


Red mud-based geopolymer and the innovative application

Abstract: This chapter discussed the recent development of red mud-based geopolymer and the innovative application. These researches included the seepage penetration processes and physical mechanism of red mud filtrate with heavy metal pollutants, the creation of an advanced cementitious material from solid waste red mud through alkali-thermal activation, the corrosion resistance and frost resistance of the red mud-based material, and the solidification effect on toxic heavy metals. An idea of granular thermodynamics was extended to describe the physico-mechanical characteristics of geotechnical materials like red mud-based geopolymer. These development addresses the utilization efficiency of red mud waste, the environmental pollution and controlling technology, and the purification technology of contaminated soils. 
1 Introduction
 Red mud is a solid waste discharged from the production of aluminum industry. The production of each ton alumina will be accompanied by 1.52.0 tons of red mud waste. Red mud (containing attached filtrate) is an insoluble harmful residue, which is strongly alkaline and has great pollution to the environment [13]. Red mud contains a large amount of iron oxide, and its appearance in color is similar to that of red clay. Red mud contains a variety of harmful elements such as Pb2+, Cd2+, Cu2+ and other heavy metal ions, including radioactive radium, thorium, potassium and other radioactive substances. Therefore, red mud belongs to hazardous solid waste, which  must be disposed [46].
The strong alkalinity of red mud increases the difficulty of its disposal. The huge accumulation of red mud not only occupies land resources, but also brings risks such as dam break, soil and water pollution. It seriously damages the ecological environment and restricts the sustainable development of aluminum industry. Hereby, how to improve the utilization efficiency of this solid waste is essential.
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The stacking of red mud will cause the alkalization of land and the pollution of groundwater due to the infiltration of various chemical components (e.g., red mud particles adsorbed with heavy metals, alkaline hydroxide ions) into the soil layer. If these harmful substances are ingested by humans for a long time, it will affect human health. Moreover, when plants absorb such substances, they will also indirectly damage human health [7, 8]. Red mud contains a large number of strong alkaline chemicals. When it is diluted 10 times, the measured pH value is still as high as 11.2511.50. High pH value will lead to strong corrosion of red mud waste to biological and metal materials (e.g., aluminum) and siliceous materials (e.g., glass). In the meantime, the polluted water with high alkalinity penetrates into the stratum or enters the surface water, which increases the pH value of the water. As a high-pH permeable filtrate, its seepage penetration characteristics in the soil layer, especially the coupling migration mechanism with heavy metal ions, are worthy of attention.
On the other hand, heavy metal pollutants in shallow groundwater or industrial wastewater are usually not suitable for decomposition during movement, and they can only be transformed into other material forms or modes of occurrence. The red mud particles have a good adsorption effect on Zn2+, Pb2+, Ni2+, Cr2+, Cd2+ and Cu2+ in water. In other words, red mud can be utilized as adsorbent in wastewater treatment to remove heavy metal ions in wastewater. The strong adsorption capacity of red mud for heavy metal ions is mainly due to the surface reactivity of oxides. The red mud adsorbent can be recycled, even if the presence of saline materials in the wastewater does not affect the adsorption effect. In particular, when red mud is mixed with hydrochloric acid solution and heated, the treated red mud after washing, drying, crushing and roasting, has a stronger adsorption effect on the pollutants in the wastewater. An important idea is that the adsorption performance of red mud particles with large specific surface area and strong adsorption properties even makes red mud particles a potential curing agent for heavy metal ions in water [9, 10].
Obviously, the types and forms of heavy metal elements in soils are not alike, and the physical and chemical environment is diverse, thus the disposal measures will often be quite different. As one of the disposal methods of heavy metal pollutants in groundwater or wastewater, the adsorption method has the advantages of high efficiency, no secondary pollution, simple operation and low energy consumption. Consequently, it has shown a good application prospect. Activated carbon, zeolite, biomaterials and clay are common adsorption materials. The evolution characteristics of their adsorption-desorption properties are one of the important indexes for selecting adsorbents in practical applications.
Bai et al. [1012] carried out a large number of red mud filtrate and heavy metal pollutants infiltration migration tests. Bai et al. [10] selected two kinds of typical red mud for the test, analyzed the chemical composition of the red mud filtrate sample, compared the concentration and turbidity calibration curves under the two conditions of high concentration and low concentration of OH1, and discussed the influence of alkaline ions on the migration characteristics of suspended particles. Afterwards, laboratory cylindrical column penetration tests were carried out on red mud filtrate at different concentrations and seepage velocities. The seepage penetration characteristics of suspended particles and OH1 in red mud filtrate in saturated porous media were analyzed and compared with the seepage penetration process of low alkaline filtrate [10]. In addition, to explore the physical nature of the influence of OH1 on the migration process of red mud suspended particles, two kinds of mixed silicon powder suspensions with different particle sizes were tested at different concentrations and penetration rates. Many interesting experimental results were obtained [11, 12], and the effects of deposition effect, acceleration effect, blockage effect, re-release effect, coupling effect of dispersion and convection, as well as the influence of pollutant size and particle injection time in the migration process were discussed, which played a good leading role in engineering application [1013].
3 Red mud-based geopolymer and the solidification on heavy metal residues
The use of red mud to replace or partially replace traditional cement can achieve an economical and effective purpose [14]. Zhang et al. [15] made red mud alkali-active cement by using red mud, blast furnace slag, low-alkali aluminosilicate compounds and high-alkali calcium-containing cement additives. The alkali substances existing in the cement can participate in the process of hydration reaction, which makes the strength of the cement develop rapidly, and the strength can reach 3060 MPa. In the curing treatment of red mud, the curing method, the selection of curing agent, the ratio of curing material and the construction technology will directly influence the curing effect of red mud. It can be classified into three methods on the basis of curing methods: The first is to apply a high external force (e.g., 70 MPa) to red mud to make it lithify. Secondly, a small amount of admixture is added to red mud and reacted at high temperature to form a new phase with high strength. Thirdly, applying a small external force under the action of the admixture, cementation and crystals are formed between the red mud particles, and hydrates with relatively high strength are generated, which is known as the normal temperature and pressure curing technology.
Nie et al. [16] used the strong alkalinity of red mud to realize the desulfurization of exhaust gas from power stations, and then used the desulfurized red mud and fly ash as raw materials to prepare high-strength geopolymer. A large amount of alkaline substances will be consumed in the process of desulfurization (SO3 gas) of red mud. Therefore, it is necessary to make the red mud reach a higher alkaline level. Then, it can meet the alkaline environment requirements for the preparation of red mud geopolymer. The activity of slag is much higher than that of metakaolin, and it is rich in alumina and silica. Hence, the red mud geopolymer with mineral slag can form higher strength and the strength development rate will be faster [16].
Bai et al. [17,18] have created a high-strength red mud-based cementitious material, which is a new breakthrough in the application field of geological polymer materials and has significant advantages in safety and environmental protection. They used red mud and fly ash with rich active substances as raw materials to prepare a high-strength red mud-fly ash geopolymer (up to 65 MPa in strength) under the action of alkali activator. The results obtained by Bai et al. [17, 18] showed that the strength of geopolymer can be rapidly improved when the curing temperature is increased from 22 °C to 60 °C. Besides, maintaining a certain curing humidity can effectively prevent the cracking of geopolymers. The strength of the prepared geopolymer can be improved by using NaOH solution as alkali activator. When the alkali activator is a mixed solution of NaOH and water glass, the strength of geopolymer will increase significantly with the enlargement of its solution concentration. In addition, the strength of geopolymer formed by C-grade fly ash raw materials is particularly significant. In summary, these researches can not only save a lot of land resources and protect the natural environment [1618], but also change the cost to provide a basis for the realization of efficient and harmless comprehensive utilization of red mud waste, and obviously expanded the application prospects.
As the core raw material of geopolymer, red mud contains a large amount of effective substances such as alumina, silica and sodium oxide, which has potential utilization value. Ordinary Portland cement relies on the amorphous calcium silicate gel C-S-H formed in the water environment to obtain strength. Unlike ordinary Portland cement, geopolymers rely on the dissolution and polymerization of substances such as activated alumina, calcium oxide, and silicon oxide in an alkaline environment to form polysilicate-aluminate gel to obtain strength. The alkali metal in the red mud is not in the free state, but is fixed in the internal structure. Consequently, it will not cause alkali aggregate reaction. In addition, red mud-based polymer has good environmental stability and can even be used to adsorb or even solidify the migration of heavy metal pollutants in materials [12, 13, 17]. Bai et al. [18] pioneered the study of the solidification effect of high-strength red mud-fly ash cementitious materials formed under the excitation of a mixed solution of sodium hydroxide and water glass on heavy metal copper and cadmium ions. After that, the precipitation mechanism of heavy metal ions in acid or alkali solution and seawater corrosion was explored by means of toxicity leaching test, SEM, XRD, FT-IR and XPS. These studies have shown that heavy metal ions exist in the form of precipitation or hydroxyl complex ions in neutral and alkaline environments, and the curing efficiency can reach more than 99 %, which can be effectively used as a low-cost adsorbent.
4 Innovative methods and development
Based on thermodynamics, some researchers [19, 20] established the relationship between surface force and interface Helmholtz free energy, entropy, internal energy and enthalpy, and also considered the influence of interface effect on effective stress, phase transformation and mass exchange. Some corresponding constitutive model of geotechnical materials were established by subsequent researchers. This kind of constitutive model of geotechnical materials has broken through the shackles of some existed concepts in previous works [20, 21]. Many innovative ideas have been put forward, including the recently developed modeling concept of granular thermodynamics [22, 23]. This new idea can be extended to the construction of constitutive models of cementitious materials such as red mud-based geopolymers formed by multiphase and multicomponent materials [24]. It is an innovative breakthrough point in the description of the strength characteristics of red mud-based geopolymers, which is very noteworthy in the further [25].
5 Conclusion
The seepage penetration characteristics of red mud filtrate with high alkalinity were analyzed. The effects of deposition effect, acceleration effect, blockage effect, re-release effect, coupling effect of dispersion and convection were discussed, which played a good leading role in engineering application.
An advanced cementitious material from solid waste red mud was created through alkali-thermal activation and the optimization of raw material ratio, which not only have high strength, but also have good corrosion resistance and frost resistance. The red mud-based geopolymer has good solidification effect on toxic heavy metals and has potential possibility of replacing cement. 
The granular thermodynamic theory to describe geotechnical materials was extended to the construction of constitutive models of cementitious materials such as red mud-based geopolymer formed by multiphase and multicomponent materials. These development addresses the comprehensive utilization efficiency of red mud waste, and the environmental control and safety. 
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