Summary of key studies that using different types of industrial wastes to produce mullite.
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	Ref.
	Ceramics Product
	Industrial Wastes Type
	Sintering Temperature (°C)
	Processing Method
	Year





	[5]
	mullite
	aluminum sludge + ceramic raw materials
	1450–1650
	mixing, pressing
	2008



	[6]
	mullite
	aluminum sludge + ceramic raw materials
	1250–1650
	mixing, pressing
	2005



	[7]
	Glass-ceramics
	aluminum sludge + waste glasses
	1650
	mixing
	2013



	[8]
	mullite/zirconia
	aluminum dross + zircon
	1400–1500
	mixing, pressing
	2009



	[9]
	mullite
	coal fly ash + Al2O3
	Plasma heating
	mixing
	2009



	[10]
	mullite
	coal fly ash + Al2O3
	1200–1600
	mixing, pressing
	2001



	[11]
	porous mullite
	coal fly ash + Al2O3
	1300–1500
	freeze casting
	2010



	[12]
	porous mullite
	coal fly ash + Al2O3/Al(OH)3
	1400–1600
	mixing, molding
	2012



	[13]
	porous mullite
	coal fly ash + Al(OH)3
	1000–1500
	mixing, pressing
	2008



	[14]
	mullite whiskers
	coal fly ash + Al2(SO4)3∙18H2O
	800–1200
	mixing, leaching
	2011



	[15]
	mullite whiskers
	coal fly ash + Ammonium aluminum sulfate hydrate
	1300
	mixing, leaching
	2007



	[16]
	mullite
	coal fly ash + aluminum dross
	1500
	mixing, pressing
	2019



	[17]
	mullite
	coal fly ash + bauxite
	1100–1500
	mixing, pressing
	2009



	[18]
	porous mullite
	coal fly ash + bauxite
	1200–1550
	mixing, pressing
	2009



	[19]
	porous mullite
	coal fly ash + bauxite
	1100–1500
	mixing, pressing
	2015



	[20]
	porous mullite/corundum
	coal fly ash + bauxite
	1100–1400
	mixing, pressing
	2015



	[21]
	porous mullite
	coal fly ash + bauxite
	1200–1500
	mixing, pressing
	2014



	[22]
	mullite
	coal fly ash + bauxite
	Plasma heating
	mixing
	2011



	[23]
	mullite
	coal fly ash + bauxite
	1300–1550
	mixing, pressing
	2011



	[24]
	porous mullite
	coal fly ash + bauxite
	1300–1500
	mixing, pressing
	2010



	[25]
	mullite
	coal fly ash + bauxite
	1000–1600
	mixing, pressing
	2008



	[26]
	mullite/alumina
	coal fly ash + bauxite
	1000–1200
	mixing, pressing
	2008



	[27]
	Glass ceramics
	coal fly ash
	1050–1500
	mixing
	2011



	[28]
	mullite
	coal fly ash
	1300–1600
	mixing, molding
	2010



	[29]
	mullite
	coal fly ash
	1200–1600
	leaching, molding
	2015



	[30]
	Glass ceramics
	slate waste
	1150–1170
	pressing
	2003



	[31]
	mullite
	slate waste
	1100
	slip casting
	2004



	[32]
	mullite
	slate waste + Al2O3
	1250–1475
	mixing, pressing
	2008



	[33]
	mullite
	slate waste + Al2O3
	1150–1250
	mixing, pressing
	2002



	[34]
	mullite
	slate waste + aluminum sludge
	1170–1300
	mixing, pressing
	2004



	[35]
	mullite
	schist waste
	1000–1200
	pressing
	1999



	[36]
	mullite
	kaolin waste + Al2O3
	1400–1600
	mixing, pressing
	2012



	[37]
	mullite
	kaolin waste + Al(OH)3
	1300–1600
	mixing, pressing
	2017



	[38]
	mullite
	rice husk silica + Al(NO3)3∙9H2O
	1150–1350
	sol-gel
	2014



	[39]
	mullite
	rice husk silica + Al2O3
	1100–1600
	mixing, pressing
	2016



	[40]
	mullite
	sago waste + Al2O3
	1400–1700
	Sol-gel, mixing, pressing
	2015



	[41]
	mullite/cordierite
	waste silica + ball clay + Al2O3
	1350–1450
	mixing, pressing
	2012










 





Table 2. Example of chemical additives used in the preparation processes of mullite in the literatures.
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	Ref.
	Ceramics Product
	Industrial Wastes Type
	Additives
	Effects





	[7]
	Glass ceramics
	Aluminum sludge + waste glasses
	CaF2, H3BO3
	reduced sintering temperature



	[10]
	mullite
	coal fly ash + Al2O3
	3Y-PSZ
	increased densification



	[11]
	porous mullite
	Coal fly ash + Al2O3
	Y2O3-doped ZrO2 (3YZ)
	increased densification



	[12]
	porous mullite
	Coal fly ash + Al2O3/Al(OH)3
	AlF3
	assisted anisotropic mullite growth



	[14]
	mullite whiskers
	Coal fly ash + aluminum sulfate anhydrous
	Na2SO4
	reduced sintering temperature, assisted anisotropic mullite growth



	[15]
	mullite whiskers
	Coal fly ash + Ammonium aluminum sulfate hydrate
	NaH2PO4·2H2O
	assisted anisotropic mullite growth



	[17]
	mullite
	Coal fly ash + bauxite
	V2O5
	increased densification



	[19]
	porous mullite
	Coal fly ash + bauxite
	AlF3, MoO3
	reduced sintering temperature



	[20]
	porous mullite
	Coal fly ash + bauxite
	AlF3, MoO3
	reduced sintering temperature



	[21]
	porous mullite
	Coal fly ash + bauxite
	AlF3, V2O5
	assisted anisotropic mullite growth



	[23]
	mullite
	Coal fly ash + bauxite
	MgO
	assisted anisotropic mullite growth



	[24]
	porous mullite
	Coal fly ash + bauxite
	TiO2
	reduced sintering temperature










 





Table 3. The mechanical strengths of different mullites reported in various references.
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Ref.

	
Ceramics Product

	
Sintering Temp. (°C)

	
Compressive Strength (MPa)

	
Flexural Strength(MPa)/Type

	
Fracture Strength (MPa)

	
Porosity (%)






	
[10]

	
mullite

	
1500

	
-

	
169/4-point

	
395

	
-




	
[17]

	
mullite

	
1500

	
-

	
108/3-point

	
-

	
1.42




	
[25]

	
Mullite

	
1400

	
-

	
71/3-point

	
-

	
40




	
1500

	
-

	
104/3-point

	
-

	
26




	
1600

	
-

	
186/3-point

	
-

	
6




	
[28]

	
Mullite

	
1300

	
-

	
34/3-point

	
-

	
39.6




	
1400

	
-

	
45/3-point

	
-

	
32.7




	
1500

	
-

	
70/3-point

	
-

	
16.7




	
[29]

	
Mullite

	
1400

	
80

	
-

	
-

	
27




	
1500

	
104

	
-

	
-

	
13




	
1600

	
169

	
-

	
-

	
1




	
[33]

	
mullite

	
1250

	
-

	
43/3-point

	
-

	
-




	
[11]

	
mullite

	
1500

	
23.2

	
-

	
-

	
66.9




	
[12]

	
mullite

	
1600

	
-

	
75/3-point

	
-

	
45




	
[18]

	
Mullite

	
1450

	
-

	
45/3-point

	
-

	
44




	
1500

	
-

	
52/3-point

	

	
43




	
1550

	
-

	
66/3-point

	
-

	
40




	
[23]

	
mullite

	
1500

	
-

	
35/3-point

	
-

	
42




	
[24]

	
mullite

	
1450

	
-

	
28/3-point

	
-

	
46




	
[5]

	
mullite-containing glass ceramics

	
1650

	
-

	
59/3-point

	
-

	
-




	
[30]

	
mullite-containing glass ceramics

	
1170

	
-

	
92/3-point

	
-

	
-




	
[35]

	
mullite-containing glass ceramics

	
1100

	
-

	
45/3-point

	
-

	
-




	
1170

	
-

	
95/3-point

	
-

	
-




	
1200

	
-

	
80/3-point

	
-

	
-




	
[19]

	
mullite/corundum composite

	
1200

	
-

	
80/Biaxial

	
-

	
48




	
1300

	
-

	
105/Biaxial

	
-

	
46




	
1400

	
-

	
145/Biaxial

	
-

	
42




	
1500

	
-

	
158/Biaxial

	
-

	
30




	
[20]

	
mullite/corundum composite

	
1200

	
-

	
61/3-point

	
-

	
-




	
1300

	
-

	
68/3-point

	
-

	
-




	
[21]

	
mullite/corundum composite

	
1200

	
-

	
48/Biaxial

	
-

	
33




	
1300

	
-

	
65/Biaxial

	
-

	
38




	
1400

	
-

	
70/Biaxial

	
-

	
40




	
1500

	
-

	
115/Biaxial

	
-

	
23




	
[34]

	
mullite/corundum composite

	
1250

	
-

	
67/3-point

	
-

	
-




	
1270

	
-

	
113/3-point

	
-

	
-




	
1300

	
-

	
126/3-point

	
-

	
-




	
[41]

	
mullite/cordierite composite

	
1400

	
180

	
-

	
-

	
30











 





Table 4. Comparison of the coefficient of thermal expansion (CTE) value between the mullite ceramics produced from industrial wastes and from other sources.






Table 4. Comparison of the coefficient of thermal expansion (CTE) value between the mullite ceramics produced from industrial wastes and from other sources.





	Ref.
	Raw Materials
	Type of Raw Materials
	Ceramics Product
	CTE (× 10−6 °C−1)/Temperature Range





	[5]
	aluminum sludge + ceramic raw materials
	Industrial wastes
	mullite
	5.6/20–800 °C



	[16]
	coal fly ash + Al dross
	Industrial wastes
	mullite
	5.8/30–1000 °C



	[18]
	coal fly ash + bauxite
	Industrial wastes
	porous mullite
	6.1/26–1000 °C



	[23]
	coal fly ash + bauxite
	Industrial wastes
	mullite
	5.9/26–1550 °C



	[46]
	drift sand + alumina
	minerals
	mullite
	5.5/30–900 °C



	[47]
	alumina + silica + kaolin
	minerals
	porous mullite
	5.6/200–900 °C



	[48]
	ball clay + alumina + kaolin
	minerals
	Mullite/alumina
	5.0–5.7/400–1200 °C



	[49]
	commercial mullite (Duramul 325F)
	Laboratory grade chemicals
	Porous mullite
	5.5/30–1200 °C
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