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Mullite (3Al2O3·2SiO2) is an aluminosilicate characterized by excellent physical properties, which makes it an

important ceramic material. In this way, ceramics based on mullite find applications in different technological fields

as refractory material (metallurgy, glass, ceramics, etc.), matrix in composite materials for high temperature

applications, substrate in multilayer packaging, protective coatings, components of turbine engines, windows

transparent to infrared radiation, etc. However, mullite is scarce in nature so it has to be manufactured through

different synthesis methods, such as sintering, melting-crystallization or through a sol-gel route. 

mullite  clay-based ceramics  mining waste  sterile  tailings  iron and aluminum waste

boron  molybdenum and lithium waste  coal gangue  kaolin waste  ornamental rock waste

1. Introduction

Nowadays, mining is a critical industry for global economic and social development, and it will continue to be the

main resources provider in the immediate future . However, just as there have been great technological advances

in mining techniques that allow a larger recovery of minerals and therefore a continuous growth of world

production, the impoverishment of deposits in terms of the grade, which requires larger scale, more complex and

depth excavations, has an even higher impact on a major generation of waste. Figure 1 shows the evolution of

world production of minerals in the 2009–2018 decade , and Figure 2 shows global production, in the last years,

of different metals or minerals reported in this paper, which include: iron , aluminum , boron , molybdenum ,

lithium , coal  and kaolin , among others.
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Figure 1. Evolution of world mineral production .[2]
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Figure 2. Worldwide production of: (a) Iron ore mineral ; (b) Countries with the largest smelter production of

aluminum ; (c) Boron ; (d) Molybdenum ; (e) Lithium ; (f) Coal ; (g) Kaolin .

Thus, mining activities imply the generation of huge amounts of mining waste that produce great impacts on the

environment, among others instability in waste dumps, acid drainage mainly due to oxidation processes, water

pollution, air pollution and a long etcetera, which also includes the huge extents of territory occupied by the

deposits of residues from the mineral washing and flotation plants .

Worldwide, there are approximately 3500 solid mining waste facilities, with an estimated generation of over 100

billion tons per year . An idea of the magnitude of waste generated is given by the fact that, for example, in the

case of iron or aluminum mining, the amount of solid waste generated is several times greater than the mass of the

metals extracted, but in the case of noble metals such as gold, this ratio is greater than millions of times .

Tayebi-Khorami et al.  in an interesting study on the current management frameworks of mining waste,

established the need for the mining industry to develop strategies in the medium and short term for proper

management and use of waste aimed at achieving a lower environmental impact. The design and implementation

of robust long-term solutions remains, to date, a challenge for the mining industry, due to the specificity of the sites

where wastes are generated, the local weather conditions and the physicochemical heterogeneity of their wastes

. Besides, the global megatrends (large, social, economic, political, environmental, or technological changes) as

driving technology demands should be taking into consideration by the mining industry for its future economic

growth .

Solid mining waste is grouped into two main groups, viz mine waste rock (steriles) and tailings. Mine waste rock

consists of low-grade excavated bedrock that has been transported to access profitable ore, and generally
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comprises of relatively coarse broken granular rock in the size range from sand to pebbles or boulders. They are

mainly piled on high mounds which are porous, hydraulically unsaturated, and therefore highly exposed to

atmospheric conditions (oxidation). Tailings are the main waste, both in volume and weight, generated in the

process of concentrating minerals. Tailings are composed of process water and fines remaining after crushing and

beneficiation of the ore, which may contain secondary materials from reactions with processing reagents, such as

explosive agents or extraction chemicals . Tailings streams are pumped into tailings storage facilities, TSFs

(pools or dams) where they are deposited with low atmospheric exposure, which can even originate reducing

conditions. Tailings can also be dried and stacked with the consequent displacement of the fines by the wind over

long distances. The volume of tailings generated in the extraction of ore is almost equal to the volume of ore

processed. It is estimated that there are approximately 1900 controlled TSFs worldwide in which 56 × 10  m  of

mine tailings are stored. This volume is expected to increase up to 69 × 10  m  by 2025 . The high volume of

tailings stored at TSF gives rise to significant environmental problems resulting from the occupancy of large areas

of land, including farmland and forests, and the consequent destruction of the landscape .

Moreover, tailings disposal also involves serious impacts on human health. In dry seasons, water from the surface

of the tailings dams evaporates, leaving a fine, powdery material on the surface that pollutes the air in the

surrounding areas. On the other hand, in rainy seasons, tailings deposits can collapse, causing landslides, with the

consequent risk for the inhabitants of neighboring towns . Over the past 40 years, numerous tailings dam

collapses have occurred, resulting in significant impacts such as a prolonged suspension of mining activity,

environmental degradation, damage to the image of the mining company, economic implications for the industry,

legal implications and loss of human life . Figure 3 shows shocking images of the collapse of several tailings

dams.

Figure 3. Images of several environmental disasters produced by collapse of tailing dams: (a) collapse of tailings

dam in Aználcollar, Spain, 1998 ; (b) Baia Mare disaster, Romania, 2000 ; (c) Mariana dam disaster, Brazil,
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2015 ; (d) Brumadinho dam disaster, Brazil, 2019 .

Definitive solutions to the problem of mining waste are still far from being reached and much research and

technological development must continue to be carried out. Although both types of waste present different

geochemical behaviors, due to the large granulometric differences between them, different physical-chemical

characteristics, and above all to the different storage practices, they can be considered, a priori, as a source of new

exploitable materials .

In recent years, different studies have been carried out with the objective of recovering mining waste through their

incorporation into different materials. Thus, nanostructured Mg(II)Al(III) layered double hydroxide (LDH) was

manufactured from waste serpentine tailings by a chemical precipitation method . Hexagonally ordered

mesoporous silica materials were prepared from iron tailings by an innovative non-hydrothermal process at room

temperature. These materials can be applied to energy storage or environmental protection . Several studies

have reported on the valorization of mining waste in building materials. In this way, iron ore waste was used as a

complementary cementitious material to prepare colored composite cements more resistant to acid attack than

Portland cement ; gold ore tailings were used as siliceous raw material for cement production . For this

application, the cementitious/pozzolanic properties of mineral tailings can be improved by activation methods ;

molybdenum tailings have been investigated as replacement of fine aggregates in structural concrete ; and

copper tailings were evaluated as raw material for geopolymer manufacture. Fluorite mines waste has been

incorporated in the raw material mixture for the manufacture of glass , which allows for the incorporation of the

potentially toxic elements of the tailings into the glass structure . The valuation of mining waste as fillers has also

been considered in some studies. For instance, lead-zinc mill waste was studied as paste backfilling for an

underground metalliferous mine ; and perlite wastes was used for the manufacture of lightweight materials by

combining the geopolymerization technology with the foaming process . A further recovery route investigated for

these wastes is the production of synthetic stone. Thus, an artificial arenite was developed from different particle

size fractions of the sandstone industry waste mixed with an unsaturated polyester resin . Finally, as one of the

potential recovery options, the manufacture of ceramic materials has been satisfactorily evaluated .The

studies conducted to incorporate mine tailings into mullite-based ceramic materials are described hereafter.

Under the conventional model of the linear economy, taking into account the lowering of the ore grade and

consequently higher excavation rates, the problem of mining waste and its associated inherent risks would

continue to aggravate. In contrast, a circular economy articulates the importance of closed-loop systems that

reduce the need for extraction and processing of new resources. As such, within mining activities and following the

3Rs principle of waste reduction (reduces, reuse, recycle), it can make an important contribution . Thus, within

the framework of the circular economy (which requires design for repair, reuse, recovery, refurbishment,

restoration, and recycling) and the sustainable development objectives (ODS), many mining wastes could be

considered, among others, as alternative materials in the construction sector instead of sources of pollution and

risk. This solution will lead to the conservation of finite natural resources extensively used in the field of

construction and to reduce the environmental impacts related to them . Among construction materials,

ceramic materials and, specifically those based on mullite, have been established as an appropriate alternative for
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the recovery of solid mining waste. The use of mining waste in the production of mullite-based ceramics contributes

to various sustainable development objectives (ODS) of Agenda 2030, an action plan that resulted from the

commitment of the member states of the United Nations, whose main objective is to ensure the protection of

people, the planet and prosperity . Thus, as far as objective 7 (affordable and clean energy) is concerned, the

use of mining waste as a substitute for pure raw materials allows for a reduction in energy consumption. With

regard to objective 13 (climate action), the recovery of waste contributes significantly to the reduction of CO  and

other greenhouse gas emissions. Furthermore, the appropriate management and use of waste avoids negative

impacts on terrestrial ecosystems, which are covered by objective 15 (life on land). But undoubtedly, the

valorization of mining waste is closely linked to objective 12 (responsible consumption and production), which

includes the achievement of a sustainable management and efficient use of natural resources by 2030, while

considerably reducing waste generation through prevention, reduction, recycling and reuse activities.

According to the Mindat database , mullite (The name and chemical composition of the minerals and crystalline

phases mentioned in this review are showed in Appendix A) is a nesosilicate, a group of silicates characterized by

un-polymerized SiO  tetrahedrons, linked to one another by ionic bonds through interstitial cations. The chemical

formula is Al( )Si( )O( ) where x = 0.17–0.59, and is composed of 38.00 wt.% aluminum, 13.18 wt.%

silicon, and 48.82 wt.% oxygen, with the empiric formula Al Si O . Figure 4 shows the structure of mullite .

The mullite etymology is related to the place where it was found the first time in 1924, the Isle of Mull, Scotland,

UK. Mullite is a crystalline phase of great technological importance due to its excellent technical properties, such

as: low expansion and thermal conductivity (~4.5 × 10  °C  and 6 kcal·m ·h  °C  at 20 °C, respectively), and

appropriate fracture strength and toughness (~200 MPa y ~2.5 MPa m , respectively) . In addition, it features

high creep resistance, corrosion stability and thermal stability. All these features currently make mullite to be,

probably, one of the most important phases in traditional and advanced ceramic. Monolithic mullite ceramics find

application in tableware , porcelain stoneware , refractory  or electronic devices . Mullite coatings

have been used successfully as environmental barrier coatings for the protection against oxidizing agents,

reducing agents or aggressive chemicals at high temperatures . Besides ceramic or metallic surfaces, mullite

composites, including composites prepared with mullite matrix or mullite fiber, find important applications as

components in turbine engines, high-performance furnaces or heat shields for space vehicles .
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Figure 4. Crystal structure of mullite along c-axis .

Mullite is a mineral not very abundant in nature since high temperature and low pressure conditions are required

for its formation. Due to its high technological demand, mullite has to be manufactured by synthetic methods, rather

than being mined. For the synthesis of mullite, there are three basic routes, namely: sintering, melting and

chemical processing .

 

Sinter-mullite. Through sintering processing, mullite is basically obtained by reactions in the solid state by

interdiffusion of aluminum, silicon and oxygen atoms. The aluminum-bearing raw materials used for the

synthesis of mullite are mainly clay minerals, basically kaolinite (Al Si O (OH) ) and pirofilite

(4SiO ·Al O ·H O); other minerals such as Al SiO  (sillimanite, cianite and andalusite); AlO(OH) (boehmite and

diaspore); gibbsite (Al(OH) ) and bauxite ((AlO (OH) ) with x = 0–1) are usually added as supplementary raw

materials. Quartz (SiO ) is used as Si source. During sintering at ~500 °C, kaolinite is transformed into

metakaolinite (Al Si O ) by the loss of structural molecules of water. Later, at higher temperature (~980 °C)

metakaolinite is decomposed in Si-Al spinel and amorphous silica. The reaction between these two phases
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at~1200 °C origins the formation of mullite . For the complete transformation of kaolinite into mullite by the

sintering process, very high temperatures are required (1600–1700 °C) due to the diffusion coefficient of mullite

in the grain border being very low. To reduce the mullitization temperature, it is convenient to use systems to

mix raw materials at the atomic level.

Fused-mullite. Mullite is synthesized by fusing of raw materials (alumina Bayer, quartz sand, rock crystal and

fused silica) in an electric furnace at a temperature over 2000 °C until homogeneous molten is achieved. By

controlled crystallization during the cooling, molten mullite is developed .

Chemical-mullite. This method comprises the use of different chemical processes such as sol-gel technologies

, precipitation , hydrolysis , pyrolysis  or cool vapor deposition techniques (CVD) .

Accordingly, the synthesis of mullite is an expensive process due to the requirement of high temperature or

complex synthesis methods. On the other hand, the kaolin world reserves are drastically decreasing, because their

demand for the production of paper and ceramic building materials (principally ceramic tiles). For both reasons,

during the two last decades, research efforts have been conducted to study the synthesis of mullite from less

common and low cost raw materials such as inorganic waste from different sources and characteristics. Thus,

waste from the agro-food industry (rice husk ash) , spent cracking catalysts , aluminum buffing dust

, aluminum sludge generated in water treatment plants , ceramic wastes from the manufacture of ceramic

tiles  or fly ash , among others have been investigated as raw materials for the synthesis of mullite.

Furthermore, the valorization of mining waste by the production of mullite-based ceramic materials has also been

the object of scientific interest. The aim of this work is to carry out a review of the scientific production performed in

recent years on the use of waste rock and tailings from the mining industry in the manufacture of ceramic materials

in which mullite is developed as one of the main crystalline phases. In this sense, the review includes mining waste

from the extraction of metals (iron, aluminum, boron, molybdenum and lithium) and minerals (coal gangue, kaolin

and ornamental rocks).

2. Mining Waste from the Extraction of Metals

2.1. Iron Mining Waste

Iron is the most frequently used metal in the world. As the main component of steel, it is an essential element in

different sectors such as the automobile, construction industry, engineering or equipment production. In 2019,

world iron production was approximately 2.5 × 10  metric tons, with Australia and Brazil, with 930 × 10  and 480 ×

10  metric tons respectively, being the largest producers . Possible ways of recovering the iron mining waste

include its use as catalysts for the synthesis of carbon nanomaterials , ceramic additive  and its incorporation

into cement , concrete  or geopolymers . The main results of the aimed at the synthesis of mullite-based

ceramics from iron mining waste are described hereafter. Table 1, Table 2 and Table 3 list the chemical composition

of the iron waste, the processing parameters and the technological properties of the developed ceramic materials.

Table 1. Chemical composition (expressed wt.% oxide) of iron mining waste.
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Table 2. Experimental conditions used in the development of mullite-based materials from iron mining waste.

Table 3. Technological properties of mullite-based materials developed from iron mining waste.

Reference SiO Al O Fe O CaO MgO Na O K O TiO P O MnO LOI

39.40–
63.32

1.22–
1.42

32.31–
55.61

0.08–
0.36

--- --- --- --- --- ---
2.33–
3.42

19.84–
21.63

11.91–
13.25

66.15–
72.21

---
0.71–
0.84

---
1.25–
1.53

--- --- --- nd

24.4 10.95 44.52 6.2 0.99 0.28 0.86 0.42 2.78 --- 6.95

15.78–
20.45

13.19–
18.81

57.32–
67.44

0.18–
0.34

--- ---
0.21–
0.28

---
0–

0.66
1.49–
2.62

7.3–
9.4

2 2 3 2 3 2 2 2 2 5

[79]

[80]

[81]

[82]

Reference Percentage of Use
(wt.%)

Additional Raw Materials
(wt.%)

Shaping
Method

Sintering
Conditions

30–50
Clay (35–60)

Fluxing minerals (0–15)

UP; 25–30
MPa

∅ 50 mm
110 × 55 mm

1060–1200 °C
10 °C/min

60 Kaolinitic clay (40)
UP; 30 MPa
50 × 50 mm

110 × 55 mm

850–1000 °C
1 h

50–70
Kaolin (25)

Quartz sand (5–25)

UP; 20 MPa
60 × 35 × 5

mm

1150–1250 °C
5 °C/min; 30 min

100 nr
UP; 10 MPa
50 × 50 × 5

mm

1200 °C
10 °C/min; 2 h

[79]

[80]

[81]

[82]

Reference Final Material
Compressive

Strength
(MPa)

Flexural
Strength

(MPa)

Water
Absorption

(%)

Apparent
Density
(g/cm )

Firing
Shrinkage

(%)

Ceramic tiles nd 17–31 <0.5–16.5 nd 0.07–7.00

Ceramic bricks
and pavement

blocks
15–70 nd 6–8 2.4–2.7 nd

Porcelain tiles nd 30–75 <0.5–17 nd 5–16

Porcelain tiles nd 53.41 0.34 3.63 26.51

3

[79]

[80]

[81]

[82]



Mullite-Based Ceramics from Mining Waste | Encyclopedia.pub

https://encyclopedia.pub/entry/8453 10/26

Das et al.  investigated the potential of iron ore tailings as a raw material in the manufacture of ceramic tiles for

pavement and flooring. The iron ore tailings were mainly composed of SiO  and Fe O  along with Al O  as a

minority component. From a mineralogical point of view, the main components of iron tailings were hematite

(Fe O ), quartz and kaolinite, while illite ((K,H O)(Al, Mg, Fe) (Si,Al) O ), goethite (FeO(OH)) and montmorillonite

((Na,Ca) (Al,Mg) Si O (OH) ·nH O) were identified as minor crystalline phases. The composition containing 40

wt.% tailings, 50 wt.% clay and 10 wt.% flux presented, after firing, a water absorption value lower than 0.5%. The

mineralogical composition of the fired tiles was mostly composed of quartz and mullite, with fayalite and anorthite

as the minor phases. In terms of its microstructure, it was formed by crystalline phases embedded in a glassy

matrix with a homogeneous distribution of pores. All these characteristics enabled these ceramic tiles to be used as

glazed tiles suitable for both domestic and industrial floors. In a later study, Gosh et al.  informed about the

manufacture of ceramic bricks and paving blocks from iron ore tailings. The chemical composition consisted of

SiO , Fe O  and Al O  as the major oxides and MgO and K O as the minor components. As concerns the

mineralogical composition, the iron ore tailings consisted of magnetite (Fe Fe O , 2.4–6.9 wt.%), hematite (0–

48.6 wt.%), goethite (30.1–77.6 wt.%), kaolinite (13.7–17.3 wt.%) and quartz (0.7–2.7 wt.%). The paste

composition made up of 60 wt.% iron tailings and 40 wt.% kaolinitic clay gave rise after firing to dense materials

composed of hematite (72.3–74.1 wt.%,), mullite (2.3–8.4 wt.%) and quartz (19.3–23.6 wt.%). The authors pointed

out the possibility of manufacturing ceramic bricks and blocks with adequate technological properties at lower

temperatures than commercial materials composed of 100 wt.% of clay, which results in savings in production

costs. Chen et al.  studied the possibility of manufacturing red porcelain tiles with hematite tailings as a

substitute for feldspar ((K,Na,Ca,Ba,NH )(Si,Al) O ). The major constituents of the tailings were Fe O , SiO , Al O

and CaO, with quartz and hematite being the main crystalline phases; calcite (CaCO ) and chlorite

(Na Al Mg Si AlO (OH) ·5H O) were also identified as minority phases. The study indicated that the

incorporation of tailings promoted the formation of liquid phases and led to a decrease in the sintering temperature

of the samples, although it was necessary to optimize their content in the ceramic pastes since an excessive

percentage of tailings reduced the densification temperature range. Materials fired at 1200°C from the composition

consisting of 55–65 wt.% tailings, 25 wt.% kaolin and 10–20 wt.% quartz sand proved to be the most appropriate

for obtaining porcelain tiles with suitable technological properties. The fired tiles were made up of quartz, hematite,

cristobalite (SiO ), mullite and anorthite (CaAl Si O ) and had a dense microstructure with low porosity.

Recently, Fontes et al.  reported the use of iron tailings in the manufacture of porcelain tiles. The tailings were

separated into three fractions by a dry segregation procedure. In this way, the fractions, namely, iron ore, quartz

sand and a fraction collecting the concentrates of the clay minerals, were obtained. The latter presented a series of

physical-chemical characteristics that made it more suitable than the original iron tailings for the manufacture of

porcelain tiles, without the addition of auxiliary raw materials. Thus, its chemical composition, consisting mainly of

Fe O , SiO  and Al O  was located in the region of mullite formation in the SiO -Al O -FeO/Fe O  ternary

diagram. The incorporation of iron tailings led to the formation of a higher amount of liquid phases during firing.

Moreover, it had a smaller particle size, which facilitated the shaping of the pieces (plasticity). The fired tiles were

made up of hematite (72.2 wt.%) together with mullite (17.7 wt.%), cristobalite (7.1 wt.%) and an amorphous phase

(3.2 wt.%) and showed a porosity of approximately 5%, with 1.3% corresponding to open porosity. This low value
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of porosity was reflected in a water absorption (0.34%) that met the requirements for tiles in the group (BIa) (dry

pressed tiles with very low water absorption (<0.5%). These tiles also showed good mechanical behavior.

2.2. Aluminum Mining Waste

Nowadays, over 90% of the world’s aluminum production is achieved by the hydrometallurgical extraction and

refining of the alumina contained in bauxite, through the Bayer process . In this process, the bauxite ore,

previously ground, is digested at high temperature in a highly caustic solution. At the completion of the digestion,

there is a suspension containing an aluminate solution together with sand (material size >100 µm) and red sludge

(fine particles). From this suspension, an aluminum hydrate is separated by precipitation, which is then washed,

dried and calcined to yield alumina as the final product of the process. In the Bayer process, a sludge consisting of

a mixture of metal oxides is produced as a by-product. This sludge is red in color due to its high iron oxide content.

It is estimated that in the production of 1 ton of alumina, 2 tons of red sludge are originated . In 2019, world

alumina production was 133 × 10  metric tons, headed by China (73 × 10  metric tons) followed by Australia (20 ×

10  metric tons) . Therefore, the amount of red sludge generated in 2019 as a by-product of the Bayer process

is estimated to be around 250 × 10  metric tons. In view of the huge production of this waste, numerous studies

have investigated its recovery of different applications , such as: asphalt binders , cement industry ,

geopolymers manufacture , ceramic bricks and tiles  and aluminosilicate glass . Amongst these

investigations, those aimed to valorize waste generated in the Bayer process in the production of mullite-based

ceramic materials are described hereafter. Table 4, Table 5 and Table 6 show the chemical composition of Bayer

waste, the processing parameters and the technological properties of the developed ceramic materials.

Table 4. Chemical composition (expressed wt.% oxide) of waste generated in the Bayer process.

Table 5. Experimental conditions used in the development of mullite-based materials from waste generated in the

Bayer process.

[83]

[84]

6 6

6 [85]
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[89] [90][91] [92]

Reference Waste SiO Al O Fe O CaO Na O K O TiO SO LOI

Red mud 33.57 27.66 7.56 15.26 3.54 1.76 3.36 --- 7.29

Alumina waste 1.40 90.90 --- --- --- --- --- 7.00 nd

2 2 3 2 3 2 2 2 3
[93][94]

[95]

Reference Mining
Waste

Percentage of Use
(wt.%)

Additional Raw
Materials (wt.%)

Shaping
Method

Sintering
Conditions

Red mud 65.8–7.0
Kaolin (28.2–30)

Ammonium molybdate
(0–6)

UP; 25 MPa
∅ 25 mm
70 × 6 × 6

mm

1150–1200 °C
3 °C/min; 2 h

Red mud 23–29 SiC (35–44)
Al(OH)  (15)

V O  (3)

UP; 20 MPa
35 × 10 mm

1150–1350 °C
2 °C/min; 3 h

[93]

[94]

3

2 5



Mullite-Based Ceramics from Mining Waste | Encyclopedia.pub

https://encyclopedia.pub/entry/8453 12/26

Table 6. Technological properties of mullite-based materials developed from waste generated in the Bayer process.

Wang et al.  studied the manufacture of low-cost pavement tiles from red sludge with additions of kaolin and

ammonium molybdate ((NH ) Mo O ). The results revealed that ammonium molybdate acted as a catalyst for the

formation of mullite crystals, promoting sintering at lower temperatures while increasing the rate and degree of

reaction. The microstructure of the samples sintered at 1180 °C was comprised of anisotropic mullite crystals,

approximately 10 mm in length, together with some anorthite crystals. These materials showed a high flexural

strength (195 MPa) attributed to the higher fracture energy absorption by the mullite interlocked crystals. Those

ones sintered at temperatures higher than 1180 °C presented a significant decrease in technological properties as

a result of the increase in the amount of the glassy phase and the existence of intercrystalline pores. The authors

pointed out that the use of ammonium molybdate as a catalyst promoted the formation of fine Al O  crystals with

high chemical reactivity. In turn, it generated MoO , which reduced the viscosity of the silica-rich liquid phase.

Therefore, the dissolution of Al O  in the liquid phase was favored and consequently, the nucleation of mullite

crystals. In a later study, the authors investigated the use of this same residue as a starting material for the

synthesis of SiC/mullite composite porous ceramics . For this, they used aluminum hydroxide (Al(OH) ), Bayer

red sludge and silicon carbide (SiC) as raw materials and studied the effect of V O  and AlF  as catalysts for the

development of low temperature mullite. The composite materials included 6H-SiC, mullite, cristobalite and alumina

as crystalline phases. The authors pointed out a significant increase in the amount of mullite from 1250 °C, at the

expense of the decrease of alumina in the sintered samples, which caused an improvement in the bending

strength, as well as the reduction in the porosity. The microstructure consisted of rod-shaped mullite crystals and

plate-shaped SiC grains distributed among the mullite particles. The samples sintered at 1350 °C showed optimum

behavior, with a bending strength of 49.4 MPa and a porosity of 31.4%. The authors highlighted that the

introduction of V O  and AlF  changed the mechanism of the mullite formation reaction, significantly reducing the

Reference Mining
Waste

Percentage of Use
(wt.%)

Additional Raw
Materials (wt.%)

Shaping
Method

Sintering
Conditions

AlF  (4)
Graphite (5–20)

Alumina
waste

48–56 Kaolin (44–52)

UP; 33–66
MPa

30 × 5 × 5
mm

1450–1500 °C
5 °C/min; 1 h

3

[95]

Reference Mining
Waste Final Material

Flexural
Strength

(MPa)

Water
Absorption

(%)

Apparent
Density
(g/cm )

Firing
Shrinkage

(%)

Red mud Ceramic floor tile 153–195 7–27 1.45–1.83 nd

Red mud
SiC/mullite

composite porous
ceramics

8–68 nd nd nd

Alumina
waste

Porous mullite
blocks

46–56 17–18 nd 10–11

3

[93]

[94]

[95]

[93]

4 6 7 24

2 3

3

2 3

[94]
3

2 5 3

2 5 3
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sintering temperature. Thus, AlF  is converted into vapor phase fluorine and reacts with aluminum oxide and silicon

oxide to generate SiF  and AlOF, respectively. In this way, the growth of the crystal nucleus is accelerated along an

axis, causing the quick formation of a significant amount of mullite crystals.

In addition to the red sludge, the Bayer process generates an alumina-rich residue (90 wt.%), which can be used

as a source of alumina in the manufacture of porcelain. Da Silva et al.  reported the manufacture of porous

mullite blocks from mixtures of kaolin and Bayer alumina waste. The alumina waste consisted mainly of Al O , with

SiO  and SO  as minor components. Regarding its mineralogical composition, in addition to alumina, the waste

contained Na O and sulfur phases as impurities. Mixtures of kaolin and alumina residue were formulated to

achieve the stoichiometry of mullite 3:2. After firing, all samples included mullite as the main crystalline phase,

together with corundum (α-alumina) and quartz. The mullite content was increased by the firing temperature,

resulting in an enhancement of the mechanical properties of the fired materials. The microstructural study revealed

the bimodal growth of primary mullite acicular crystals, developed in the glass matrix, and smaller crystals of

secondary mullite (Figure 5). The authors highlighted the possibility of recovering Bayer’s alumina residue to

produce mullite materials suitable for applications requiring high porosity and strength at high temperatures.

Figure 5. TEM image of the mullite crystals developed at 1450 °C in porous mullite blocks from Bayer alumina

waste and kaolin (p and s denotes primary and secondary mullite, respectively) .

2.3. Boron Mining Waste

3

4

[95]

2 3

2 3

2

[95]
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Boron is mainly demanded for the manufacture of fiberglass. However, it is also an essential element in agriculture

(herbicides and pesticides) and in the production of ceramic materials, borosilicate glass and detergents . Other

uses of boron include the manufacture of special steels with high resistance to impact, and also its application in

the field of atomic energy. Because of its high neutron absorption capacity, it is used as a control buffer in nuclear

reactors and as a constituent material of neutron shields. In 2019, world production of boron was approximately 3.8

× 10  metric tons, being led by Turkey with 2.5 × 10  metric tons . Studies on the valorization of boron mining

wastes have focused mainly on the development of cement , concrete  and geopolymers . However, some

research has explored its incorporation into mullite-based ceramic materials, as detailed below. Table 7, Table 8

and Table 9 present the chemical composition of boron mining wastes, processing parameters and technological

properties of the ceramic materials developed.

Table 7. Chemical composition (expressed wt.% oxide) of boron mining wastes.

Table 8. Experimental conditions used in the development of mullite-based materials from boron mining wastes.

Table 9. Technological properties of mullite-based materials developed from boron mining wastes.

[96]

6 6 [5]

[97] [98] [99]

ReferenceWaste SiO Al O Fe O CaO MgO Na O K O B O LOI

(1) 15.83 1.06 0.24 20.66 19.84 2.58 0.63 3.99 34.75

(2)
0.39–
19.81

0.11–
0.74

0.13–
0.33

23.31–
52.75

0.60–
8.96

0.00–
1.34

0.00–
0.17

16.37–
31.11

14.68–
30.74

2 2 3 2 3 2 2 2 3
[100]

[101][102]

Reference Mining
Waste

Percentage of Use
(wt.%)

Additional Raw
Materials (wt.%)

Shaping
Method

Sintering
Conditions

Tincalconite 2–16
Clay (60)

Feldespatic waste (24–
40)

UP; 16 MPa
110 × 55 ×

6 mm

1050–1150 °C
2 °C/min; 1 h

Colemanite 1–14.80 nr
UP

15 × 5 × 5
mm

1120–1195 °C
4 min

Colemanite 1.10–8.56 nr
UP

∅ 50 mm
5 × 10 cm

1180–1230 °C
4 min

[100]

[101]

[102]

Reference Mining
Waste Final Material Flexural Strength

(MPa)
Water Absorption

(%)
Firing Shrinkage

(%)

Tincalconite Terracota tiles 16–44 0.1–14 3.0–8.5

Colemanite Wall and floor 38.43 0.49 6.8

[100]

[101]
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Kurama et al.  investigated the production of terracotta tiles with improved physical-mechanical properties and

lower production costs, using the tincalconite sieve dewatering residue (TSW) generated in the manufacture of

borax (Na B O (OH) ]·8H O) from the mineral tincalconite (Na B O (OH) ·3H O). It is estimated that 0.5 t of this

waste is produced in the production of 1 t of borax. TSW was composed of SiO , CaO and MgO as major oxides

and Al O , B O  and alkaline oxides as minor components. In terms of mineralogy, TSW was comprised of

dolomite (CaMg(CO ) , tincalconite, montmorillonite and calcite. The authors noted that the water absorption of

fired materials decreased considerably when the TSW content in the paste composition increased, which was

attributed both to the strong melting action of its B O  content and to the sintering-promoting character of the

alkaline earth oxides (MgO and CaO), whose content in this waste was considerably higher than in the other

constituent raw materials. As a consequence, the bending strength was also increased by the TSW content in the

composition. The main crystalline phase in the fired materials was quartz, which was largely a remnant of the initial

quartz contained in the raw materials. As for the newly formed phases, mullite was the main crystalline phase

developed during firing. The study also showed that the content of the amorphous phase increased regularly as the

amount of TSW incorporated into the composition increased. However, Cicek et al.  considered that the use of

tincalconite extraction/enrichment tailings into the ceramic tile manufacturing sector was not feasible, as they

contain a high percentage of Na O, which is a very energetic flux and provides excessive fluidity to the ceramic

body. Therefore, its use in industrial ceramic tile production, where a fast-firing cycle with very fast heating and

cooling speeds is applied, is not feasible. Therefore, they developed pavement and covering ceramic tiles using

tailings from the manufacture of boric acid (H BO ) from the mineral colemanite (CaB O (OH) ·H O). In this case,

new formulations of floor ceramic tiles were prepared with percentages of alkaline earth oxides and SiO /Al O ,

Na O/K O and MgO/CaO ratios similar to those of commercial compositions. The authors noted that compositions

containing 5.66 wt.% colemanite tailings presented a densification temperature 65 °C below that used in the

manufacture of ceramic floor tiles. The B O  content in the tailings favored the generation of liquid phases, thus

facilitating viscous sintering at a slightly lower temperature than that used in commercial manufacture. The major

crystalline phases were anorthite, albite (Na(AlSi O )), mullite and quartz. Plagioclase formation ((Na,Ca)

(Si,Al) O ) was promoted by the high Ca content of the boron tailings. These tiles showed shrinkage during firing

similar to standard tiles and presented lower water absorption values (0.49%). However, the bending strength

(38.43 MPa) decreased considerably with respect to commercial floor tiles due to the formation of excess

plagioclase, which is harder but less resistant. In a recent study, Karadagli and Cicek  studied the introduction

of this same colemanite tailing in the manufacture of porcelain stoneware tiles. They incorporated 3–10 wt.% of

tailings into a formulation used for commercial production of porcelain tiles. The authors achieved a decrease in the

sintering temperature of 38 °C. The new tiles showed bending strength (44.80 MPa) and water absorption (0.01%)

values complying with the requirements for porcelain tile.

2.4. Molybdenum Mining Waste

Reference Mining
Waste Final Material Flexural Strength

(MPa)
Water Absorption

(%)
Firing Shrinkage

(%)
tiles

Colemanite Porcelain tiles 44.80 0.01 7.4[102]
[100]

2 4 5 4 2 2 4 4 4 2

2

2 3 2 3

3 2

2 3

[101]

2

3 3 3 4 3 2

2 2 3

2 2

2 3

3 8

3 8

[102]
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Molybdenum is mainly used for the manufacture of resistant steels, but it is also required as a component of

superalloys, nickel alloys and in other industrial sectors such as lubricants, chemicals and electronics. World

production of molybdenum in 2019 was 290 × 10  metric tons , with production being led by China with 130 × 10

metric tons . In the literature, the works focused on the valorization of Mo mining wastes are scarce, being

focused on its incorporation in cement and concrete . Moreover, Karhu et al.  investigated the use of

molybdenum tailings as raw materials for producing mullite-based ceramics. Table 10 displays the chemical

composition, processing parameters and technological properties of the ceramic materials. Molybdenum tailings

were mainly composed of SiO  and Al O  and a considerable content (22 wt.%) of minor components (CaO,

Fe O , K O, Na O and MgO). The main mineral phases were quartz (40 wt.%), albite (23 wt.%) and andesite

((Ca,Na)Al Si O , 12 wt.%), together with minor amounts of K-feldspar (6 wt.%), biotite

(K(Mg,Fe ) (Si,Al) O (OH) ·nH O, 6 wt.%) and muscovite (KAl (Si Al)O (OH) , 3 wt.%). Sintering of tailings

and boehmite mixtures resulted in crystalline materials including mullite as the main crystalline phase, along with

corundum and amorphous phase. The microstructure of these materials was composed of acicular mullite crystals

surrounded by a glassy phase. During sintering, the alkali and K-mica feldspars contained in Mo tailings led to a

liquid phase that facilitated the reaction of the silica with the alumina caused by the thermal decomposition of

boehmite and the subsequent crystallization of mullite.

Table 10. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of

ceramic materials developed from molybdenum mining waste.

2.5. Lithium Mining Waste

In the last years, lithium has become one of the key chemical elements for new technologies. Although lithium has

long been used in different industrial sectors, the development of lithium-ion batteries has resulted in lithium

becoming a key mineral, as lithium batteries are essential for the development of smartphones, laptops, hybrid and

electric cars or rechargeable devices, such as solar charging lithium ion batteries. World lithium production in 2019

was 77,000 metric tons, with Australia (42,000 metric tons) and Chile (18,000 metric tons) being the major

producers . By 2025, the global demand for lithium is estimated to be 820,000 metric tons of lithium carbonate

equivalent . One of the main routes of lithium extraction is acid roasting with H SO  of the mineral spodumene

3 [6] 3

[103]

[104][105] [106]

2 2 3

2 3 2 2

2 2 8

2+
6 8 20 4 2 2 3 10 2

eference SiO Al O Fe O CaO MgO Na O K O LOI

73.2 11.1 2.93 1.95 4.84 3.45 1.51 nd

Final
material

Percentage
of use
(wt.%)

Additional
raw

materials
(wt.%)

Shaping
method

Sintering
conditions

Compressive
strength

(MPa)

Apparent
density
(g/cm )

Mullite-
based

ceramics
33.6–83.5

Boehmite
(16.5–66.4)

UP; 25
MPa

20 × 3
mm

1300 °C
3.3 °C/min;

3h
~62 2.7

2 2 3 2 3 2 2

[106]
3

[107]

[108]
2 4
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(LiAlSi O ), which contains approximately 8% of Li O . Lemougna et al.  studied the use of quartz

feldspar sand (QFS) residues originating during the chemical production of lithium from spodumene as a raw

material for the manufacture of porcelain and structural materials. Table 11 shows the chemical composition of this

waste together with the processing parameters and technological properties of the final ceramic materials.

Table 11. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of

ceramic materials developed from lithium mining waste.

The QFS residue was composed of SiO  as the major oxide and Al O , and alkaline oxides as minor components.

From a mineralogical point of view, spodumene waste included albite (44 wt.%), quartz (32 wt.%), microcline

(KAlSi O ; 11 wt.%) and muscovite (6 wt.%) together with amorphous phase (7 wt.%) (Figure 6). The porcelain

materials obtained after a sintering process were mainly composed of quartz (13–26 wt.%), mullite (12–20 wt.%)

and amorphous phase (42–56 wt.%), the highest percentages of mullite being obtained for materials sintered at

1200 °C (Figure 7). These materials presented the best technological properties, with a dense and compact

microstructure with microstructural characteristics similar to those of reference porcelain compositions. The highest

compressive strength values of 90 MPa fulfilled the requirements for fired bricks, masonry bricks and ceramic

pavers exposed to light traffic. As regards to bending strength, maximum values of 30 MPa were achieved, which

are slightly lower than those presented by commercial porcelain stoneware tiles. Materials sintered at 1200 °C

showed very low water absorption values (0.2%) corresponding to an apparent density of 2.5 g·cm , both

2 6 2
[109][110][111] [112]

Reference SiO Al O Fe O CaO P O Na O K O LOI

77.50 13.5 0.20 0.30 0.10 4.80 3.30 0.0

Final
material

Percentage of
use (wt.%)

Additional
raw

materials
(wt.%)

Shaping
method Sintering conditions

Porcelain
materials

41–50
Kaolin (50)

Quartz (0–9)

Slip casting
80 × 20 × 20

mm

1050–1200 °C
5 °C/min; 2 h

Structural
materials

80–90
Kaolin (10–

20)

Slip casting
80 × 20 × 20

mm

1050 °C
5 °C/min; 2 h

Final
material

Compressive
strength

(MPa)

Flexural
strength

(MPa)

Water
absorption

(%)

Apparent
density
(g/cm )

Firing
shrinkage (%)

Porcelain
materials

40–90 10–30 0.2–18 1.7–2.5 2–18

Structural
materials

67–69 16.5–17.5 6.3–6.8 2.05–2.07 nd

2 2 3 2 3 2 5 2 2

[112]

3

2 2 3

3 8

−3
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properties being comparable to those reported in studies of porcelain materials. The shrinkage values on sintering

were also similar to the values of approximately 20% shrinkage reported for some porcelain compositions fired at

1200 °C. As for the properties of structural materials manufactured with 80 and 90 wt.% of spodumene tailings,

they exhibited values of compressive strength exceeding 17–20 MPa, which is the value required for ceramic

pavers subjected to light traffic. Similarly, they showed water absorption well below 15%, complying with the

requirement for ceramics with construction applications.

Figure 6. SEM of QFS powder .[112]
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Figure 7. Phase composition of investigated compositions at indicated temperatures .
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