
Citation: Zhang, L.; Zha, X.; Ning, J.;

Li, W. Research Status on the

Application Technology of Early Age

Carbon Dioxide Curing. Buildings

2023, 13, 957. https://doi.org/

10.3390/buildings13040957

Academic Editors: Zhenhao Zhang,

Zhiliang Zuo, JinJing Liao, Ying Qin

and Yue-Ling Long

Received: 11 February 2023

Revised: 5 March 2023

Accepted: 11 March 2023

Published: 3 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Review

Research Status on the Application Technology of Early Age
Carbon Dioxide Curing
Lei Zhang, Xiaoxiong Zha *, Jiaqian Ning and Wentao Li

School of Civil and Environmental Engineering, Harbin Institute of Technology, Shenzhen 518055, China
* Correspondence: zhahero@126.com

Abstract: Curing early age concrete (hereinafter referred to as EAC) with CO2 as a new method
for capturing and storing CO2 can not only result in energy savings and emission reductions, but
can also improve the performance of early age concrete and shorten the curing time, which leads
to various application prospects. In this paper, we collect the existing research results at home and
abroad to explain the reaction mechanisms of early age CO2-cured concrete (hereinafter referred
to as EACC); summarize the effects of external factors such as carbonation time, CO2 pressure and
concentration, and intrinsic factors (such as the active admixture, the water/cement ratio, and the
water content) on the carbonation effect of early age CO2; detail the existing theoretical and numerical
models of EACC; investigate the technology of EACC in four fields, i.e., precast concrete, cast-in-place
concrete, recycled concrete, and fibre-reinforced concrete; and summarize the problems faced by
existing research in application.

Keywords: carbon dioxide curing; early age concrete; carbonation mechanism; influencing factors;
numerical model; prospects

1. Introduction

In 2020, CO2 emissions from the cement industry accounted for about 14.3% of the
total national carbon emissions [1]. According to the plan, China requires CO2 emissions
to reach their peak by 2030 and is striving to achieve the “double carbon” goal of carbon
neutrality by 2060; thus, the traditional cement industry is facing severe pressure to re-
duce its carbon emissions [2]. In order to achieve this goal of carbon emission reduction,
scholars have been developing technologies and materials from various aspects, including
(1) ultra-high-performance concrete, which involves promoting the application of ultra-
high-strength concrete to reduce the amount of cement used in large projects [3]; (2) new
cementitious materials, which involves replacing traditional calcium cement with geopoly-
mer cement, composite cement, magnesium oxide cement, etc., thus reducing the overall
carbon emissions of the cement industry [4,5]; (3) steel–concrete combination structures,
which involves using steel and concrete to form a combination structure to reduce the
amount of concrete used [6–11]; (4) composite concrete reinforcement technology, in which
concrete is reinforced, for example, by steel fibers, to improve its durability [12–14]; and
(5) early age carbon dioxide curing technology, where the concrete is cured by the car-
bonation curing method in the early stages after the concrete is poured to capture and
sequester CO2.

Current ultra-high-strength concrete has the characteristic of a high thermal conduc-
tivity, which tends to relatively increase the energy consumption of the building in later
years [15]. The promotion and application of new cementitious materials are subject to
various constraints such as cost and raw material supply, and their industrial application
faces challenges. For steel–concrete composite structures, steel refining also requires a large
amount of energy, which produces carbon emissions, and the material cost is high. For
composite concrete reinforcement technology, adding steel fibers to concrete increases the
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cost of the project. In recent years, the technology of capturing and sequestering CO2 using
EACC has attracted a lot of attention from many scholars [16,17]. For a long time, industry
and academia categorized concrete carbonation in the field of structural durability [18–20],
mainly because concrete carbonation decreases the pH value inside the concrete, which
destroys the passivation film on the surface of reinforcing steel and induces its rusting and
swelling, which in turn leads to concrete cracking and hinders the overall performance
of the structure. However, for plain concrete, relevant studies have shown that the use of
active carbonation techniques for curing concrete as it is being formed not only positively
affect its mechanical properties, but also reduce the conventional curing time required for
concrete [21–24]. In addition, EAC has a reduced porosity after carbonation curing [25,26],
which can improve the durability of concrete structures [27–29]. What is more noteworthy
is that in the production process of assembled precast concrete, the use of early age carbon
dioxide curing technology has huge advantages over traditional curing methods in terms
of energy consumption and environmental protection [30]. For the carbon sequestration
capacity of cement-based materials, Zhan et al. calculated the theoretical maximum carbon
sequestration capacity of cement mortar to be about 50% of the mass of cement clinker by
analyzing the reactive composition of cement clinker [31]. In summary, early age carbon
dioxide curing technology is of great significance in reducing carbon emissions, protecting
the environment, and developing the building materials industry, and it is also recognized
as one of the most effective technical paths to achieve the “double carbon” goal in the
cement industry.

The purpose of this paper is to summarize the research progress of early age carbon
dioxide curing technology in recent years, to explain the reaction mechanisms and influenc-
ing factors of early age carbon-dioxide-cured concrete, to detail the existing theoretical and
numerical models of early age carbon-dioxide-cured concrete, to analyze the application
prospects of early age carbon dioxide curing technology in the fields of precast concrete,
cast-in-place concrete, recycled concrete, and fiber-reinforced concrete, and finally to sum-
marize the challenges faced by the existing research in the application and promotion of
this technology and to give corresponding suggestions.

2. Early Age Carbon Dioxide Curing Technology and Its Reaction Mechanism

Early age CO2 curing technology refers to CO2 curing of fresh concrete using carbon-
ation curing devices after forming and demolding, where the curing devices are shown
in Figure 1. Berger et al. [32] at the University of Illinois first proposed carbonation-cured
concrete technology in the 1970s to study the effect of CO2 on calcium silicate hydration,
giving the following reaction equation during the carbonation reaction:

3CaO·SiO2 + (3− x)CO2 + yH2O→ xCaO·SiO2·yH2O + (3− x)CaCO3 (1)

2CaO·SiO2 + (2− x)CO2 + yH2O→ xCaO·SiO2·yH2O + (2− x)CaCO3 (2)
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All the above reactions are exothermic and the x and y in the equation are related to the
degree of reaction. The results of many studies so far indicate that the CxSHy generated by
the carbonation reaction is a polymerized silica gel [33], and its morphology is more similar
to that of the C–S–H gel generated in the hydration reaction in cement-based materials.

Klemm and Berger [34,35] performed early age carbonation curing on a slurry pre-
pared from C3S and C2S, and found that the strength of the slurry was significantly im-
proved after 5 min of curing, reaching a compressive strength of 20.68 MPa. The early
strength improvement was due to the rapid accumulation of silica gel in the polymerized
state. Additionally, in the subsequent carbonation reaction process of cementitious materi-
als, CxSHy will be further decalcified and carbonized, and the final products generated will
be calcium carbonate and SiO2-mH2O (silica gel), with the equation is shown below.

CxSHy + CO2 → CaCO3 + SiO2·mH2O (3)

The carbonation process of CO2 with concrete is essentially a diffusion-controlled
process. The reaction process of CO2 with cementitious materials is shown in Figure 2.
Chen et al. [36] summarized a series of physicochemical reaction processes of concrete
during carbonation: (1) dissolution and diffusion of CO2, (2) dissolution of Ca(OH)2,
(3) hydration of cementitious materials, and (4) carbonation of hydration products and
hydrated cementitious materials with CO2. The mechanism of action and kinetics of these
carbonation reactants above are different, and Ca(OH)2 and C–S–H gels can directly chemi-
cally react with dissolved CO2·C3S. Its hydration product Ca(OH)2 is the key reactant in
the early carbonation reaction process, and the carbonation reaction of C3S and Ca(OH)2 is
preceded by C2S and C–S–H. In the next step, C2S and C–S–H gel will undergo carbonation
reactions with CO2, but this reaction has little effect on the overall carbonation process. The
carbonation process of concrete is accelerated by the carbonation reaction of unhydrated
C3S and C2S with CO2, and this process is mainly controlled by the reaction rate of C3S
and C2S with CO2 [37]. The C3A present in the cement composition basically does not react
chemically with CO2, but the calcium alumina generated in the hydration reaction of C3A is
easily carbonized with CO2 and decomposed into a variety of compounds. The presence of
a large amount of calcium carbonate in concrete can cause concrete expansion and cracking,
while the consumption of calcium carbonate in the carbonation curing reaction can have
the benefit of improving the performance of concrete [38]. The reaction of C4AF with CO2
mainly produces calcite, C3AH6, C4ACH11, trace amounts of sphalerite, aragonite, and
alumina trihydrate [39], but the extent of these chemical reactions is very limited and has a
small impact on the total carbonation reaction process.
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3. Factors Influencing the Carbonation Effect of Early Age
Carbon-Dioxide-Cured Concrete

The current research shows that there are two main factors affecting carbonation.
One is the external factors, including carbonation time, CO2 pressure, CO2 concentration,
relative humidity, and temperature, and the other is the internal factors, mainly dopants,
water/cement ratio, and water content. All, from the acceleration of CO2 transport to the
reaction rate, affect the carbonation effect.

3.1. Carbonation Time

The effect of carbonation curing time on the strength enhancement effect of concrete
specimens and the degree of carbonation reaction is more complex, and an appropriate
extension of carbonation time can promote the rapid development of the strength of cement
mortar, while an excessive extension of carbonation curing time may not continue to
improve the compressive strength of concrete and may even have a negative impact on the
enhancement of the mechanical properties of concrete. Thus, the selection of an optimum
carbonation time in the process of concrete carbonation strengthening is very critical for
concrete performance improvement. In the study of the effect of carbonation curing on
the strength of steel slag concrete, Feng Zhang et al. [40,41] found that the compressive
strength of steel slag concrete could be increased to 20 MPa after 1 d of carbonation curing
treatment, and with the extension of the curing time to 14 d, the compressive strength
could reach 40 MPa, which was 4.2–6.3 times stronger than the specimens which did not
undergo carbonation curing treatment. Additionally, Wang et al. [25] studied the effect of
different carbonation curing times on the enhancing the strength of cement mortar, and
found that the rate of strength increase of cement mortar gradually decreased with the
increase in carbonation curing time. The rate of increase in the compressive strength was
at a maximum at the curing time of 8 h, which tended to be stable at any time, as shown
in Figure 3, which led to the authors concluding that the optimal carbonation curing time
of cement mortar was 6~12 h, after analyzing the characteristics of thermogravimetric
curves and XRD patterns. Similar conclusions were obtained by Junior et al. [42] through
experimental results, where the excessive prolongation of the carbonation time adversely
affected the concrete strength development. Some scholars [43] believe that this is mainly
due to that when the carbonation time is too long, the external area of the cementitious
material carbonation is too high, the separation degree of the inner and outer side of the
cementitious material increases, and the hydration products degrade, resulting in the
phenomenon of the concrete compressive strength increasing and then decreasing with the
carbonation time.
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3.2. CO2 Pressure

The CO2 pressure value during the carbonation curing process will directly affect
the CO2 diffusion rate and thus the carbonation curing of concrete specimens. In general,
increasing the gas pressure can enhance the diffusion and dissolution rate of CO2 into the
concrete. However, when the gas pressure reaches a certain value, a better carbonation
curing effect is not obtained. Zhan et al. [44] found that when the pressure was increased
from 0.01 MPa to 0.05 MPa, the carbonation of concrete was increased from 23.8% to 28.2%,
but when the pressure was increased from 0.05 MPa to 0.4 MPa, the carbonation was only
increased to 34.3% and the fitting results showed that there was not a linear relationship
between the compressive strength of concrete and the pressure, as shown in Figure 4.
Ahmad et al. [45] reached the same conclusion by adjusting the magnitude of the gas
pressure value to study the carbonation curing effect; increasing the pressure value from
10 psi (≈0.07 MPa) to 60 psi (≈0.41 MPa) did not have a significant effect on the strength
gain of the concrete.
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Figure 4. Influence of CO2 pressure and concentration on carbonation curing [44].

3.3. CO2 Concentration

A high CO2 concentration environment is beneficial to accelerate the carbonation
of concrete, but when the CO2 concentration is too high, it has little effect on the final
carbonation of concrete. The main reason for this is that after a certain CO2 concentration,
it is difficult for the CO2 to pass through the already carbonated concrete and carbonate the
concrete even further. The study by Xuan et al. [46] showed that a higher CO2 concentration
led to a faster strength development of the concrete only in the initial stages, that the
strength growth rate at different concentrations tended to be the same in the later stage, and
that the final strength after 48 h was relatively similar, as shown in Figure 5. Cui et al. [47]
obtained similar experimental results, finding that at the same age of carbonation, the
concrete had a faster growth rate of carbonation depth at low CO2 concentrations (2–20%)
and a lower growth rate of carbonation depth at high CO2 concentrations (50–100%), and
the depths of carbonation measured at concentrations of 50% to 100% at 28 and 56 d were
almost the same, as shown in Figure 6.

3.4. Relative Humidity

The relative humidity affects the reaction rate mainly by influencing the diffusion
and dissolution processes of CO2 within the cementitious material [48,49]. Xuan et al. [46]
studied the compressive strength of concrete after 48 h of carbonation curing, finding that
the strength enhancement of concrete at a relative humidity of 50% was higher than that
at an ambient humidity of 80%, as shown in Figure 7. When the humidity is too high,
water molecules fill the micro-pores, which may block the diffusion path of CO2 and slow
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down the diffusion rate of CO2. Additionally, when the humidity is low, the concrete
is in a drier state, and although the CO2 diffusion rate will be accelerated, the concrete
surface cannot easily gather the amount of water molecules needed for reaction and the
dissolution process of Ca(OH)2 on the surface of the adsorbed water is limited. This step is
the key to controlling the carbonation rate, and thus the reaction is slowed down or even
prevented from proceeding [50,51]. Therefore, choosing a suitable relative humidity in
the carbonation curing process has a certain promoting effect on the enhancement of the
mechanical properties of concrete. The current experimental data show that the rate of the
carbonation reaction of concrete is faster when the relative humidity is between 50% and
70% [52].
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Figure 7. Effect of relative humidity on conservation with carbonation [46,53].

3.5. Temperature

Studies have shown that controlling the ambient temperature within 20~100 ◦C is
beneficial to the carbonation reaction and effectively improves the CO2 sequestration rate;
however, an increase in temperature will reduce the efficiency and inhibit the progress of
the carbonation reaction. The reason for this is that the essence of a chemical reaction is
the effective collision of reactant molecules, and the increase in temperature can effectively
increase the energy of reactant molecules and promote the thermal movement of molecules,
thus promoting the diffusion of CO2 and increasing the reaction rate. However, too high a
temperature will reduce the solubility of CO2 and calcium ions in the water in the pores
and affect the carbonation. Therefore, a suitable temperature should be sought to balance
the advantages and disadvantages. Zhan et al. [44] found that the carbonation of concrete
could be increased from 52.6% to 55.0% by increasing the temperature from 20 ◦C to 80 ◦C.
Wang et al. also studied the effect of temperature on the degree of carbonation of concrete,
and the test results showed that the degree of carbonation of the specimens at different
temperatures varied greatly, with the carbonation rate the largest at 100 ◦C, reaching
16.4%. However, as the temperature continued to increase, the degree of carbonation began
decrease, and only 5% carbonation was recorded at 300 ◦C [54].

3.6. Active Dopants

The addition of fly ash, limestone powder, and other admixtures facilitates the diffu-
sion of carbon dioxide into the interior of the cement paste, promotes the absorption of
carbon dioxide, and increases the depth of carbonation [55]. Qin et al. studied the effect of
limestone powder, fly ash, and ground granulated blast furnace slag on the carbonation
curing of cement paste, and the test results showed that the addition of mineral admixtures
reduced the early compressive strength of concrete, but enhanced the effect of carbonation
curing on the improvement in compressive strength [56]. Monkman et al. investigated
the effect of CO2 curing on the early strength of slag concrete and showed that the the
compressive strength reached 70–80% after 2 h CO2 curing compared to that of 24 h stan-
dard curing [57]. Mo et al. investigated the effect of different pressures and carbonation
times on the compressive strength of fly ash–MgO–Portland cement blends, and the results
showed that the compressive strength of 90% dosed fly ash and MgO specimens increased
by 76.2% after 3 h of carbonation curing compared to the conventional curing method,
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and even increased by 195% after 14 days of carbonation curing [58]. However, it has also
been shown that cement specimens mixed with excessive amounts of volcanic ash reactive
substances, such as fly ash, negatively affect the compressive strength of concrete at a later
stage after carbonation curing, as shown in Figure 8 [59]. Although the addition of fly ash
drives the diffusion of CO2 into the cement paste, Ca(OH)2 is consumed in the reaction with
volcanic ash [60,61]. Wang et al. inferred that the higher the degree of early carbonation,
the more products, such as calcium carbonate and silica gel, are generated, which cover
the surface of unreacted clinker, hindering the subsequent hydration and inhibiting the
development of the compressive strength of concrete [62].
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3.7. Water-to-Glue Ratio and Water Content

The water/cement ratio of concrete materials is directly related to their porosity, which
is an important factor affecting the strengthening effect of carbonation on concrete [63]. For
concrete, when the water/cement ratio is high, the compressive strength decreases before
carbonation, but the high porosity at high water/cement ratios promotes the effective dif-
fusion of CO2, which increases the carbonation degree. It has been shown that the effective
diffusion coefficient of CO2 in concrete exhibits an exponential increase with the increase in
porosity [64,65]. Wang et al. demonstrated the effect of slurry porosity on carbonation and
the evolution of the slurry microstructure by setting different water/collagen ratios (w/c),
and the experimental results showed that the carbonation depth and carbonation rate
increased with the increase in the w/c ratio [66]. Siddique et al. [37] similarly investigated
the effect of different water/gel ratios on carbonation and came to the same conclusion.
For the specimen moisture content, when the internal moisture content is too low, the
dissolution of CO2 and Ca2+ is restricted, which affects the carbonation of the specimen,
while when the moisture is too high, the diffusion migration of CO2 is also restricted [67].

Shi Caijun et al. [68,69] tested the water content of specimens after different curing
times and found that there exists an optimal residual water/cement ratio that maximizes
the carbonation and compressive strength of concrete under carbonation curing conditions.
Additionally, once this optimum moisture content is exceeded, the carbonation effect may
be drastically reduced [70]. Zeng Haima et al. [71] tested the compressive strength of
concrete specimens before and after carbonation at different water loss rates, and the
results showed that when the water loss rate was 80%, the strength was reduced by nearly
20 MPa compared to at a 74.4% water loss rate. Therefore, in order to achieve the highest
degree of concrete carbonation, the optimum moisture content needs to be confirmed before
carbonation curing. However, it should also be noted that during the drying and water loss
processes, the evaporation rate of water needs to be reasonably controlled, as rapid water
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evaporation may lead to microcracks due to dry shrinkage of the sample, thus reducing the
strength of the specimen after carbonation curing.

4. Effect of CO2 Curing on the Performance of Concrete
4.1. Volumetric Stability

Many studies have found that EAC after carbonation curing can significantly improve
the volumetric stability and effectively reduce the drying shrinkage and microstrain values
of concrete compared to steam and water curing [24,40]. In fully hydrated cementitious
materials, the main components are C–S–H gel, Ca(OH)2, AFt, and AFm, of which the
percentage of C–S–H gel is about 70%. C–S–H gel is porous and has a large specific surface
area, which can release and adsorb water molecules in dry and moist environments, thus
leading to shrinkage and swelling of cementitious materials. However, after carbonation
curing of concrete, the cementitious products are mainly calcium carbonate and silica
gel formed by C–S–H decalcification, which reduces the specific surface area of C–S–H
gel. Although silica gel is equally capable of adsorbing and releasing water molecules
during the wetting and drying processes [24], it has a weaker effect on the shrinkage of
cementitious materials in a dry environment because the percentage of silica gel is much
lower than that of calcium carbonate. Calcium carbonate, on the other hand, has now
been shown to have a good volumetric stability and chemical inertness in the cement
matrix [72]; thus, the cementitious composites can exhibit better volumetric stability under
dry shrinkage conditions after carbonation curing.

4.2. Compressive Strength

Early age concrete generates C–S–H and calcium carbonate products during the
carbonation curing process, of which C–S–H plays a major role in promoting the growth in
concrete strength, while calcium carbonate can effectively fill concrete pores and improve
compactness, prompting the rapid development of concrete strength in early stages [44].
However, the long-term performance improvement of concrete by carbonation curing
technology may be limited. Zhan et al. [16] showed that the compressive strength of
cement slurry specimens after 1 d of carbonation curing was 48.4 MPa, which was twice
as high as that of standard-cured 1 d specimens and close to that of standard-cured 28 d
specimens (52.4 MPa). The compressive strength of the carbonized specimens at 3 d was
about 63.9% higher than that of the standard-cured specimens for specimens subjected to
carbonized curing for 7 h at early age, as determined by Liu et al. [26]. The difference in
strength between the two at 28 d was not significant. From the above results, it is clear
that carbonation curing of concrete at early ages can induce the rapid development of
early strength, but for long-term strength, the difference in compressive strength between
carbonation-cured and standard-cured specimens is small. It has been inferred that this
is mainly due to the fact that after the carbonation reaction, calcium carbide covers the
surface layer of unhydrated C3S and C2S, which slows down the hydration reaction of
cement clinkers at a later stage, and also because the CO2 surface treatment only affects the
surface layer of concrete [73].

4.3. Durable Performance

The durability of concrete structures is mainly due to the long-term exposure to some
harsh environments, such as chloride salts and the freeze–thaw process, which leads to a
degradation in concrete performance. The current research results show that in carbonation-
cured concrete, CO2 precipitates as crystalline calcium carbonate through chemical action
and interlaces with C–S–H gel to form a compact structure with low permeability, and
thus the durability performance of the concrete is improved [25], such as its freeze–thaw
resistance [74], chloride ion resistance [29], and permeability resistance [75], as shown in
Table 1.
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Table 1. Effect of carbonation curing on the durability of concrete.

Carbonation Time (h) Durability Index Improvement References

2 Frost resistance +55% [27]

12
Surface resistivity +608%

[76]
Resistance to chloride ion attack +34%

6
Water absorption rate −66.5%

[29]
Resistance to chloride ion attack +42.7%

12

Porosity −2%

[75]Surface resistivity +734%

Resistance to chloride ion attack +53.8%

However, there is a decrease in the pH value of concrete after carbonation curing due
to the consumption of Ca(OH)2. Under natural conditions, once the pH of the porous
solution inside the carbonated concrete decreases to 8.3~9, the passivation film around
the reinforcement enters an unstable state, which puts the reinforcement at risk of rusting
during the chloride salt attack. However, it has been pointed out that, unlike natural
carbonation, carbonation treatment of early age concrete does not increase the risk of
reinforcement corrosion. There are several reasons for this: (1) after carbonation curing,
the concrete porosity is reduced, which can effectively stop the erosion process by salt
solutions, thus improving the durability of concrete [25]; (2) a reduction in the internal
pH of concrete due to early carbonation curing is improved after subsequent hydration;
and (3) the carbonation depth of concrete after carbonation curing is much lower than the
thickness of protective layer in reinforced concrete [45,77].

Although subsequent hydration can restore the concrete to a higher pH and miti-
gate the adverse effects of early CO2 curing, the durability of reinforced concrete after
carbonation curing currently requires further in-depth assessments, especially the effect of
secondary carbonation on the durability of reinforced concrete structures during service.

5. Theoretical and Numerical Modeling of Early Age Carbon-Dioxide-Cured
Concrete Technology

The establishment of theoretical and numerical models is one of the key research areas
in the study of carbonation of cementitious materials. The establishment of a carbonation
model enables the simulation and prediction of key parameters such as the carbonation
depth and post-carbonation strength of cementitious materials; in addition, some important
mechanistic aspects of the carbonation reaction process can be revealed.

For concrete carbonation under natural conditions, scholars have established a variety
of concrete carbonation models, which can better simulate the carbonation process of
concrete in the service process. Papadakis [78] established a theoretical model based on
Fick’s first law that could predict the carbonation rate and carbonation depth of concrete at
maturity more accurately. Subsequently, the scholar further refined this carbonation model
by establishing a mathematical model for natural carbonation of concrete in the range of
ambient relative humidity [79]. Peter et al. [80] extended this carbonation model based
on Papadakis’ study by considering the carbonation and hydration reactions of hydrated
calcium silicate and unhydrated C2S and C3S mineral components, and investigated the
relationship between the competing mechanisms of hydration reactions of unhydrated
minerals and carbonation reactions in the carbonation process of concrete at maturity.
The numerical simulation results showed that the effect of carbonation of unhydrated
C2S and C3S on the overall carbonation process of concrete could be neglected in the
carbonation model of concrete at maturity. Saetta et al. [81] considered the effects on CO2
transport coefficients under multifactorial action (mainly including ambient temperature,
ambient humidity, hydration of cement hydration minerals, concrete porosity variation,
and loading action) and developed a multifactorial carbonation model for concrete at



Buildings 2023, 13, 957 11 of 20

maturity. Ishida et al. [82] proposed a model of carbonation based on thermo-hygro-physics
by introducing C–S–H gel reactions and calcium hydroxide reactions into the existing
model, and considered the volume change and the increase in surface area of hydration
products, which was combined with water balance/transport to provide a reasonable
and unified prediction of carbonation processes at low and high CO2 concentrations. In
addition, many other scholars have also considered the development of cracks during
carbonation, aggregate content, pore saturation, and other factors to establish a relevant
concrete carbonation model [83,84].

However, the active carbonation of early age concrete differs from the passive car-
bonation of mature concrete in the natural environment. Mechanistically, the carbonation
enhancement process of early age concrete is more complex, mainly due to the fact that the
hydration reaction generally proceeds simultaneously with the carbonation reaction. In
addition, during the carbonation reaction of early age concrete, the unhydrated hydrated
minerals in cement minerals will also undergo carbonation reactions with CO2 to produce
calcium carbonate and C–S–H gel or silica gel with lower Ca/Si [36]. From the analysis
of external conditions, carbonation of early age concrete generally requires high pressure
and high temperature environments, with the main purpose of these being the acceleration
of the diffusion of CO2 to the interior and the acceleration of the reaction rate. There are
also relevant studies considering the special properties of supercritical CO2 (temperature
and pressure exceeding 304.12 K and 7.38 MPa, respectively), i.e., its low viscosity and low
surface tension, and their effect on further accelerating the carbonation reaction.

For this reason, many scholars have carried out further theoretical and numerical
modeling studies on carbonation-enhanced early age concrete based on the existing carbon-
ation theory. Caijun Shi et al. [85] derived a kinetic theory model for CO2-cured early age
concrete based on the solid phase reaction model, using cement particles as the research
object, as shown in Figure 9.
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Phung et al. [86] developed a model for accelerated carbonation to predict the mi-
crostructure and transport properties of molded cement paste considering diffusion and
convection effects. Kashef-Haghighi [87] developed a theoretical model for CO2 uptake and
distribution in concrete during carbonation of EAC and numerically described the partial
differential equations for CO2 transport, water dissolution in concrete pores, and hydration
and carbonation reactions with cementitious material compounds. Zha et al. [88] considered
the chemical reaction rate, the mass conservation of gas–liquid two-phase flow, the diffusion
and dispersion of CO2 in water, the energy conservation of porous media, and the solubility
of CO2 in concrete pore fluid and established a theoretical model to simulate supercritical
carbonation in cementitious materials. Tie-Feng Chen et al. [89] established a theoretical
model of one-dimensional carbonation for the carbonation conservation of cement slurry,
simulating and predicting the key parameters, such as carbonation efficiency, carbonation
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depth, and porosity, during the carbonation of cement slurry under the combined effect of
gas concentration and flow rate. The authors pointed out through this theoretical model,
the carbonation depth and rate of early age concrete under carbonation conservation are
mainly affected by the content of C3S and CH, and the carbonation of C3S and CH is more
preferential compared to C2S and C–S–H, which are the main determinants of the early
carbonation of cement paste. However, the model assumes uniform and constant ambient
temperature and humidity and ignores the exchange of temperature and humidity with
the outside world. Xuan et al. [46] investigated the effects of CO2 curing conditions on the
strength development of different concrete block mixtures, studying the effects of the CO2
concentration, the gas flow rate, the relative humidity, and the carbonation duration. Based
on the experimental results and maturity theory, the strength development of carbonated
concrete blocks was established. Thiery et al. [90] developed a semi-analytical model to
study the carbonation mechanism of recycled concrete aggregates at a concentration of 10%
CO2, linking the diffusion of CO2 to the carbonation of the cement matrix and pointing out
the influence of the characteristics of mortar attached to the recycled aggregates on the CO2-
reinforced recycled aggregates. Xiaopeng Hu et al. [91,92] established a calculation model
to determine the early carbonation depth of mature concrete, considering factors such as
mineral admixture type, admixture amount, curing time, carbonation time, carbonation
site, and water/cement ratio.

As can be seen from the above, the current research on concrete carbonation theory and
numerical models has considered the effects of environmental humidity, gas concentration,
gas flow rate, carbonation time, and other factors, and scholars have established increasingly
complete prediction models and tools. However, there is still a lack of consideration
of temperature; the above model studies are based on room temperature or constant
temperature conditions and do not consider the influence of temperature changes. However,
temperature has a large impact on the physical properties of carbonation reactants and
chemical reaction processes and the ambient temperature is also a key parameter in the
optimization of the early age concrete carbonation strengthening process. Consequently,
the materialization process will also affect the local temperature changes, so in theoretical
research, it is necessary to consider the effect of temperature and establish a relevant early
age concrete carbonation strengthening process. It is necessary to consider the effect of
temperature in theoretical studies and to establish the corresponding multiphysics model
for early age concrete carbonation curing.

6. Prospects for CO2 in Cementitious Materials
6.1. Precast Concrete

Precast concrete components such as blocks, fiber cement wall panels, concrete pipes,
concrete piles, and hollow core panels are usually cured by atmospheric or high-pressure
steam during the production process to achieve a higher early strength. However, the
steam curing of concrete consumes more energy, resulting in higher production costs. In
addition, some studies have shown that steam curing can adversely affect the internal pore
structure of concrete [93], thus affecting the concrete strength, durability, watertightness,
abrasion resistance, volume stability, and resistance to the freeze–thaw process and chloride
ion attack. In addition, as concrete brittleness increases, the concrete surface micro-cracks,
the poor distribution of hydration products, etc., increase. These above-mentioned defects
lead to different degrees of deterioration in the later life stages of concrete. In contrast,
recent studies have shown that the use of carbonation curing on precast concrete elements
can reduce the time required for curing [30] and improve the durability of concrete relative
to traditional steam curing [27], as shown in Table 2. Shi et al. [30] performed carbonation
curing and steam curing on lightweight concrete blocks separately and found that the
strength of the blocks after 4–8 h of carbonation curing was comparable to that of steam
curing for 18–24 h, which greatly reduced the curing time, improved the production
efficiency, and reduced energy consumption.
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Table 2. Comparison of the effects of carbonation curing and steam curing [27].

Methods

Compressive Strength
(MPa) Electric Flux (C) Surface

Resistivity
(kΩ cm)

Mass Loss Rate of
Freeze–Thaw Cycles (%) Permeability

(s)20h 28d 2d 28d 10% 20%

Steam
Curing 26.5 36.8 9861 6028 13.4 16.4 67.7 61

Carbonation
Curing 23.3 38.9 2898 965 42.7 0.3 8.6 391

Standard
Curing 17.0 22.1 4386 1321 41.3 6.5 19.2 155

Carbonation curing can not only shorten the curing time, but can also overcome the
downfalls of a high energy consumption, a high production cost, and the adverse effects
on the durability of concrete caused by steam curing [93]. The utilization rate of CO2 is
also improved, so carbonation curing has good application prospects in the production
of precast concrete elements. However, there are still some limitations in the research
of carbonation curing, i.e., the current application tests of CO2-cured concrete focus on
small-sized specimens such as blocks, and there are a lack of tests on large-sized specimens,
especially for the research on carbonation curing processes of large-sized precast concrete.

6.2. Cast-in-Place Concrete

The carbonation reaction of concrete specimens proceeds from the outside to the
inside, and the higher the strength of the specimen, the greater its compactness and the
more difficult it is for CO2 to diffuse to the inside, making carbonation eventually achieve
only a superficial treatment effect, which in turn leads to a difference in the properties of
the concrete between the inside and the outside. This may not be effective in improving
the overall mechanical performance and durability of large components, and the carbon
sequestration potential of cementitious materials cannot be fully reached, which is the core
problem to be solved before the application of carbonation-cured concrete technology. A
feasible technical path is to introduce CO2 into the mixing process of concrete, so that the
cement slurry is evenly contacted and carbonated with CO2 during the mixing process,
evenly distributing the reaction products inside the material, as shown in Figure 10, which
can also further improve the carbon sequestration of concrete.
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Many scholars have conducted studies on the introduction of CO2 application tests
in the concrete placement process. Many scholars have carried out the study of mixing
carbonation with internal CO2 particles instead of cement mass. He et al. [94] studied the
effect of internal CO2 mixing on the CO2 absorption and strength gain of concrete, and the
results showed that carbonation mixing can significantly increase CO2 absorption compared
to carbonation curing, but it also reduced the strength of concrete. Liu Yixiang et al. [95]
studied the effect of a dry ice mixture on the performance of recycled normal concrete and
recycled normal steel pipe concrete, and found that the mixing with dry ice can indeed
carbonate the Ca(OH)2 in concrete, but the dry ice easily evaporates during the reaction of
hydrated cement and the discharged gas forms pores inside the concrete, which reduces
its strength. Jang et al. [96] studied the effect of mixing with NaHCO3 internally. The test
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results of this study showed that the addition of NaHCO3 can induce a uniform carbonation
reaction inside the slurry, and the strength can be improved when the added NaHCO3 is
less than 5% of the weight of the cementitious material, but the strength of the concrete
may be adversely affected when the weight exceeds 5%.

In addition to the mixing method with internal CO2 particles, Monkman and Mac-
Donaldl [97] carried out mixing carbonation by introducing CO2 gas during the mixing
and forming of concrete, and the results of the study showed that the introduction of CO2
had some negative effects on the compaction, density, and strength of the concrete slurry.
However, the authors then improved the process by adding water to the mixing process to
counteract the negative effects. Lili Liu [98] used ultrasonic mixing to further optimize the
process of concrete mixing carbonation, and the results showed that the ultrasonic mixing
process can not only substantially increase the ultimate absorption of CO2 by the cement
paste, but also a large number of carbonation products form crystalline nuclei, improving
and enhancing the microscopic pore structure of the cement paste and improving the
compressive strength and durability of the concrete.

Mixing carbonation for fresh concrete is not only limited to the improvement in
cementitious materials after forming, but also can be used in the production of both precast
and cast-in-place concrete. Although some research results have been presented on mixing
carbonation, the carbonation reaction processes and mechanisms are more complicated
compared to CO2-cured early age concrete, especially for mixing with internal particles.
At the same time, the excessive amount of admixture will have a certain negative impact
on the performance of concrete, so it is necessary to further optimize the carbonation
mixing process of cement-based materials to reduce the negative effects of the internal CO2
admixture on the concrete.

6.3. Recycled Concrete

Compared with natural aggregates, recycled aggregates have the unwanted properties
of high water absorption, high porosity, and a high crushing index. In addition, recycled
aggregate particles are not easily formed and the surface adheres to the old mortar, so that
there is a transition area between the old and new mortar in the recycled concrete [99],
deteriorating its performance as the amount of recycled aggregate increases [100]. A large
number of studies have now shown that carbonation enhancement of recycled aggregates
helps to improve their basic properties and microstructure, as shown in Table 3.

Table 3. Effect of carbonation on basic properties of recycled aggregates.

Carbonation Conditions

Apparent Density
(kg·m−3)

Water Absorption
(%)

Crushing Value
(%) Reference

Before After Before After Before After

T = 20 ± 2 ◦C, RH = 60 ± 5%, C = 20 ± 2% 2.49 2.63 8.70 6.71 17.1 15.8 [101]

T = 20 ± 2 ◦C, RH = 55 ± 5%, C = 20 ± 2% 2.24 2.36 6.47 4.75 24.5 18.7 [102]

T = 70 ± 5 ◦C, RH = 50 ± 5%, C = 20 ± 2% 2.57 2.59 8.90 6.80 15.2 9.70 [103]

T = 25 ± 3 ◦C, RH = 50 ± 2%, C = 20% 2.63 2.64 5.98 4.88 13.9 11.10 [104]

T = 30 ◦C, MC = 1.81%, C = 99.9% 2.62 2.65 4.34 3.20 9.27 7.19 [105]

C = 99.9% 2.67 2.69 4.80 3.20 16.30 15.30 [106]

C = 95% 2.52 2.55 4.40 3.20 17.4 12.4 [107]

Carbonation strengthening of recycled aggregates is mainly based on the fact that
chemicals such as CaO, Ca(OH)2, and CaSiO3 in the adhered mortar can react with CO2
during carbonation, which can effectively reduce the water absorption rate to one similar
to that of natural aggregates [106], thus improving the fluidity of the recycled concrete
slurry, improving the dry shrinkage properties of recycled concrete, and increasing the
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compressive strength as well as the modulus of elasticity. A study has shown that the
fluidity of the treated recycled aggregate mortar increased by about 35.4% [101] and the
dry shrinkage of recycled concrete was reduced by about 10% to 15% [108].

In addition to the improved physical and mechanical properties, the durability of
recycled concrete after carbonation strengthening is improved to some extent. Gao Yueqing
et al. showed that the chloride ion diffusion coefficient of recycled aggregates could be
reduced by about 46.0% to 67.7% after carbonation strengthening, and also pointed out that
the poorer the quality of recycled aggregates, the more significant the improvement in their
resistance to chloride ion penetration. However, it is worth noting that the enhancement
effect of carbonation strengthening of recycled aggregates can be affected by many factors.
Zhan et al. [109] studied the effect of the strength of virgin concrete on the enhancement
effect of carbonation strengthening of recycled aggregates using recycled aggregates with
different strengths of recycled concrete as variables. The test results showed that the higher
the strength of the virgin concrete, the more obvious the enhancement effect in the recycled
aggregates. Liang et al. [110] argued that this is mainly because the higher the strength
of the virgin concrete, the less pores and fine pores exist inside its recycled aggregate
and the lower the initial water absorption, leading to a more significant enhancement
effect. In addition, smaller pores are more easily filled by the products generated by
carbonation reactions. In addition, the carbonation time also affects the recycled aggregate
strengthening. In the early stage of the reaction, the carbonation degree of the recycled
aggregate is low and the carbonation degree becomes higher and higher with time, and
when the carbonation reaction enters the later stages, the carbonation degree only slightly
increases or even remains roughly the same [111]. It has been suggested that this is mainly
attributed to the fact that the encapsulation of the recycled aggregates by the carbonation
reaction products prevents the penetration of CO2 into the interior of the matrix [112].

The application of carbonation technology can effectively solve the problem of the
performance deterioration of recycled concrete due to recycled aggregate defects; improve
the workability, mechanical properties, and durability of recycled concrete; and further re-
duce the performance gap between recycled concrete and virgin concrete, which has a very
positive significance for the promotion of recycled concrete. However, some influencing
factors, such as the effect of temperature and carbonation time on the rate and efficiency of
carbonation strengthening of recycled aggregates, need to be further studied in order to
determine the optimal conditions for carbonation strengthening of recycled aggregates. In
addition, the structural and mechanical properties of the CO2-reinforced recycled concrete
members also need to be further investigated.

6.4. Fiber-Reinforced Concrete

Fiber-reinforced resin matrix composites have the advantages of a light weight, a
high strength, and a high resistance to chloride salt erosion [113]. However, the results of
many scholars at home and abroad show that the highly alkaline environment of concrete
can lead to a deterioration in the performance of fiber-reinforced composites, and as the
pH of the solution in the pore increases, the more obvious the corrosive effect of the
environment on the resin and fibers [114,115]. Related studies have shown that carbonation
curing can improve the mechanical properties and durability of composite fibers [116].
After carbonation curing, the pH value inside the concrete is reduced, and at the same
time, the impermeability of the concrete surface layer is increased, thus serving to protect
the resin matrix of the cured fiber [117]. On the other hand, after carbonation curing of
fiber-reinforced concrete, calcium carbonate precipitation promotes pore densification,
thus reducing the dry shrinkage and pore volume of concrete and increasing the excess
interfacial area around the cementitious material and fibers [118].

In summary, carbonation-cured fiber-reinforced concrete technology has the potential
to improve the mechanical properties and slow down the aging of various fiber-reinforced
composites. In addition, compared to conventional reinforced concrete structures, fiber-
reinforced concrete structures can reduce corrosion and reinforcement due to the reduction
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in pH after the carbonation of concrete. However, there are some limitations of carbona-
tion conservation technology applied to fiber-reinforced concrete, as the current research
progress shows that the carbonation depth of concrete reinforced by carbonation is generally
low, which affects the improvement in the durability of fiber-reinforced concrete structures.

7. Conclusions and Outlook

As a new technology for capturing and sequestering CO2, early age CO2 curing
technology can provide the long-term and stable sequestration of CO2, and also improve
the mechanical properties and durability of concrete, giving it a wide range of application
prospects. This paper analyzes the research progress and application prospects of early age
CO2 curing technology for precast concrete, cast-in-place concrete, recycled concrete, and
fiber-reinforced concrete materials, obtaining the following conclusions: carbonation curing
of early age concrete can promote the rapid development of early strength and improve
the durability of concrete; direct internal mixing of CO2 can induce uniform carbonation
inside concrete; the application of carbonation-enhanced recycled aggregate technology
can effectively improve the deterioration in performance of recycled concrete caused by the
defects in recycled aggregates and further narrows the performance gap between recycled
concrete and virgin concrete; and the factors affecting carbonation-cured concrete include
curing time, CO2 concentration, CO2 pressure, relative humidity, and temperature. Among
all the influencing factors, the curing time and temperature may adversely affect the curing
if they exceed certain values.

Although EACC application technology has achieved positive results so far, the fol-
lowing issues still need to be studied in depth to promote the application and use of
CO2-enhanced concrete in engineering. In the experimental studies of CO2-enhanced con-
crete/recycled aggregates, not enough tests have been conducted on large-sized specimens,
especially in the study of the carbonation curing process for large precast elements. It is
necessary to investigate the effect of coupling CO2 concentration and pressure and ambient
temperature and humidity on the carbonation curing effect and compare it with the study
of single influencing factors so as to find the optimal combination of curing conditions. The
incorporation of excessive amounts of volcanic ash reactive substances, such as fly ash,
will affect the compressive strength of concrete in the later stages after carbonation curing,
but further research is needed to assess the mechanisms of action of Ca(OH)2 and low pH
values of the pore solution on the long-term reactions of the volcanic ash and mineral ad-
mixture after carbonation curing. These studies would determine the influence of mineral
admixture incorporation on the improvement in carbonation curing. In theoretical studies,
the influence of temperature variation, humidity variation, CO2 concentration, and other
influencing factors on the relevant physical and chemical parameters should be considered
to establish theoretical and numerical models which consider multifactorial coupling effects
of EAC carbonation to carry out a more in-depth analysis of the key process parameters.
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