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Spent carbon anode (SCA) is a dangerous solid waste that is continuously discharged from the aluminum electrolysis industry and has a large number of valuable resources and a high risk of environmental pollution. Its safe disposal and resource utilization have become a resource and environmental problem that must be solved urgently. Current methods for SCA disposal include flotation, vacuum metallurgy, physical activation, roasting, bubbling fluidized bed combustion, alkali fusion, alkali leaching, and chemical leaching combined with high temperature graphitization. In this paper, the material composition, resource properties, and environmental risks of SCA are discussed. Working principle, treatment process, advantages and disadvantages of the above methods are also briefly described and compared. Results showed that flotation is the safest disposal and comprehensive utilization technology that is suitable for characteristics of SCA raw materials and has the most large-scale application potential. In addition, characteristics of SCA recovery products are correlated to the recycling of aluminum reduction cells. This technology can alleviate the shortage of high-quality petroleum coke resources in China’s carbon material industry and the high cost of raw materials in aluminum electrolysis industry.
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INTRODUCTION
Hall–Heroult method is currently used to produce aluminum. High-purity primary aluminum is produced by electrolysis with aluminum electrolysis cell as the carrier, cryolite (Na3AlF6) as the reaction solvent, and alumina (Al2O3) as the raw material. As a core component, prebaked anode drives the electric current into the electrolytic cell and participates in electrochemical reaction (Yang et al., 2016). However, reactivity differs between aggregate (calcined petroleum coke) and binder coking product (pitch coke), thus leading to the selective oxidation and uneven combustion of prebaked anode during production. In addition, the prebaked anode is washed and eroded by high temperature aluminum liquid and molten electrolytes. Hence, some carbon particles fall off from the prebaked anode, enter the electrolyte, and form spent carbon anode (SCA) (Li et al., 2015; TU, 2017; Hou et al., 2020). When excessive SCA accumulates on the surface of molten electrolytes, the resistance of aluminum reduction cell increases, and the electric energy is excessively consumed (Zhang, 2013; Bai, 2020). SCA can also hinder Al2O3 dissolution and induce the anode effect (GuoHou et al., 2019;GuoHou et al., 2020) and therefore must be salvaged regularly to ensure the normal operation of the aluminum reduction cell. As a result, SCA has become an unavoidable solid waste that is continuously discharged from the aluminum electrolysis industry.
Calcined petroleum coke has a remarkable porous structure and can be used as the prebaked anode aggregate. This material can provide sufficient adsorption and permeation channels for molten electrolytes, resulting in a large amount of electrolytes in the SCA (Zhao and Yang, 2013; Liu and Wu, 2020). When SCA piles up in the open air or is buried unprotected, soluble fluoride with strong solubility and permeability gradually migrates to nearby soil and water sources along with rainwater, thus seriously threatening the ecological balance. Therefore, the SCA produced during electrolytic aluminum production has been classified as toxic hazardous waste (code: 321-025-48, hazardous characteristics: T) in the National List of Hazardous Wastes (2021 Edition). This waste is strictly prohibited to be discarded or stored in the open air and must be harmlessly disposed within the enterprise or by entrusting a third-party institution with hazardous waste treatment qualification.
With the continuous development of electrolytic aluminum industry, the discharge of SCA and the scale of harmless disposal have increased annually. As shown in Figure 1, the growth rate of China’s primary aluminum output was approximately 129.80% from 2010 to 2020 (Wang, 2021). For every 5–15 kg of SCA (Liu et al., 2021) produced per ton of aluminum, its discharge amount exceeded 35,000 tons in 2020. SCA is composed of a large number of high-quality carbon materials and high-value electrolyte components and therefore has high recycling value (Zhang et al., 2018). The safe disposal and comprehensive utilization of SCA is conducive to promoting the green and sustainable development of the aluminum electrolysis industry.
[image: Figure 1]FIGURE 1 | China’s primary aluminum output from 2010 to 2020.
COMPOSITION AND HARM OF SPENT CARBON ANODE
SCA usually comprises 60–70% electrolyte components and 30–40% carbon materials (Zhao et al., 2015; Wei, 2018; Liu, 2020). Table 1 shows the main material components, resource attributes, and environmental risks of SCA.
TABLE 1 | Material composition, resource attributes, and environmental risk of SCA.
[image: Table 1]SAFE DISPOSAL AND COMPREHENSIVE UTILIZATION TECHNOLOGY OF SPENT CARBON ANODE
The safe disposal and comprehensive utilization of SCA has been a major concern of the aluminum electrolysis industry. According to their principle of action, existing technologies for the safe disposal and comprehensive utilization of SCA can be grouped into physical separation and chemical treatment. Physical separation methods include flotation, vacuum metallurgy, and physical activation. Chemical treatment processes involve roasting, bubbling fluidized bed combustion, alkali fusion, and alkali leaching. The co-treatment involving chemical treatment and physical separation includes alkali–acid leaching and high temperature graphitization.
Physical Separation
Flotation
Flotation is currently the most mature and widely used disposal technology of SCA. Its working principle is based on the hydrophobic difference between carbon materials (hydrophobic) and electrolyte components (hydrophilic). With the assistance of flotation reagents, carbon materials floating up with bubbles are collected, and electrolytes are discharged from the bottom of the flotation machine. Thus, the preliminary separation of carbon and electrolyte in SCA is realized. The main processes of this method include crushing, grinding, classification, flotation, and drying (Wang et al., 2019) as shown in Figure 2.
[image: Figure 2]FIGURE 2 | SCA treatment via flotation.
Mei et al. (2016) conducted an experimental study on recovering SCA through flotation. Under the optimized parameters of pulp concentration of 25–33%, SCA size of <200 mesh (<74 μm) accounting for 90%, and flotation machine speed of 1800 r/min, carbon materials with a carbon content of 94.59% were recovered, and the carbon content of electrolyte concentrate decreased from 4.10 to 1.01%. In addition, the flotation effect of SCA was improved through process optimization. Zhou et al. (2019) investigated the effect of flotation conditions on the separation of carbon and electrolytes in SCA. The optimal experimental conditions were obtained by single factor experiment. Carbon materials with a carbon content of 85.23% were retrieved with recovery rate of 81.55% under the optimal flotation parameters of SCA size of 120–140 mesh (106–125 μm), pulp concentration of 30%, stirring speed of 1,600 r/min, and aeration rate of 0.30 m3/h (Li et al., 2021). explored the influence of conventional process conditions (size of SCA, stirring speed, and pulp concentration) on the flotation effect of SCA and studied the effect of pH regulator and collector adding mode. The results showed that pH regulator has minimal influence on SCA flotation, and the flotation effect was remarkably improved through the batch addition of flotation reagents. Finally, the following optimal flotation parameters were obtained: particle size of <200 mesh (<74 μm) accounting for 70%, stirring speed of 1700 r/min, pulp concentration of 25%, collectors added in five batches, and mixing time of 5 min. The carbon content of SCA was increased from 23.30 to 75.60%, and the carbon recovery rate reached 86.90%.
Flotation has the advantages of large treatment capacity per unit time, low cost, simple operation, good working environment, and stable quality of recycled products. However, SCA is usually composed of many components and is infiltrated by electrolytes for a long time, resulting in the complex distribution state among the components. This method also has some disadvantages such as poor separation effect of valuable components, low purity of recovered products (carbon materials and electrolytes), and a large amount of produced fluorine-containing wastewater. Most of the above studies reported that the flotation effect of SCA can be enhanced by optimizing the flotation parameters as shown in Table 2. However, the recycling of recycled products and the safe disposal of flotation wastewater are rarely discussed. Given the characteristics of SCA, raw materials should be pretreated in advance to realize the enhanced separation between carbon materials and electrolytes. New flotation reagent systems such as reagent emulsification and reagent compounding should also be constructed.
TABLE 2 | Summary of optimal parameters for SCA treatment with different flotation conditions.
[image: Table 2]Vacuum Metallurgy
Vacuum metallurgy utilizes the volatility difference of valuable components in SCA. The volatile electrolytes are removed from the SCA under high temperature and vacuum conditions to separate the carbon materials and electrolyte components (Luo et al., 2020). The process of SCA treatment via vacuum metallurgy is shown in Figure 3.
[image: Figure 3]FIGURE 3 | SCA treatment via vacuum metallurgy.
Chai et al. (2016) explored the effect of vacuum degree, reaction temperature, SCA particle size, and reaction time on the separation of carbon materials and electrolytes in SCA. Under the optimal parameters of vacuum degree of 5 Pa, reaction temperature of 950°C, raw material size of 0.50 mm, and reaction time of 4 h, the separation rate of electrolytes reached 83%, and the carbon content of SCA was improved from 36 to 74%.
Vacuum metallurgy is used to directly recover high purity electrolyte components (such as Na3AlF6, AlF3, LiF, and KF). However, only carbon materials with low carbon content are recovered because SCA has abundant Al2O3 (boiling point: 2,980°C) and CaF2 (boiling point: 2,500°C), which are stable and difficult to volatilize. In addition, the high treatment temperature and long reaction time for this method are accompanied by high energy consumption and equipment loss, which hinder its industrial application.
Physical Activation
Physical activation is used to treat carbon-rich materials by activating media (such as water vapor and CO2) to form porous carbon materials (Geng et al., 2014; Yi et al., 2008). The process of SCA treatment via CO2 activation is shown in Figure 4.
[image: Figure 4]FIGURE 4 | SCA treatment via CO2 activation.
(Liu et al., 2021) used SCA as raw material and CO2 as activation medium to prepare porous carbon materials. The effects of CO2 flow rate, activation temperature, and activation time on the properties of porous carbon were investigated through single factor experiments. The results showed the best adsorption performance of the porous carbon materials (79.75 mg/g) at CO2 flow rate of 200 cc, activation temperature of 650°C, and activation time of 2 h. TEM, Raman, XRD and other analysis results showed that the porous carbon materials are mostly composed of mesopores and macropores. Their crystallization and graphitization degree were remarkably improved.
CO2 activation for SCA treatment is a simple process, and the prepared porous carbon materials show pore structure and good adsorption performance. The application channels and utilization value of SCA are broadened. However, this method has high requirements for the carbon content of raw carbon; hence, the SCA must be deeply pretreated.
Chemical Treatment
Roasting
Roasting completely burns the carbon materials in SCA at high temperature while keeping the electrolyte components stable (non-volatile and non-decomposed). Only the electrolytes with high purity are recovered (Chen, 2011). The main reaction in roasting is shown in Eq. 1. Its process mainly includes grinding, roasting, and cooling as shown in Figure 5.
[image: image]
[image: Figure 5]FIGURE 5 | SCA treatment via roasting.
Chen et al. (2009) employed roasting for SCA treatment and analyzed the influence of process parameters on roasting reaction efficiency. Electrolytes with content above 99% were recovered under the optimal parameters of roasting temperature of 760°C, addition of combustion improver of 12%, addition of dispersant of 15%, and rotary kiln rotating speed of 1 rpm. Meanwhile, the roasting reaction efficiency of SCA is as high as 95.31%.
Roasting is used to recover high-purity electrolytes that can be directly returned to the aluminum reduction cell for recycling. However, research and demonstration on the suitability of the characteristics of the recovered electrolytes for reuse in aluminum electrolysis are lacking. During this treatment, a large number of high-quality petroleum cokes are burned, and CO2 is released. These problems bring pressure to environmental protection. In addition, its high energy consumption does not meet the requirements of energy conservation and emission reduction.
Bubbling Fluidized Bed Combustion
Bubbling fluidized bed combustion is used to roast SCA in suspension. The electrolyte components in SCA are effectively recovered by burning the carbon materials (Luo et al., 2019). The process of SCA treatment via bubbling fluidized bed is shown in Figure 6.
[image: Figure 6]FIGURE 6 | SCA treatment via bubbling fluidized bed combustion.
Zhou et al. (2014) investigated the combustion characteristics of SCA through differential thermal analysis and the influences of technical parameters such as particle size of SCA, initial bed height, air distribution plate structure, and fluidization velocity on the fluidization of SCA. SCA samples were roasted under the optimal parameters of bed diameter of 100 mm, opening rate of air distribution plate of 1.80%, fluidization velocity of 0.40 mm/s, SCA size of 0.40 mm, and roasting temperature of 565–734°C. However, the expected effect was not achieved, and only 66.30% of the carbon materials were removed.
In theory, bubbling fluidized bed combustion has better gas–solid contact effect and higher combustion efficiency and intensity than conventional roasting. However, the melting of Na5Al3F14 with low melting point may lead to the sintering of SCA. As a result, its distribution in the fluidized bed is worsened, thereby reducing the reaction rate and limiting the removal efficiency of carbon materials.
Alkali Fusion
Alkali fusion removes electrolyte components by molten alkaline reagents such as NaOH and Na2CO3. Carbon materials with high content are recovered after water leaching (Wang et al., 2016; Li et al., 2015). The alkaline substance changes from solid state to molten state when the roasting temperature is higher than its melting point. Therefore, the reaction activity and mass transfer conditions with the electrolyte components in the SCA are remarkably improved (Shoppert et al., 2019).
Yang et al. (2020) treated SCA by using NaOH as an additive. The effects of alkali fusion temperature, reaction time, and alkali–material mass ratio on the carbon content of recovered carbon materials were investigated through single factor experiments. Parameters were optimized through orthogonal experiment. Carbon materials with a carbon content of 99.10% were recovered under the optimized parameters of alkali fusion temperature of 600°C, reaction time of 6.50 h, mass ratio of alkali to material of 5.5:1, and acid leaching. The recovered carbon materials had a large reversible capacity (286.80 mAh·g−1) at 1 C and have a good capacity attenuation rate (the attenuation rate of each cycle in 500 cycles is 0.03%) and thus can be used as anode material of lithium-ion batteries. This finding provides a theoretical basis for the high-value utilization of SCA. The process of SCA treatment via NaOH alkali fusion is shown in Figure 7. Tian et al. (2021) used recovered SCA (carbon content >99.00%) and nano-silicon powder as raw materials to prepare Si/C composite materials by mechanical ball milling for lithium-ion battery anode. The Si/C composites exhibited good electrochemical properties under the ball milling speed of 500 r/min, mass ratio of ball to material of 5:1, and ball milling time of 25 h. The specific discharge capacity of Si/C composites reached 382.40 mAh·g−1 after 100 cycles at current density of 120 mA·g−1. This work provides a new idea for the high-value utilization of valuable components in SCA.
[image: Figure 7]FIGURE 7 | SCA treatment via NaOH alkali fusion.
Liang et al. (2021) treated SCA with Na2CO3 as an additive. Na2CO3 almost completely reacted with Al2O3, Na3AlF6, and Na5Al3F14 in SCA under the parameters of mass ratio of alkali to SCC of 2.5:1, alkali fusion temperature of 950°C, and reaction time of 2 h. Carbon materials with a carbon content of 89.00% were recovered after repeated water leaching, and Na3AlF6 was prepared by introducing CO2 into the leachate. The process of SCA treatment via Na2CO3 alkali fusion is shown in Figure 8.
[image: Figure 8]FIGURE 8 | SCA treatment via Na2CO3 alkali fusion.
Alkali fusion can realize the efficient separation of carbon materials and electrolyte components in SCA. Combined with acid leaching, carbon materials with a carbon content >99.00% and high-value application potential can be recovered. However, given that SCA is composed of a large amount of electrolyte components, this process consumes a large amount of alkaline reagents with extremely high economic cost. A summary of the optimal parameters for SCA treatment with different alkaline agents is shown in Table 3.
TABLE 3 | Optimum parameters for SCA treatment with different alkaline reagents.
[image: Table 3]Alkali Leaching
Alkali leaching removes the electrolyte components reacting with alkaline solution to recover carbon materials (Yuan et al., 2018; Yuan et al., 2018; Yuan et al., 2018). The specific process is shown in Figure 9.
[image: Figure 9]FIGURE 9 | SCA treatment via alkali leaching.
Li et al. (2021) used NaOH solution to treat SCA and recover the carbon materials. Carbon materials with a carbon content of 98.00% were recovered under the parameters of leaching temperature of 110°C, NaOH solution concentration of 15%, solvent-to-solid ratio of 10:1, leaching time of 120 min, and the NaOH solution dissolved the Na3AlF6 and Al2O3 in SCA. The main chemical reaction equations are shown in Formulas Eqs 2–3.
[image: image]
[image: image]
According to the composition of alkali leaching filtrate (Na+, F−, and AlO2−), Na3AlF6 and Na2CO3 were prepared by introducing CO2 into leachate. The related chemical reaction equations are shown in Formulas Eqs 4–5.
[image: image]
[image: image]
Alkali leaching can realize the complete quantitative recovery of valuable components (carbon materials and electrolyte components) in SCA. When combined with carbonation, this method can generate Na2CO3 and Na3AlF6. Alkali leaching is similar to a closed-loop treatment and has the technical advantages of low energy consumption and high product yield. However, the process is complex and consumes a large amount of alkaline reagents. In addition, CaF2 not be removed by alkali leaching, thus limiting the high-value utilization of recycled carbon materials.
Chemical Treatment Combined With Physical Separation
Wang (2021) conducted a co-treatment involving alkali–acid leaching and high temperature graphitization to treat SCA. Na3AlF6 and Al2O3 in SCA were dissolved into the leachate by NaOH solution. The carbon content of SCA was further increased by acid leaching, aiming at removing CaF2 from SCA. The main reaction in acid leaching is shown in formula Eq. 6. Accordingly, Carbon materials with a carbon content of 93.15% were recovered by alkali–acid leaching.
[image: image]
Afterwards, the carbon content of carbon materials was increased from 93.15 to 99.90% by high temperature graphitization (2,800°C). In the process of graphitization, the carbon in SCA undoubtedly converted from disordered structure to graphite crystal structure by thermal activation. The process of SCA treatment via alkali–acid leaching and high temperature graphitization is shown in Figure 10.
[image: Figure 10]FIGURE 10 | SCA treatment via alkali–acid leaching combined with high temperature graphitization.
Chemical leaching combined with high temperature graphitization can produce carbon materials with high purity and graphitization degree. The application channels and utilization value of carbon materials in SCA are broadened. Nonetheless, the process is complex and consumes a large amount of chemical reagents. In addition, the high treatment temperature is accompanied by high energy consumption and equipment loss.
Summary
Physical separation and chemical treatment technologies for SCA can realize the separate/complete quantitative recovery of valuable components (carbon materials and electrolytes). The feasibility of utilizing recycled carbon materials to prepare porous carbon materials and lithium-ion batteries has been widely explored. The principle, advantages, and disadvantages of existing methods for the safe disposal and comprehensive utilization of SCA are shown in Table 4.
TABLE 4 | Principle, advantages, and disadvantages of existing methods for the safe disposal and comprehensive utilization of SCA.
[image: Table 4]CONCLUSION AND PROSPECT
SCA is a hazardous solid waste that is inevitably and continuously produced in the aluminum electrolysis industry. Owing to its large number of high-quality carbon materials and high-value electrolyte components, this material has extremely high recycling value. Therefore, the safe disposal and comprehensive utilization of SCA is essential.
1) Roasting and vacuum metallurgy can be used to recover electrolyte components that have high purity and could be directly returned to the aluminum electrolysis cell for recycling. However, these processes are accompanied by a large amount of CO2 emission and energy consumption, which do not meet the strategic needs of “carbon neutrality” and “peak carbon dioxide emissions” promoted by the state. Compared with physical separation, chemical treatment has the advantages of high separation efficiency and high product yield. However, some problems such as large consumption of chemical reagents and high production cost must be addressed.
2) Given the raw material characteristics of SCA, flotation is the most promising technology for the safe disposal and comprehensive utilization of SCA. In future research work, raw materials must be pretreated to further realize the enhanced separation of carbon materials and electrolyte components. Flotation should be combined with chemical treatment to develop a technology with high efficiency, low consumption, and environmental protection.
3) Recycling of valuable resources in SCA should be actively explored. For example, carbon materials can be used as raw materials to prepare carbon anode for aluminum electrolysis. The pressure of low-sulfur petroleum coke resource shortage is alleviated, and the production cost is reduced. The high-value utilization of recycled products in catalysis, adsorption, and new energy should be expanded to build a common key technical system for the safe disposal and comprehensive utilization of SCA.
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