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Abstract
Carbon dioxide was investigated for use as a beneficial admixture to concrete as it was truck mixed. The reaction between the CO2 and the hydrating cement creates finely distributed calcium carbonate reaction products that thereby influence the subsequent hydration. Comparisons of the fresh, hardened and durability properties were made between a reference concrete batch, a batch that contained a conventional accelerating admixture, and three batches subjected to a carbon dioxide addition. The optimum dose of carbon dioxide was found to reduce the time to initial set by 40% and increase the one and three day compressive strengths by 14% and 10% respectively. In comparison to the CO2 batch, the conventional accelerator provided greater reductions in set time but lower early strength. Concrete durability test results indicated that the carbon dioxide process did not compromise the expected durability performance of the treated concrete. Carbon dioxide is a viable admixture to improve concrete performance.





Introduction
Carbon dioxide emissions are recognized as a significant issue relating to cement production and the use of concrete as a building material. It is estimated that 5% of the world's annual CO2 emissions are attributable to cement production [1]. The industry has previously recognized a number of approaches to reduce the emissions intensity of the cement produced and used in concrete with the industry goal to reduce emissions 50% below 2006 levels by 2050 [2]. It is clear, however, that practical limits on the impacts of these measures mean that meeting the goal will be difficult [3]. Innovative approaches are sought and are likely to be a part of a portfolio strategy. The most significant improvements in production efficiency and cement substitution with supplementary cementitious materials are already known and available. Future emissions improvements will likely be incremental. Therefore, innovative approaches are sought that can be a part of a portfolio strategy.
One approach that many be relevant is the beneficial use of carbon dioxide to make concrete products. The mechanism of carbonation of freshly hydrating cement was systematically studied in the 1970s at the University of Illinois [4]. The main calcium silicate phases in cement were shown to react with carbon dioxide, in the presence of water, to form calcium carbonate and calcium silicate hydrate gel as shown in Equations (1), (2)):3CaO·SiO2 + (3−x)CO2 + yH2O → xCaO·SiO3·yH2O + (3−x)CaCO32CaO·SiO2 + (2−x)CO2 + yH2O → xCaO·SiO3·yH2O + (2−x)CaCO3
Further any calcium hydroxide present in the cement paste will react, in the presence of water, with carbon dioxide, as shown in Equation (3):Ca(OH)2 + CO2 + → CaCO3 + H2O
The carbonation reactions are exothermic. The reaction proceeds in the aqueous state when Ca2+ ions from the cementitious phases interact with CO32− ions from the applied gas. The carbonation heats of reaction for the main calcium silicate phases are 347 kJ/mol for C3S, 184 kJ/mol for β-C2S [4] and 74 kJ/mol for Ca(OH)2 [5].
When the calcium silicates carbonate, the CaCO3 that forms is understood to be mixed with calcium silicate hydrate (C-S-H) gel [6]. C-S-H gel formation occurs even in an ideal case of β-C2S and C3S exposed to a 100% CO2 at 1 atm according to the observation that the amount of carbonate that forms does not exactly correspond to the amount of calcium silicate involved in the reaction [4].
The reaction of carbon dioxide with a mature concrete microstructure is conventionally acknowledged to be a durability issue due to such effects such as reduced pore solution pH, and carbonation induced corrosion. In contrast, a carbonation reaction integrated into concrete production reacts CO2 with freshly hydrating cement, rather than the hydration phases present in mature concrete, and does not have the same effects. Rather, by virtue of adding gaseous CO2 to freshly mixing concrete the carbonate reaction products are anticipated to form in situ, are of nano-scale and homogenously distributed.
Earlier work had pursued reacting carbon dioxide with ready-mixed concrete to maximize the carbon dioxide absorption [7]. A limited reaction time and effects on workability were identified as challenges to overcome. Subsequent lab work using isothermal calorimetry identified the potential performance benefit of using an optimized low dose of carbon dioxide to promote the development of finely distributed carbonate reaction products. It was concluded that a small dose of carbon dioxide could feasibly be used to provide performance benefits in ready-mixed concrete.



Section snippets
Experimental
Industrial experiments were conducted whereby carbon dioxide was delivered to ready-mixed concrete immediately after batching. A tank of liquid CO2 was connected to a gas control system and injector. The liquid was metered for injection into the truck whereupon it converted into a mixture of CO2 gas and solid carbon dioxide “snow”. The carbon dioxide was delivered into the fresh concrete, at a specified flow rate over a fixed injection interval, whereupon it reacted with the hydrating cement
Plastic properties
An overview of the fresh properties of each of the fives batches can be found in Table 2.
The slumps, air contents, temperatures and unit weights were deemed to be acceptable, with the observed differences consistent with normal production variation. The reference batch had the highest slump as anticipated given that it had the highest dosage of high range water reducer. In all cases the scale of the changes in fresh properties was small enough that the carbon dioxide treated samples of concrete 
Discussion
The injection of carbon dioxide into concrete while mixing was associated with an increase in the heat of hydration observed through isothermal calorimetry, a reduction in the concrete set time, a neutral effect on compressive strength, and no negative effect on the durability properties.
The observed acceleration of time-of-set and early strength development with all doses of CO2 may result from one or a combination of two causes. The formation of nanoscale carbonation reaction products may
Conclusions
A series of 4 m3 concrete mixtures were produced in concrete trucks using injection of carbon dioxide during their mixing. The injection of waste CO2 into the concrete mixtures accelerated the hydration and strength development without affecting the fresh properties. The time to initial set was accelerated by 95–118 min (an average 25% time reduction) and the final set was accelerated by 103–126 min (an average 23% time reduction). The mixture batched with the conventional non-chloride
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	Improved concrete ITZ and performance via pre-soaking of inert recycled red brick aggregates in carbonation solution
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Show abstract
Compared to recycled concrete aggregate (RCA), the high-water absorption of recycled red brick aggregate (RBA) has limited its utilization in concrete production. However, this study takes the advantage of its high-water absorption capacity as a carrier for carbonation solutions, aiming to compensate the strength loss by enhancing the interfacial transition zone (ITZ) properties of incorporated concrete. The effects of carbonation solutions (e.g., CO2 and NaHCO3) by varying the CO2 injection times (10 s, 60 s and 600 s) and NaHCO3 dosages (1%, 3% and 5%) on the physical (i.e. density and water absorption) and mechanical (i.e. compressive and tensile bond strengths) properties of concrete, in particular focus on the ITZ changes, were systematically investigated. In addition, the microstructure changes of concrete ITZ were studied using thermogravimetric analysis (TGA), scanning electron microscope-backscattered electron (SEM-BSE) image analysis and mercury intrusion porosimetry (MIP). The results indicated that it was feasible to enhance the ITZ properties by using CO2 solution as the pre-soaking agent of RBA. The adoption of CO2 solution could significantly improve the bond strength of ITZ by up to 22.5% and resulted 8.6% improvement in 28-day compressive strength. The CO2 solution contributed to the formation of CaCO3 can accelerate the cement hydration of surrounding matrix and hence densified the microstructure of ITZ. For the case of pre-soaking with NaHCO3, although the release of solution from RBA could improve the early strength of concrete, the later strength significantly reduced due to the effect of sodium ions in NaHCO3 on the growth of outer C–S–H gel.




	Unveiling the synergistic effect of in-situ generated calcium carbonate by CO<inf>2</inf> mixing on the reaction of calcined clay
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Show abstract
This study investigates the effect of in-situ generated calcium carbonate by CO2 mixing on the reaction of calcined clay and demonstrates that the in-situ generated calcium carbonate remarkably accelerates the reaction of calcined clay. The mechanism is revealed through the application of multiple techniques and thermodynamical modeling. The in-situ generated calcium carbonates are generally nano/micro-particles and provide the seeding effect for promoting the formation of reaction product. More importantly, it is found that in-situ generated calcium carbonates are highly reactive and could react with metakaolin from calcined clay to form carboaluminate, while prohibits the formation of stratlingite. Therefore, this study unveils the synergistic effect of in-situ generated calcium carbonate in promoting the reaction of calcined clay, indicating that CO2 mixing is a promising technique in promoting the performance of calcined clay based cementitious materials.




	The production of artificial aggregates with flue gas desulfurization ash: Development of a novel carbonation route
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Show abstract
Using solid waste to absorb CO2 in the production of aggregates is an efficient approach, which can reduce CO2 emissions and improve the recycling of solid waste. However, a challenge lies in addressing the cracking issues of aggregates prepared by the calcium oxide (CaO) system, particularly those containing flue gas desulfurizati ash (FGDA), during the direct carbonation process. This study presents a novel carbonation route combining air curing (AC) and CO2 curing (CC) under industrial flue gas conditions that effectively resolves the cracking problem of FGDA. The results show that under the optimized conditions (6 % CaO, 2 % Na2SO4, 3 days of AC, and 12 h of CC), the FGDA can be used to produce the flue gas desulfurization ash artificial aggregate (FGDAA), with pellet strength and water absorption of 3.11 MPa and 16.87 %, respectively. The CaCO3 forms during the carbonation, which improves pellet strength and decreases water absorption, except for the high CaO content (8 %) or AC age over 3 days. This shows that this method has clear requirements for the CaO content in solid waste. By developing a low-cost and energy-efficient carbonation process, FGDAA offers significant advantages in the construction field. With a production cost of only $5.14 per ton and a shorter curing time, it is environmentally sustainable and has a low global warming potential of 52.68 kg CO2-Eq. Although its compressive strength of 32.52 MPa is slightly lower than some conventional aggregates, FGDAA is still suited for applications such as road construction and mine backfill.
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Show abstract
To fulfil the requirements of pumpability and buildability, the rheological properties of mortar/concrete for 3D printing should follow much stricter requirements than traditional-cast mortar/concrete. This study proposed to use a secondary CO2 mixing technique coupled with the addition of silica fume (SF) to achieve in-situ rheology control of 3D printed mortar. The influences of CO2 mixing on the properties of the cast mortar and the 3D printed mortar prepared with SF were systematically studied. The pH, conductivity and ion concentration were tested to revel the essential chemical reactions and phase evolutions during CO2 mixing. It was found that the CO2 mixing effectively enhanced the early-age penetration resistance and yield stress of mortar incorporated with SF, and thus significantly improved the buildability of 3D printed mortar, while the maximum printing layer increased higher than 33 layers. Meanwhile, the mechanical properties of the SF-incorporated mortar were improved by this process. It was revealed that during the CO2 mixing process, the injected CO2 rapidly reacted with calcium ions to form CaCO3, which further reacted with C3A to form monocarboaluminate (Mc). The fast precipitation of calcium ions during CO2 mixing accelerated the hydration of C3A and C3S, contributing to the rapid development of strength at early ages and the improved performance of hardened mortar. The addition of SF in mortar greatly amplified the beneficial effect of CO2 mixing, which due to SF as nucleation sites promoted the formation of CaCO3 and Mc during CO2 mixing.




	Effects of CO<inf>2</inf>-absorbed triethanolamine solutions on strength development of cement mortars and the mechanism: Synergism of cement hydration and carbonation
2024, Construction and Building Materials

Show abstract
In this study, the impacts of CO2-absorbed triethanolamine solutions (TEA-CO2) on the mechanical property, phase composition and micro-structure of cement mortars were investigated. The results showed that TEA-CO2 addition increased the 1d, 3d, and 28d compressive strength by 47%, 19%, and 4%, respectively, which suggests a synergistic effect of triethanolamine and absorbed CO2 on strength development of cement mortars. The enhancement is due to TEA-CO2 accelerates hydration of aluminate and silicate phases in early age. TEA-CO2 facilitated CaCO3 formation to increase cement hydration degree and modify the pore structures. However, the hydration of silicate phases was delayed slightly by TEA-CO2 at 28d. The above results provide theoretical support for further utilization of CO2 in cementitious materials.




	CO<inf>2</inf> utilization and sequestration in ready-mix concrete—A review
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Show abstract
CO2 utilization and sequestration in concrete have been gaining increased attention in recent years. CO2 can be injected into ready-mix concrete, which is defined as carbonation ready-mix concrete (CRC) showing a huge CO2 sequestration potential. CRC technology was comprehensively reviewed in this paper. Firstly, the methods of CRC technology in lab and industrial production were summarized. Then, special attentions were paid to the hydration reaction combined with the carbonation reaction in CRC. The factors affecting the capacity of CO2 sequestration in CRC were also discussed. Furthermore, the workability, mechanical property, and durability of CRC were evaluated. Finally, based on life cycle assessment (LCA), the CO2 footprint and carbon index of CRC were analyzed.
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