



Opinion Article

Research Status of Products Made from All-Solid Waste Cementitious Materials with CO₂ Mineralization Curing

Abstract: Carbon dioxide capture, utilization and storage (CCUS) technology is regarded as the most effective method to control anthropogenic carbon emissions and mitigate climate change at present. And the CO₂ obtained by industrial carbon capture technology urgently needs subsequent utilization technologies with large scale and good economic benefits. The CO₂ mineralization curing building material technology can achieve carbon sequestration through the direct gas-solid reaction between the concrete material after early-stage molding and CO₂. It is expected to achieve large-scale greenhouse gas emission reduction and obtain low-carbon building materials products with high added value at the same time. In particular, using CO₂ to mineralize and cure concrete building materials and replacing the existing high-energy-consuming steam curing or natural curing process can shorten the curing time, reduce production energy consumption, and optimize the performance of building materials. At present, the mineralization curing technology is still in the stage of mechanism research and material development. There is a lack of optimized design of mineralization raw materials, and there is also a lack of comprehensive and in-depth research on the micro reaction mechanism. Aiming at the existing problems of the mineralization curing technology, this paper, starting from the perspective of the mineralization process, deeply explores the influencing factors and the shaping effect on the microstructure, and finally clarifies the correlation mechanism among the mineralization reaction process, the change of the microstructure, the optimization of the macroscopic service performance, and the environmental benefits.
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1. Introduction
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As can be seen from the figure above，The global climate problems caused by the massive emissions of greenhouse gases such as CO₂ are becoming increasingly severe, and they have become urgent issues to be solved for global sustainable development [1]. China has proposed the goal of striving to peak CO₂ emissions before 2030 and achieving carbon neutrality before 2060 [2]. The principle of CO₂ mineralization is to use the reaction between alkaline mineral components and carbon dioxide to generate stable carbonates, so as to achieve the permanent sequestration of CO₂. Replacing the steam curing process of the traditional concrete system with the CO₂ mineralization process is applicable to a variety of concrete products, and at the same time, it can achieve the effects of improving strength performance and durability. Therefore, CO₂ mineralization is considered an effective means of permanent sequestration and achieving carbon neutrality [3].The annual output of industrial solid waste in China exceeds 3.3 billion tons, and the cumulative stockpiling amount exceeds 6 billion tons, mainly including blast furnace slag, steel slag, red mud, non-ferrous metal slag, fly ash, coal slag, sulfuric acid slag, waste gypsum, desulfurization ash, carbide slag (CS), etc. [4-5]. The random dumping and stacking of industrial solid waste not only occupy a large amount of land but also emit a large number of acidic, alkaline inorganic and organic pollutants into the environment.Geopolymer is a kind of aluminosilicate mineral polymer with an amorphous and quasi-crystalline three-dimensional network structure, which is obtained from aluminosilicate materials as raw materials through dissolution, depolymerization and polycondensation reactions under the action of an alkali activator [6]. Geopolymer materials can be prepared under normal temperature and pressure conditions. Its production energy consumption is only 10% of that of cement, and the pollution emissions are also reduced by 90% compared with cement. It has the performance advantages of good durability, strong impermeability, high early strength and short setting time [7]. In the early days, only metakaolin was used as the aluminosilicate material. In recent years, blast furnace slag, steel slag, fly ash, desulfurizing slag (DS), carbide slag, etc. have also been widely studied and applied as raw materials for geopolymers [8].Therefore, the preparation of geopolymers from all solid waste can not only effectively solve the problem of industrial solid waste treatment, but also combine the preparation process with the CO₂ mineralization curing method to achieve carbon sequestration and fixation [9]. At present, there are few reports on the research of CO₂ mineralization curing of geopolymers prepared from all solid waste, and the influence of the CO₂ mineralization curing method on the carbon fixation ability and the performance of geopolymer materials is worthy of in-depth study.The alkaline components in industrial solid waste (such as steel slag, granulated blast furnace slag and carbide slag, etc.) like C3S, C2S, CaO, MgO, as well as the hydration products such as Ca(OH)₂ and C-S-H, etc., can absorb CO₂ and convert it into carbonates, which have good CO₂ mineralization capture and sequestration capabilities [10,11]. CO₂ mineralization curing can not only refine the pore structure of materials, improve mechanical properties and durability [12–14], but also solve the problems such as poor soundness and heavy metal leaching existing in industrial solid waste [15].
2. Mechanisms of Mineralization Curing
CO2 curing technology for concrete has gained recognition in carbon reduction research, but its short development history limits understanding of the process. Due to the complexity of solid-liquid-gas reactions and analytical constraints, many challenges remain unresolved. Studies suggest [16] that low-pressure CO2 curing causes significantly less energy loss (0.013 GJ/m³) compared to traditional steam (0.59 GJ/m³) or autoclave curing (0.71 GJ/m³). CO2-cured concrete exhibits improved impermeability, sulfate resistance, chloride resistance, and frost resistance. Its strength development also surpasses traditional methods, offering clear economic benefits [17]. International applications, such as CO2-cured concrete blocks, have already sequestered 1.5 million tons of CO2 [18]. Current research indicates that CO2 reacts primarily with unhydrated cement particles and calcium silicate hydrates (e.g., Ca(OH)2). Young et al. [19] proposed a two-step mechanism: (1) CO2 dissolves in water to form carbonic acid, and (2) the acid reacts rapidly with calcium silicates to form CaCO3 and calcium silicate hydrate (C-S-H) gel:
Reaction:
nCaO·SiO2 + (n-x)CO2 + yH2O → xCaO·SiO2·yH2O + (n-x)CaCO3
Goodbrack [20] suggested that C-S-H gel is transient, further carbonizing into CaCO3 and silica gel (SiO2·nH2O). Papadakis et al. [21] revised the reaction as:
Reaction:
nCaO·SiO2+ nCO2 + xH2O → SiO2·xH2O + nCaCO3
While CaCO3 has been confirmed via XRD and SEM [19], the existence of silica gel remains unverified. Unlike natural carbonation, accelerated CO2curing often leads to incomplete or uneven reactions due to diffusion limitations [22]. The process involves two stages: rapid surface reactions and diffusion-controlled internal reactions. Key factors include moisture content, CO2 pressure, temperature, and humidity, though the role of CO2 concentration remains debated.
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Schematic Diagram of CO₂ Mineralization Curing Mechanism
3. Influencing Factors of Mineralization Curing

3.1 CO2 Concentration and Pressure

CO2 curing efficiency depends on gas diffusion and transport, influenced by concentration and pressure. Higher CO2 concentration enhances surface penetration, improving curing degree and compressive strength [23]. Ghoshal et al. [24] modeled CO2 absorption and found that higher concentrations accelerate early absorption but have limited impact on final curing. Elevated concentrations also increase CaCO3 crystal size [25]. Higher pressure facilitates CO2 ingress[26], but Shi et al. [27] reported no further improvement beyond 0.2 MPa due to CaCO3 layer formation blocking reactions.In conclusion, the higher the CO₂ concentration is, the greater the concentration difference on the surface of the concrete material will be, and the easier it is for CO₂ to penetrate into the concrete. After a period of curing, the CO₂ curing degree and compressive strength of the concrete will increase. A higher CO₂ concentration can accelerate the early-stage CO₂ absorption of the concrete, but has little impact on the final CO₂ curing degree. Moreover, it will cause the size of the calcium carbonate crystals generated by the reaction to increase. Generally speaking, the greater the pressure is, the easier it is for CO₂ to enter the concrete, and the higher the CO₂ curing degree of the concrete will be. However, when the pressure is greater than 0.2 MPa, the calcium carbonate, which is the reaction product under relatively high pressure, will form a thick covering layer on the surface of the cement particles, hindering the further progress of the reaction, and the CO₂ curing degree will no longer increase.
3.2 Pre-Curing
Low water-to-binder ratios improve CO2 curing efficiency, but pre-curing (a dehydration process) is critical[28-30]. Shi et al. [31] identified an optimal residual water-to-binder ratio for maximizing curing degree and strength.Therefore, pre-curing can enable the solid waste matrix to initially form certain structural and pore characteristics. Appropriate pre-curing can make the pore distribution inside the solid waste more uniform and reasonable, providing a more favorable channel for the subsequent penetration of CO₂ and the mineralization reaction, promoting the diffusion of CO₂ inside the solid waste, and improving the efficiency of the mineralization reaction. If the pre-curing is improper, it may lead to problems such as excessively large or small pores and uneven pore distribution. Excessively large pores may cause CO₂ to diffuse too quickly, which is not conducive to the full progress of the reaction, while too small pores will hinder the entry of CO₂, both of which are not conducive to mineralization curing.Pre-curing can also activate the active components in the solid waste. For example, under certain pre-curing conditions, some minerals in the solid waste can undergo partial hydration and other reactions in advance, generating intermediate products with higher activity. These products can react more quickly and fully with CO₂ during the subsequent CO₂ mineralization curing process, improving the degree of mineralization and the reaction rate, and enhancing the solidification effect. Conversely, if the pre-curing fails to effectively activate the active components, it will result in a shortage of active sites for the mineralization reaction, reducing the efficiency and degree of the mineralization reaction.
3.3 Post-Wet Curing
CO2-cured concrete with surface CaCO3 layers often exhibits incomplete reactions[27,32-34]. Klemň et al. [35] observed rapid early strength gain under wet curing, comparable to standard curing after 14 days. Shao et al. [29] noted strength improvement in sealed lightweight aggregate concrete despite undetected hydration products. Morshed [36] found increased CaCO3 content and hydrated calcium carboaluminate decomposition during post-wet curing, enabling continued hydration of unreacted cement particles[37].Generally speaking, wet curing can replenish moisture for the solid waste system, and water is an important participant or reaction medium in some mineralization reactions. Sufficient water allows CO₂ to continue to undergo mineralization reactions with the unreacted active components in the solid waste, further increasing the degree of mineralization and generating more mineralization products (such as calcium carbonate, etc.), thereby enhancing the solidification effect and stability of the solid waste.An appropriate amount of water can promote the uniform distribution and filling of mineralization products among the pores and particles of the solid waste during the wet curing process, making the microstructure denser. For example, wet curing is conducive to the better growth and interconnection of calcium carbonate crystals formed by mineralization, reducing the porosity, optimizing the microstructure of the solid waste, and thus improving its mechanical properties and durability.
4. Conclusion
CO2-cured all-solid-waste cementitious materials offer innovative solutions for industrial waste management and carbon neutrality. This review summarizes the reaction mechanisms, key factors, and performance optimization of CO2 mineralization curing. By converting waste into valuable resources, this technology aligns with industrial solid waste valorization and carbon neutrality goals. With deeper mechanistic insights, technological advancements, and policy support, CO2 curing is poised to drive green transformation in the construction industry, contributing to global climate governance.
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