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Abstract: The production of hydraulic binders, representing the essential constituent part of
concrete and mortar, can be associated with high energy consumption and huge CO2 emis-
sions (at least 2.4 billion tons in 2022). Without appropriate measures, the situation will only
worsen. The global annual output of cement stood at 4.4 billion tons of cement, whereas
the annual production has been increasing at a rate of ca 5%. In order to significantly
reduce CO2 emissions, the following solutions are most widely used in the world: clinker
additives; unconventional fuels; decreased energy-related expenses; and technological
innovations. However, these are not sufficient to cut down on greenhouse gas emissions
and bring them close to zero. Therefore, the utilization and development of alternative
binders denoted by a reduced CO2 footprint in comparison to that of conventional cement
are among the main objectives of building materials manufacturers as well as researchers.
This paper reviews obstacles, solutions and alternatives for the fabrication of hydraulic
cementitious materials, along with the general principles of the carbonization of binders,
such as natural processes and intensified processes, the impact of various parameters on
the chemical and physical transformations, as well as the mechanism of interaction of
OPC, belite, and blended cement with CO2. The production of low-lime binders, along
with time-optimized carbonation, can significantly improve carbon footprint values. How-
ever, due to the huge variety of blended cements, their hardening process by mineral
carbonation needs to be investigated extensively and systematically, as it is emphatically
dependent on many numerical values and criteria. Environmentally and economically ac-
ceptable production can only be achieved on the grounds of the optimized parameters of the
entire process.

Keywords: carbonization of binders; CO2 utilization; blended cements; chemical transformations

1. Introduction
Concrete is the number two item used worldwide by demand after water in terms

of overall consumption. Concrete based on Ordinary Portland cement (OPC) represents
the most extensively produced building material in the world [1]; it was manufactured at
an estimated rate of 4.3 billion tons in 2023 [2,3]. This type of binder material is the most
commonly employed in concrete for construction due to its longevity, efficient usage of
natural resources, inherent strength, and relatively low cost. Because of the extensive, as
well as ever-increasing demand, for building materials, the cement industry constitutes
approximately 5–7% of human-triggered greenhouse gas emissions worldwide; when pro-
ducing a single ton of cement, roughly the same amount of carbon dioxide is emitted into
the atmosphere. The Global Cement and Concrete Association GCCA 2050 Cement and
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Concrete Industry Roadmap for Net Zero Concrete sets out a net-zero pathway to help limit
global warming to 1.5 ◦C. The sector is committed to producing net-zero concrete by 2050
and is committed to acting now. It outlines a proportionate reduction in CO2 emissions of
25% associated with concrete by 2030 from 2020 as a key milestone on the way to achieving
full decarbonization by the mid-century [4]. All stages of OPC manufacturing have an
adverse effect on the environment, particularly in terms of high energy consumption and
air pollution. The carbon footprint of cement plants totals 5–7% of global anthropogenic
CO2 emissions, while ~0.8–1 t of CO2 is emitted in the course of producing one ton of
cement [5,6]. Furthermore, in terms of electricity, ca. 110 kWh is required to obtain a ton of
cement. The lion’s share of this overwhelming amount of energy pertains to the thermal
treatment of the clinker [7]. Although cement production technology has been systemati-
cally and prominently improving to conform to cement quality and quantity requirements,
to enhance the fuel efficiency and mitigate the extent of pollution, it is still important to
pursue alternatives that allow us to diminish the perilous impact of OPC manufacturing
in order to pursue the objective of sustainable development [8]. Therefore, academics and
cement manufacturers, are pursuing innovative technologies and strategies that could
involve, as follows: the usage of industrial waste as a source material in the manufacturing
of Portland cement and the substitution of conventional fuels with alternative options [9];
the creation and implementation of advanced engineering solutions; and the development
of alternative cementitious products. In this context, the scientific community has been
struggling to find an efficient solution for greenhouse gas mitigation and take (over)due
steps towards reducing the devastating effects of cement manufacturing. Although many
solutions have recently been offered with the objective of mitigating the perilous effects of
cement production on our planet, the most recent research has demonstrated that directions
and solutions, such as clinker substitutions, non-fossil fuels, and/or enhanced energetic
efficiency, on their own cannot help to achieve the required carbon footprint reductions.
Therefore, the development of innovative cementitious materials featuring a reduced CO2

contribution compared to that of ordinary cement is among the most fundamental and
urgent targets for the construction materials producers as well as for scholars, innovators
and visionaries in this field.

Many scientists around the world are working to accelerate and scale up the practical
implementation of carbon capture and utilization technologies through their fundamental
and applied research. These efforts are summarized in a number of review articles pub-
lished over the past five years. Cavalett et al. [10] assessed 15 decarbonization options
for the European cement industry under current and future conditions. Solutions, such
as alternative fuels or technological innovations, reduce the climate impact by up to 30%,
while additional measures could reduce CO2 emissions by around 50% by 2050. Only rapid
and large-scale implementation of carbon capture and storage can bring the industry closer
to climate neutrality. Van Roijen et al. [11] present both the global magnitude of cement
carbonation and its dynamic impact and show that slow carbonation rates cause climate
change that is about 60% less than the benefits obtained. They examine the sensitivity of
conventional decarbonization strategies, such as the use of supplementary cementitious
materials (SCMs), to the carbonation process, and emphasize the importance of the timing
of emissions and their disposal. Hu et al. [12] reviewed the historical development of,
and presented some perspectives on, carbonate binders. Their properties are strongly
influenced by crystalline polymorphs (calcite, aragonite and vaterite) and the degree of
polymerization of amorphous silica gel. The authors discussed the physical, chemical, and
biological methods proposed over the past 4 years to control the polymorphic content of
CaCO3 and concluded that it is urgent to increase the degree of carbonation and regulate the
composition and structure of binders to improve the properties of carbonized construction
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products. According to Von Greve-Dierfeld et al. [13], the carbonation of concrete with
SCMs differs from the carbonation of concrete based solely on OPC. This is a consequence of
differences in hydrate phase assembly and pore solution chemistry, as well as pore structure
and transport properties, when the composition, age, and curing conditions of the concrete
binder are changed. Their main conclusion is that blended cement is the most suitable
means to reduce CO2 emissions associated with concrete production. Zajac et al. [14] fo-
cused their review on the application of carbonation technologies to evaluate the following
industrial material streams: recycled concrete paste; steel slag; and fly ash. They discussed
various carbonation technologies together with the related reaction mechanisms of the
respective phase sets. They showed that carbonated materials, as pozzolanic additives, are
well suited for the production of construction products. Forced carbonization of industrial
products can be performed at ambient temperatures and pressures while achieving a high
degree of CO2 sequestration. It is also very important to choose an appropriate and reliable
methodology. According to Merah et al. [15], the accuracy of accelerated carbonation tests
is affected by a variety of factors, including CO2 concentration, humidity, temperature,
cement and aggregate type, setting time, and the duration of CO2 exposure. These factors
must be taken into account to reliably assess the durability of concrete and to prevent
corrosion. Karimi et al. [16] categorized the factors influencing cement carbonation and
examined the mathematical models of this process proposed by different scientists, aiming
to investigate the most important parameters and the accuracy of their predictions. You
et al. [17] reviewed the known empirical, thermodynamic, kinetic and numerical models
that describe the carbonization process of cementitious materials, and Wang et al. [18] pro-
vides a comprehensive review of existing models for predicting the depth of carbonation
in concrete. Medvedev et al. [19] reviewed information on the course of the carbonation
process under irradiation conditions, as well as the causes, dynamics, and mechanisms of
carbonization and corrosion processes occurring in the reinforced concrete used in nuclear
power plants.

On the grounds of the literature analysis data, it is evident that OPC production inflicts
a major damaging effect on the environment; critical changes need to be implemented
to reduce this effect. Even though abundant suggestions have been presented as to how
to achieve lower greenhouse gas emissions, only a small fraction of these have an actual
significant ability to achieve the desired outcomes. The list of possible solutions includes the
manufacturing of blended cement and low-carbon cement binder materials, which, together
with accelerated CO2 carbonation, can dramatically cut down on the generated carbon
footprint and thus reduce the adverse effects of OPC manufacturing on the environment.
However, due to the huge variety of blended cements, their hardening process by mineral
carbonation demands careful and systematic investigation, as the process itself highly relies
on an extensive list of factors and parameters, all of which need to be considered to obtain
both ecologically and economically viable manufacturing processes.

Among the highly successful alternatives to OPC, blended cements can be singled
out [20,21]. The production processes of these cements are more sustainable and their
use improves the performance of concrete. More blended cements are already produced
worldwide (by volume) than OPC; however, the mechanism of accelerated hardening of
this binder in a CO2 environment, and the characteristics of the obtained products, have
been less studied in the literature.

The aim of this work is to examine and summarize the studies conducted in recent
decades on the carbonization mechanism of calcium silicate-based binders, to discuss and
evaluate the main factors that influence the kinetics of this process (reactivity, diffusivity
and pressure of CO2; relative humidity and temperature of the environment) and to discuss
the carbonation features of the main types of calcium silicate cements.
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2. Blended Cements: Main Types, Advantages, Solutions and Alternatives
2.1. Main Types and Their Advantages

The global blended cement market size was USD 306,870 million in 2022. Judging
by the current trends, an increase of nearly 40 percent should be expected by 2030, with a
year-on-year increase of 3.9% within the discussed timeframe [22].

Categories of blended cement are singled out by the type of blending material in
cement. The main types of blended cement are:

• Binary cements. Derived by mixing OPC clinker with one supplementary cementitious
material (SCM), e.g., fly ash, slag, microsilica [23,24], or geopolymers [25]. The addition
of additives not only reduces the required amount of clinker in the mixture, it enhances
the robustness and mechanical properties of the obtained concrete [26]. The main
sub-types include:

# Portland–slag cement. Blends with up to 70% slag cement serve well in the
field of general construction;

# Portland–pozzolan cement is beneficial in general construction. This amalgam
may constitute up to 50% pozzolan;

# Portland–limestone cement. It features between 5% and 15% percent inter-
ground limestone.

• Ternary blended cement. Ternary cements are blends of two supplementary cemen-
titious materials such as fly ash, slag cement, or silica fume [27]. For example, by
adding fly ash and microsilica to OPC clinker, we boost the compressive strength of
the material and reduce its permeability [28,29].

• Alkali-activated cements. These cements are produced by activating aluminosilicate
materials with alkalis [30,31].

A number of advantages of blended cements can be listed:

• Reduced CO2 emissions. The replacement of part of Portland cement clinker in the
mix with cementitious supplements potentially offers a significant reduction in carbon
dioxide emissions. Waste from cement production is also recycled, which is a highly
beneficial bonus [28].

• Increased durability of concrete. Blended cements increase the durability of concrete,
as the SCM in cements reduces shrinkage and permeability while increasing chemical
resistance. During pozzolanic reactions, these materials contribute to the formation of
calcium silicate hydrate (CSH). This strengthens the concrete matrix. This property is
particularly important in marine or aggressive chemical industrial environments [32].

• Economic benefits are obtained. Replacing part of the Portland cement clinker with
supplementary cementitious materials yields a reduction in the required amount of
clinker in the mix while maintaining or even improving the properties of the concrete.
In addition, the employment of manufacturing waste is aligned with the principles of
the circular economy [33].

However, disadvantages of blended cements must be noted:

• Inconsistency in the properties of supplementary cementitious materials. The variabil-
ity of the characteristics of the additional materials in use significantly impacts the
properties of blended cements. The particle size, chemical composition, and reactivity
determine the hydration and strength of the cement. Therefore, no SCM deviations
are possible and strict standards must be followed [34].

• Hydration. Different materials are denoted by different degrees of hydration, making
it quite difficult to achieve the desired setting time and strength gain [35].
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2.2. Solutions and Alternatives

The main methods of reducing CO2 emissions currently used in the cement industry
were described in detail by Ige, Von Kallon and Desai in their review published in 2024
(Table 1) [36].

Table 1. The main methods of reducing CO2 emissions.

No The Main Carbon Mitigation Methods

1 Technologies for mitigating CO2 emissions in the cement industry
2 Alternative materials (Clinker substitution)
3 Switching to alternative fuels
4 Energy efficiency improvement
5 Carbon capture and storage potential in the cement industry
6 Waste heat recovery (WHR)

The reuse of manufacturing waste is perceived as one feasible solution to scale down
the ever-increasing amounts of manufacturing by-products. Due to their inert nature, an
extensive list of waste materials can be introduced into the concrete mixture as SCM [37].
Such types of waste include: granulated ground blast furnace slag [38]; fly ash [39]; sil-
ica fume [40,41]; palm oil fuel ash [42–44]; foundry waste [45–47], fibers from pre- and
post-consumer wastes [42,48]; and agricultural wastes (including rice husk ash, wheat
straw ash, sugarcane bagasse ash, hazel nutshell ashes, etc. [49]). Up to 30% of raw
materials can be replaced with waste without a significant negative influence on the
properties of concrete [50,51]. Industrial waste utilization in concrete offers sustainable,
green, and environmentally friendly construction materials while also reducing the price of
the components.

Roughly 50 percent of the carbon footprint triggered by OPC clinker burning stems
from fossil fuel combustion. The availability of a low-carbon fuel denoted by an elevated
hydrogen-to-carbon (H/C) ratio as a replacement for traditional carbon-based fuels offers
a remarkable reduction in the rate of CO2 emissions [52]. Potential alternative materials
include: vegetable compounds or natural products (oil shale, peat, tree bark, sawdust, waste
wood and other wood-processing waste, etc.); synthetic products (discarded tires, rubber
waste, waste plastics, etc.); and other sources (parts of shredded cars, fuels derived from
rejects, household garbage, etc.) [53]. The blending of different fuels with fossil fuels offers
a plethora of economic, environmental, and chemical benefits. However, there are many
factors to be considered before opting for alternative fuels. Such factors include: the share
of moisture and ash; the calorific value; the volatile content; reactivity; potential threats of
ambient air contamination; slagging and fouling; and corrosion [54,55]. A reduction in fuel
and energy use constitutes a valid path towards cutting down on the rate of depletion of
non-renewable fuel resources.

With regards to engineering solutions, three major directions in cement manufacturing
are being practiced worldwide: wet; semi-wet; and dry processes. The wet process uses raw
materials typically containing 30–40% of moisture. Meanwhile, the semi-wet pathway seeks
to eliminate 10–20% of H2O before the feeding of raw materials to the kiln by preheating
them on a conveyor. Savings of 50% of the currently required amount of energy may
potentially be achieved; by shifting to the dry process, a reduction in CO2 emissions
can be targeted [4]. Other solutions to reduce energy losses include the application of
insulation layers, proper sealing methods, heat recovery from exhaust streams, and the
implementation of innovative design(s) for pyro-processing units in cement factories. In the
latter case, decomposition reactions are separated from other reactions. Consequently, pure
CO2 is obtained. As a result of such modifications, this technological innovation may lower
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CO2 emissions by as much as 66%; in addition, a 2.3% reduction in energy requirements is
achieved compared to the conventional process, which, in absolute numbers, represents
a positive impact of immense proportions [56]. In terms of heat recovery, up to 20% of
the fuel can be saved; consequently, an 8% reduction in CO2 emissions can be achieved.
Even though the OPC clinker production technology is rather well developed, there is
still some scope for further technological improvements of the current state-of-the-art
practices and hardware. Synthesis reactions are boosted with increased contact surfaces
of the substances participating in the reaction. Compaction also has an impact on the free
lime content, which subsequently exerts a major impact on the clinker produced. Free CaO
content within a range of 1–1.5% leads to optimized energy consumption while maintaining
maximum kiln reactivity, improved fuel consumption; this ultimately leads to a decrease in
CO2 emissions [57].

An additional direction towards achieving lower CO2 emissions and energy consump-
tion is the reduction of the lime saturation factor of the raw mixture. This may lead to an
increase in the belite amount and a decrease in the alite phase content in the clinker. When
the raw mixture CaCO3 content is reduced, the energy requirements fall by 15–20% as
well [58]; CO2 emissions are also lowered by 20–30% [59]. However, in the initial hardening
stage, the mechanical strength of belite cement is emphatically low because the belite phase
is hydrated very slowly. The weakness is avoidable by stabilizing hydraulically reactive
forms of belite and its chemical activation [59–61].

Another way to decrease the cement CaO/SiO2 (C/S) molar ratio is the use of low-lime
calcium silicates such as rankinite (3CaO·2SiO2 or C3S2) [62–68], wollastonite, pseudo-
wollastonite (CaO·SiO2 or CS) [62,68–72], α-C2SH, and kilhoanite [73,74]. However, it
should be noted that the synthesis of these calcium silicates from natural rocks requires
careful investigation in each particular case, as impurities in the raw materials can change
the course of the synthesis. The mineral composition and properties of the resulting
products must also be carefully considered [75].

These calcium silicates require only more than half the amount of limestone is needed
compared to OPC; as a result, the reduced calcination requirements lead to the curtailing of
CO2 emissions during the process of calcination [76]. However, unlike conventional hy-
draulic calcium silicates, the aforementioned silicates are non-hydraulic binders; therefore,
carbonation curing can serve fairly well to readily activate and harden them. A notable
innovation contributing to this carbonated binder system is a cement commonly referred
to as “calcium silicate-based cement (CSC)”, which has been commercialized for roughly
a decade [63,76].

Owing to this, a highly relevant alternative that can significantly reduce CO2 emis-
sions is the capture, storage, and sequestration of CO2 emissions in concrete materials [77].
Among the methods of storage that have been considered as feasible, geological stor-
age, ocean storage, and CO2 mineralization (i.e., mineral carbonation) [78–81] should be
mentioned. The method with the greatest potential for the cement industry is mineral
carbonation, a process in which CO2 is chemically stored in solid inorganic carbonates
by carbonation reactions of alkaline materials containing calcium oxides and silicates [79].
Both natural and accelerated processes take place in this scheme. Among the major conse-
quences of the carbonation reaction of concrete is the lowering of the pH value in the pore
solution [82]. Therefore, conventionally, the carbonation reaction of concrete is perceived as
unfavorable as it compromises the robustness of the materials [83]. Moreover, this process is
also prohibitively slow due to the low CO2 concentration in the atmosphere. Nevertheless,
concrete carbonation contributes positively to the mechanical properties of the material. It
is known that concrete can be treated with carbonation curing at an early age for accelerated
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strength gain and an enhanced robustness [84,85]. OPC concrete carbonation has received
significant attention by theoretical and field researchers [86–94].

Even though low CO2 carbonated binders have been gaining major interest in re-
cent years, only a few have already reached the manufacturing stage and become com-
mercially available, including: Solidia cement [63]; a carbonated concrete named CO2-
SUICOM (which, notably, can achieve CO2 emissions levels below zero [95]); Calera calcium
carbonate [96]; and Novacem magnesium silicate [97].

3. General Principles of Carbonation of Cementitious Materials
3.1. Natural vs. Accelerated

Concrete and other cementitious materials absorb CO2 in the course of a natural
process, commonly referred to as mineral carbonation, which leads to permanent CO2

sequestration in these materials. A fraction (under one-fifth) of CO2 generated during the
manufacturing of cement is reabsorbed by concrete in the course of its lifecycle. However,
natural carbonation in concrete is impractically slow—ca. 1 mm per year—because the
atmospheric CO2 concentration is inherently low (400 ppm, or 0.04%) [83]. Moreover, in
this case, the mass of CO2 dissolved in the pore water is minor due to physical restrictions
imposed by the poor solubility of atmospheric CO2 in water [98,99] as well as the slowly
proceeding diffusion of CO2 into the structure of mortar [83].

Carbonation is a diffusion process either by CO2 or by carbonate ions. It is controlled
by water saturation in the capillary system [89]. Over time, the carbonation rate decreases
since CO2 faces the requirement of crossing a thickening layer of its alteration products.
The transportation tempo is principally determined by concentration gradients, porosity,
and thickness of the previously formed layer of carbonation products [89]. On the other
hand, the carbonation rates of sped-up carbonation are significantly higher than those of
natural carbonation. The elevated rates are achieved by a higher CO2 concentration and
controlled environment; in this context, humidity is a key criterion contributing to the
progress of the carbonation front as well as to the mass of CO2 combined.

Naturally, concrete is carbonated when atmospheric carbon dioxide reacts with the
alkaline components of concrete, primarily, portlandite, and/or CSH gel; as a result, CaCO3

is obtained. As a result of this reaction, the pH value of the aqueous phase of the concrete
pores generally decreases, i.e., it transitions from elevated alkaline values above 12 to
moderate values not exceeding 8 [69]. If the reaction occurs at the depth of the steel
reinforcement, its passive layer may be compromised, thereby exposing the steel surface
to corrosion. Therefore, specifically regarding concrete, carbonation is largely perceived
as a process leading to undesirable deterioration. The perilous effect of atmospheric CO2

on modern concretes and mortars is known as ‘weathering carbonation’ [100]. Another
important consequence of carbonation is a change in the effective permeability due to
volume changes and microcracking caused by the chemical reactions. The permeability
change is twofold: it is either an increase, for example, when concrete contains blast furnace
slag or fly ash, or else a decrease, as in OPC [101]. Accelerated carbonation, on the other
hand, may serve to ensure an accelerated strength gain and the improved durability of
the concrete products. Among other differences, researchers highlight that the reaction
products formed during natural and accelerated carbonation emphatically differ due to the
dependence of the alkali–carbonate phase equilibrium on the CO2 concentration [102]. Goni
et al. [103] compared CaCO3 polymorphs formed naturally and with 100% carbonation and
detected that in naturally carbonated calcite, vaterite and aragonite were formed, whereas
at 100% CO2, the only polymorph present was calcite.

Accelerated carbonation curing offers a number of tangible advantages compared
to moisture curing [99]. Accelerated carbonation curing can deliver enhanced early
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age strength along with an intense strength gain due to the more densified crystalline
structure. As established by research, carbonation curing augments robustness by de-
creasing the capillary water uptake, chloride resistance, and also by providing superior
sulphate resistance [104].

3.2. Parameters Influencing the Carbonation Process

Although carbonation seems to be quite straightforward theoretically, in real life
it is denoted by complexity as there are many and various parameters determining the
outcomes. The carbonation reaction of hydrated OPC in air is generally a slow process that
is dependent on the relative humidity of the environment, temperature, permeability of the
concrete, and the concentration of CO2 available. In accelerated carbonation, the pressure
value is an additional variable. As stated by Bertos et al. [87], the carbonation process
is primarily affected by factors such as the diffusivity and reactivity of carbon dioxide.
Carbonation-dependent factors are presented in a systemized way in the Figure 1 below.
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Prior to using carbonated calcium silicate as an alternative binder, essentially, we
first need to explore the mechanical performance of this kind of system as well as the
dependency of the mechanical strength on the entire range of process parameters and
conditions, such as CO2 pressure, length of exposure, and temperature, along with the
qualities of the sample such as the binder/sand ratio, w/c ratio, and compaction.

3.2.1. Reactivity of CO2

To make CO2 reactive and ensure effective carbonation, the solid material needs to be
denoted by certain chemical properties. First, the substances must be inorganic in nature.
Calcium and/or silicon salts must be constituent parts, or there may be hydraulic, poz-
zolanic, lime-bearing or other CO2-reactive calcium-containing material heavy metals [87].
A higher concentration of Ca leads to a better carbonation result; therefore, the C/S molar
ratio increases, and the carbonation degree is increased as well.

The amount water is also significant as it is needed to promote the carbonation reaction
by dissolving CO2 and releasing CO3

2− ions. CO2 in the gaseous form cannot react directly
with the cementitious material as CO2 gas must primarily be dissolved in water to form
carbonate ions (carbonic acid). Subsequently, these ions react with the calcium ions of
pore water. However, excessive water may compromise the rate of carbonation due to the
clogging of pores and reduced carbon dioxide diffusion. In this case, a faster accumulation
of precipitations on the surface is observed. At low water-to-cement (w/c) ratios, the gas
permeability increases and diffusion of CO2 into the material is effectively achieved. For
this reason, as has already been determined, the optimum water-to-solids (w/s) ratio is
in the range of 0.06 to 0.20 [105]. However, the same degree of carbonation may require a
different water content for various types of cement.
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3.2.2. Diffusivity of CO2

The diffusion efficiency of carbon dioxide gas is profoundly linked with the structure,
i.e., the porosity, of the material. It follows that compaction of the material prior to its
carbonation exerts an impact on the final product as well. An increase in compaction
leads to a decrease in the structural porosity and permeability; as a result of this, a greater
strength can be achieved. However, under conditions of high compaction, the reaction
surface becomes smaller, and the water layer in pores becomes thicker. Since the diffusion of
CO2 in water is slower than that in air, the early-age carbonation can be impeded. However,
water evaporation can become difficult and this can provide moisture for carbonation at a
later stage; thus, it can improve the total efficiency. Lower compaction provides a higher
reaction surface since the structure is then looser. However, it should be considered that
water evaporation during the carbonation process in looser systems may speed up. It thus
follows that there is an optimum pressure value that allows for the maximized compressive
strength in the samples to be achieved as long as sufficient porosity is ensured for easy gas
penetration and access to moisture.

The physical properties of solids constrain the diffusivity of CO2 [87]. A higher surface
area of the material contributes to a greater degree of carbonation, whereas enhanced
compaction results in lower porosity, and, therefore, in superior strength. On the other
hand, it may prevent CO2 diffusion. The diffusion rate of carbon dioxide controls the
carbonation of cement-based materials to a great extent through the microstructure if
hardening has already been achieved. Therefore, the higher microporosity of the hydration
products results in better-carbonated materials [87].

Shao et al. [106] suggest that, theoretically, with a carbonation efficiency of 100% being
achieved, one ton of cement has the potential to absorb 0.5 tons of CO2 to form 1.5 tons
of solid calcium carbonates and silica gels. In real life, however, strength and diffusivity
aspects must be taken into consideration; values of CO2 uptake within a range of 9–20% by
cement mass represent state-of-the art technologies so far [107].

3.2.3. Pressure

As a process, carbonation is limited by diffusion. Increased pressure, combined
with extended duration, increases CO2 penetration into the porous—yet relatively dense—
material. Nevertheless, over-pressurization can lead to the blockage of the pores, thus
hindering the entrance of gas into the inner parts of the material. Therefore, it is important
to achieve a combined parameter balance.

CO2 partial pressure can control the carbonation process and can be implemented
within a spectrum of pressure values, ranging between atmospheric and super-critical CO2

(scCO2). CO2 pressure, in combination with other relevant parameters, dictates the way in
which the reaction proceeds. Depending on the specific system, individual fine-tuning of
the full set of parameters should also be considered. By boosting pressure and temperature
values, an increase in the rate of carbonation in concrete is certainly achievable.

Shi and Wu [108] state that, in the course of reactions between CO2 and cement
minerals, acceleration is observed mainly within the first 15 min of curing, independently
from the CO2 pressure and the pre-conditioning environment. Furthermore, Shi and Wu
demonstrated that an enhanced CO2 pressure promotes elevated CO2 consumption without
exerting any significant impact on concrete strength.

Some authors have taken into account the carbonation process using scCO2. Super-
critical CO2 is a fluid state of CO2 as it is stored at or above its critical temperature and
pressure values [109]. The critical point of carbon dioxide is 31.1 ◦C (i.e., ca. 304 K) and
7.39 MPa (equivalent to ca. 74 bar). scCO2 features a liquid-like density while manifesting
gas-like transport properties. All of this, in combination with the absence of surface tension,
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enables its penetration into the finest pores of cement paste [88]. Under natural conditions
of carbonation, the poor solubility of atmospheric CO2 in water limits the amount of CO2

dissolved in pore water. The high pressure helps to increase the amount of CO2 molecules
dissolved into the pore water; therefore, CO2 is able to penetrate even small pores with
ease, thus providing continuous availability of fresh CO2 [110]. Therefore, the carbonation
of cement under supercritical conditions is not controlled by diffusion [111].

3.2.4. Relative Humidity

The highest rate of carbonation reaction is observed when a relative humidity (RH)
value is within the range of 50–70%; it decreases at both higher and lower relative humidity
levels [111]. The somewhat narrow range of RH is related to the progress of carbonation
reaching its maximum at ca. 60% RH [99]. At RH >70%, capillary condensation seems to
be pore size-dependent; thus, the cement-specific influence on carbonation resistance is
maintained [112].

Galan et al. [113] determined that, at the lowest RH values, the amount of water in
the pores is insufficient to dissolve the phases involved; as a result, their reaction becomes
impossible. Meanwhile, intermediate RH values help to ensure the optimal conditions
for carbonation, which include sufficient water for the reaction to take place, as well as
sufficient space for the carbon dioxide to be diffused. Starting with a specific value of RH,
saturation of the pores with water is initiated, thus complicating the diffusion.

3.2.5. Temperature

As carbonation curing is a process of hardening taking place in a gas environment,
it is highly dependent on the diffusivity of the working gas. Therefore, the temperature
significantly affects any attempts to reach higher degrees of carbonation and to enhance
the mechanical properties of the system. A more elevated temperature increases CO2

diffusivity and promotes ion leaching, which boosts the chemical reaction. On the other
hand, CO2 solubility in water can decrease, thereby negatively impacting the carbonation
rate. In this context, striking the optimal balance between all the involved limitations is the
way forward.

Temperature is typically denoted by the complicated nature of its effect. An elevated
temperature can enhance ion leaching and stimulate the chemical reaction; however, it can
reduce carbon dioxide solubility. At low(er) temperatures, superficial carbonation tempera-
tures are preferable, as carbonate shell formation over the particles’ surfaces is promoted.
At higher temperatures, diffusion processes are optimized, and carbonation can proceed
through the bulk material; thus, with carbonation ongoing at an elevated temperature,
CO2 can quickly cure and be stored in the concrete structure permanently. Considering
the transfer of this concept to an industrial scale, high temperatures preliminarily seem to
represent a more feasible solution than high-pressure environments [90].

According to Bertos et al. [87], CO2 uptake increases when the temperature is increased
up to 60 ◦C (at atmospheric pressure). This is most likely due to the leaching of Ca2+ ions
from the solid material’s particles. Temperatures above this value reduce CO2 solubility in
water, thus lowering the carbonation rate. However, as the carbonation reaction is exother-
mic, the reaction-generated heat stimulates the formation of meta-stable polymorphs of
CaCO3. The desired stable polymorph (i.e., calcite) can be optimally obtained when the
process is maintained at highly reduced temperatures—i.e., in the interval from 0 to 10 ◦C.
Asavapisit et al. [114] demonstrated that more calcite is formed in the environment where
cold carbonic acid is used. Meanwhile, Wang et al. [110] established that, by raising the
temperature to 40 ◦C, a prominent increase in the starting rate of the reaction as well as the
total CO2 uptake capacity can be achieved. However, when this peak has been passed, a
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further augmentation of the temperature to 60 ◦C affects the reaction rate negatively (at
15 bar and w/c of 0.16). Contrarily, Liu et al. [115] produced data showing that a tempera-
ture augmentation up to 60 ◦C results in a higher CO2 content in the solidified material,
while an increase of the reaction temperature above 60 ◦C delivers a decreased CO2 content
due to the decreased CO2 solubility in water at elevated temperatures.

Mazzella et al. [80] determined that an upward shift of the temperature from
25 to 45 ◦C resulted in a doubled CO2 uptake at 2.5 bar and nearly tripled the uptake at
7.5 bar CO2 pressure; therefore, it is evident that temperature plays an important role in the
carbonation process.

Due to the staggering complexity and abundance of parameters exerting impacts on
carbonation, the key point is to determine and investigate the coexistence and interaction of
these factors upon the reaction course as well as its kinetics. As the carbonation process is
largely based on diffusion, some criteria have a positive impact on the reaction path while
other criteria are disruptive. Thus, the ultimate challenge for researchers is to determine an
optimized combination of values to ensure the perfect parameter synergy.

3.3. Ordinary Portland Cement Carbonation

The carbonation of cementitious materials proceeds naturally due to the presence
of atmospheric CO2. According to studies in the literature [116–126], carbonation is an
outcome of the neutralization reaction between the basic compounds of calcium silicates
and H2CO3 producing thermodynamically stable carbonates and water, which leads to a
drop in pH values. Concrete carbonation can be described as a physicochemical process
involving a series of chemical reactions. CO2 dissolves in the aqueous pore solution, thus
yielding carbonic acid (H2CO3). A diffusion mechanism induces the penetration of concrete
by CO2. This is a slow process from the surface inwards, with the depth of the carbonated
cement concrete front increasing with time. The rate of carbonation depends on many
factors such as the moisture content, the permeability of concrete, the fraction of CO2 in the
environment, as well as relative humidity. From the theoretical point of view, as hydration
compounds are inherently unstable in environments containing CO2, over time, absorption
of the mass of CO2 nearly equal to that which was chemically released during the reverse
reaction of limestone calcination in the cement kiln can be achieved [127]. In addition,
when CO2 reacts with calcium-bearing phases in the cement paste, chemical–mechanical
changes can be induced regarding the microstructure and porosity [98]. These changes
are usually considered as ‘passive’ since, when the cement paste reacts with CO2, these
changes are spontaneous; that is why, even despite the improvement in such features, e.g.,
the compressive strength manifested during carbonation, they are generally perceived as
deterioration effects. Contrarily, an active carbonation process stems from a procedure
designed to deliberately benefit from the ability of calcium-bearing phases of the cement
paste to react with carbon dioxide for a broad range of applications. Active or accelerated
carbonation curing may serve as a strategy towards the capture and storage of excess
CO2 contained in the air. The presently discussed strategy is based on the exposure of
the freshly cast cement paste or concrete to a pure or CO2-rich environment. With fresh
pastes and high concentrations of CO2, the hydration process of OPC is greatly accelerated
as well. There are a number of major benefits of accelerated carbonation curing, such as
an augmented strength at an early age and an intense gaining of strength. This is due to
pore-filling by CaCO3, and also because of modifications in the CSH microstructure [128].

The process of OPC carbonation is strongly exothermic and controlled by diffusion.
When carbon dioxide dissolves in water, carbonic acid is produced; this reaction yields a
significant amount of heat, specifically, 669.9 × 103 J/mol [87]. CO2 gas diffuses into the
solid. This results in a growing front of carbonated material encircling the inner zone of
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non-carbonated material. The penetration of carbonation can be defined by referring to the
following sequence of steps that are generally part of the reactive-transport mechanism [87]:

1. Diffusion of CO2 in air;
2. Permeation of CO2 through the solid;
3. Solvation of CO2(g) in water to CO2(aq);
4. Hydration of CO2(aq) to H2CO3;
5. Ionization of H2CO3 to H+, HCO3

- and CO3
2-. During this stage, the pH typically

drops from 11 to 8;
6. Dissolution of cementitious phases C3S and C2S, which occurs swiftly and extensively.

Calcium silicate grains are covered with a loose layer of calcium silicate hydrate gel.
The gel promptly dissolves and Ca2+ and SiO4

4- ions are released;
7. The nucleation of CaCO3 and CSH, for which minutely higher temperatures

are required in addition to the presence of finely derived material acting like
heterogeneous nuclei;

8. Precipitation of solid phases. Initially, vaterite and aragonite can be formed. At a later
stage, these polymorphs of CaCO3 are reverted to calcite. The final product may still
contain some amorphous calcium carbonate;

9. Secondary carbonation. CSH gel is formed and gradually decalcifies; after conversion,
the final products are silica gel and CaCO3.

During the carbonation reaction of calcium silicates, the primary product is CaCO3.
The principal chemical reaction governing the carbonation curing of cement-based materials
is as follows:

Ca(OH)2 + CO2 → CaCO3 + H2O

As calcium is the most common element among the OPC hydrates and Ca(OH)2 offers
the highest water solubility compared to other calcium compounds, the reaction with CO2

duly proceeds. Even though this reaction is between a gas and a solid, water is significantly
involved as the ion dissolution of calcium hydroxide and CO2 dissolved in pore water
is a prerequisite, without which there is no carbonation. Ca(OH)2 dissolved in the pore
solution can react with carbonic acid, which yields calcium carbonate [77,129–136]:

Ca(OH)2 + H2CO3 → CaCO3 + 2H2O

The reactions forming both carbonic acid and crystalline CaCO3 are exothermic and
160 kcal and 288 kcal of heat per mole are released, respectively [137]. During the course of
the reaction, the fraction of the calcium hydroxide content in the cement pastes is gradually
reduced, and the production of calcium carbonate is intensified; ultimately, the pH value of
the hardened paste is reduced.

The hydration reaction of cement clinker minerals proceeds over the course of time.
Unreacted C3S and C2S are involved in a carbonation reaction where, although port-
landite and CSH can be produced at an early stage, calcite and silica gel are ultimately
produced instead:

3CaO · SiO2 + 3CO2 + nH2O → SiO2·nH2O + 3CaCO3

2CaO · SiO2 + 2CO2 + nH2O → SiO2·nH2O + 2CaCO3

Belite phases can be present as β-C2S and γ-C2S, with the CO2 uptake capacity
of γ-C2S higher than that of β-C2S, and the formation of various CaCO3 polymorphs
is observed [129].
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Figure 2 shows a specific area of the carbonated sample at different magnifications. A
visible pore that is around 2 µm wide and 5 µm long is observed that is surrounded by cubic,
small-scale (<1 µm) crystals attributed to calcite [69]. These clusters of crystals were found
to be forming inside and around pores, which indicates that the first layer surrounding
the unreacted binder particle is silica gel, after which a layer of calcium carbonates fills
the pores, thereby densifying the microstructure of the material. Ultimately, the layers
of the carbonation reaction products surrounding the unreacted binder particles become
excessively thick and the CO2 is obstructed from further diffusion to the unreacted particles.
Further carbonation is therefore compromised and the material is prevented from gaining
additional strength.
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Figure 2. SEM images of carbonated (48 h, 45 ◦C) blended cement CEM II/A-LL 42.5R sample
microstructure at different magnifications [138].

CSH phase carbonation leads to the formation of a silica gel network; a considerable
decrease in porosity and a prominent increase in compressive strength is thus achieved.
CSH carbonation starts when a sufficient degree of carbonation has been reached, i.e., it
is only observed when most of the calcium hydroxide has already been used up. After
lowering the content of Ca2+ in the pore solution due to carbonation, the content of Ca2+ is
augmented again because of its release from CSH. This modifies the structure of CSH and
results in a lower C/S ratio. When the ratio falls below 1 and the pH value is around 10,
CSH fully decalcifies and finally converts into CaCO3 and a highly polymerized silica gel
that is acid-stable and sustains a morphology similar to that of the initial hydrate. As we
still lack knowledge regarding the exact stoichiometry of CSH, the carbonation reaction of
CSH gel can be assumed to proceed as outlined below [99,132,133]:

xCaO·ySiO2·zH2O + xCO2 → xCaCO3 + y(SiO2 · nH2O) + (z-nt)H2O

Ettringite and aluminates are also effectively carbonates at low partial CO2 pressures.
Ettringite decomposes when involved in a reaction with CO2, which yields gypsum and
alumina gel [134], as follows:

3CaO·Al2O3·3CaSO4·32H2O + 3CO2 → 3CaCO3 + 3(CaSO4·2H2O) + Al2O3·xH2O
+ (26 − x)H2O

The released sulphate ions can either precipitate as gypsum or diffuse inwards and
react with aluminate ions from the decomposed monosulphate, thus forming new ettringite.
This procedure is determined and triggered by diminishing pH values. However, the end
result is that a sizable share of Ca2+ ions from the aluminate phases will yield carbonate;
the aluminate and ferrite phases will produce stable metal hydroxides [121].
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3.4. Belite and Blended Cement Carbonation

Another approach towards more sustainable cement production is the carbonation
curing of belite-rich cement, which not only has the capacity to modify belite cement
but can also sequestrate CO2 into chemically stable carbonates in the long run. Jang and
Lee [135] determined that a higher share of belite in cement increases the CO2 uptake
during carbonation curing, thus encouraging microstructural densification. Belite phases
can manifest themselves as β-C2S and γ-C2S [136], with γ-C2S offering a higher CO2

uptake capacity than β-C2S. The mechanical strength of belite-rich cement mortar cured by
carbonation for 28 days was found to have dramatically improved compared to normally
cured cement for an equal period of time, with diminished pore connectivity and more
instances of pore closure, which resulted in a complex microstructure. CO2 uptake capacity
increases with an increasing belite content, leading to a higher amount of calcite formed,
which directly corresponds to increased strength. Fang and Chang [137] also investigated
the hardening behavior of β-C2S by accelerated carbonation, demonstrating a carbonation
degree of 21.6% and a compressive strength of 85.7 MPa after 6 h of carbonation in a 99.9%
CO2 concentration.

Moreover, not only can hydraulically active forms of belite be carbonated, the activa-
tion and hardening of γ-C2S by a carbonation reaction is considered a feasible approach
towards the production of low-lime cement [95]. Guan et al. [139] produced mortars based
on γ-C2S binder that had an equal or even higher strength than OPC and could fully
harden within 24 h by using accelerated carbonation. The CO2 footprint related to the
manufacturing and employment of a γ-C2S binder can be reduced by as much as 53%,
compared with that of OPC. Chang et al. [131] compared the carbonation of β-C2S and
γ-C2S to examine strength development in the accelerated carbonation process and the mi-
crostructure alterations caused by carbonation. The authors determined that β-C2S absorbs
less CO2 than γ-C2S while offering a superior compressive strength, as well as different
CaCO3 polymorphs formed in the carbonated systems. Notably, a few authors [140–142]
have stated that, by adding γ-C2S to the OPC system, we obtain not only densified surface
layers, a lower porosity and higher compressive strengths, but also an increased resistance
to leaching after accelerated carbonation curing.

The carbonation of blended cements becomes increasingly important in the context
of the sustainable construction sector [143]. Blended cements containing supplementary
cementitious materials, e.g., burnt clay, fly ash, blast furnace slag [144,145], opoka [146]
(a detailed description of this Ca-Si sedimentary rock is provided in [147]) and lime-
stone/calcined clay [148] are particularly important because of a significant reduction in
carbon dioxide emissions. The use of SCM not only helps to reduce high CO2 emissions
but also improves the overall strength of the concrete. The key advantage of blended
cements is the reduced clinker content in the mix. Ostvari et al. discovered that by us-
ing blended cements, the content of clinker in the mix can be reduced by up to 10%,
resulting in a 50% reduction in carbon dioxide emissions compared to that of OPC [149].
The use of SCM materials not only helps to reduce greenhouse gas emissions, but also
eliminates by-products generated in the industry, thus promoting the development of the
circular economy [150].

Other positive factors include the CO absorption capacity, which increases when using
SCM [151], and the mechanical strength of carbonized concrete products. The same trends
are characteristic of blended calcium sulfoaluminate cements [152].

3.5. Carbonation of Low-Lime Cement

A highly promising approach is the preference given to the manufacturing of low-lime
calcium silicate cement (CSC). This type of binding material not only requires smaller
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amounts of limestone but is denoted by a lower production temperature, which leads
to dramatically reduced CO2 emissions. In addition, such binders are environmentally
favorable not just because of their reduced CO2 emissions but also due to their capacity to
permanently store CO2 in the concrete structure in their carbonation hardening process. The
adoption of such well-functioning and capable carbonation technologies offers perspectives
towards cementitious materials that can serve as one of the core CO2 sequestration segments
worldwide. Rankinite (Ca3Si2O7 or C3S2) and wollastonite (CaSiO3 or CS) are the main
low-lime calcium silicates that can practically serve as alternative binders.

Rankinite carbonation. The process of rankinite carbonation is comparable to that of
OPC carbonation. During the initial stage, the dissolution of CO2 gas into water yields
carbonic acid, which subsequently ionizes H+, HCO−

3, and CO3
2-. As the H+ concentration

significantly increases, the pH correspondingly drops; the leaching of Ca2+ from the C3S2

structure is thus induced. This leads to immediate precipitation or the formation of insolu-
ble CaCO3, which is considered as a rate-limiting step of the carbonation reaction. Calcite
occurs as a compact, continuous coating of small crystals, having a major effect on the
carbonation extent [69]. The carbonation reaction products of the rankinite binder system
include calcium carbonate, silica gel (or else Ca-modified silica gel), and a composite phase
featuring both formerly mentioned phases (intermixed) [107,153,154]. At this point, the
most accurate reaction path for the rankinite carbonation system has been proposed by
Ashraf et al. [62]:

5(3CaO·2SiO2) + 11CO2 + 2.5H2O → 11CaCO3 + 4CaO·10SiO2·2.5H2O

As the solvation of Ca2+ ions from C3S2 structure occurs, the polymerization of the
remaining silicon tetrahedral monomers (H2SiO4) simultaneously produces highly poly-
merized silica gels [155,156]. The stiffness of the produced polymerized silica gel phase
has been shown to be greater than the stiffness of CSH gel, which is the primary binding
phase of the hydrated OPC system [76]. The concept of the derivation of a Ca-modified
silica gel was proposed by Ashraf and Olek [157]. The authors state that this type of silica
gel phase can be plausibly perceived as containing semi-spherical clusters of silica gel
with silanol (Si–OH) bonds located primarily on their surfaces [147]. It has been suggested
that calcium is potentially present inside the gel clusters that moisture cannot reach. Due
to this inaccessibility, calcium is not removed from the Ca-modified silica gel during the
carbonation process, nor does it convert to CaCO3. In their previous study [158], the same
authors observed that, during the carbonation reaction of C3S2, the initial gel phase is CSH,
which ultimately decomposes, thus forming a highly polymerized Ca-modified silica gel.

The carbonation of calcium silicates involves two clearly defined stages: (1) an initial
fast carbonation reaction that is controlled by chemical kinetics; and (2) a slower reaction
then takes place that is controlled by product-layer diffusion [158]. As diffusion is the major
limiting process in the course of carbonation curing, it is controlled by the pore system and
by pore saturation; thus, it has a major impact on the extent of carbonation. The carbonation
of calcium silicates triggers the loss of pore connectivity and shifts the pore size distribution
curve in the direction of diminished pore diameters since changes in porosity are generally
caused by the dissolution of cementitious phases. Carbonation dramatically impacts the
transport properties by virtue of modifying and densifying the concrete microstructure.
Concrete porosity drops with an increase in CO2 pressure, as the pores, which previously
were large and open, become filled with calcium carbonate and silica gel. Ultimately,
they are of a higher molar volume compared to the primary components [159,160]. Due
to the fact that the coating of CaCO3 on the binder particle becomes thicker, the whole
structure is surrounded by a densified layer of reaction products, preventing further
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permeation and diffusion of CO2 into the unreacted clinker, thus restricting the extent of
rankinite carbonation [69].

The main advantages of manufacturing rankinite binder over OPC are presented in
Reference [63] and Figures 3 and 4. The CaO/SiO2 molar ratio in cement is 2.7; in rankinite
it is 1.5, i.e., 1.8 times lower. This reduction in lime content causes a 30% decrease in
the enthalpy of the decarbonation of CaCO3 (from 2.138 to 1.514 GJ). In both cements,
the enthalpies of the reactions of the clay mineral decomposition (0.063 and 0.075 GJ)
and cement phase formation (-0.377 and -0.538 GJ) are close. Thus, the enthalpy of the
formation of rankinite clinker is ~40% lower than that of OPC. In addition, rankinite clinker
production can reduce CO2 emissions by as much as 30% (from 810 kg/1-ton OPC to
565 kg/1-ton rankinite) [63].
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The water-to-binder ratio has a strong impact on the strength of the samples (Figure 2).
Increasing the w/c ratio from 0.15 to 0.25 resulted in the compressive strength of the
rankinite binder mortars (binder/sand 1:3) also increasing, reaching the highest value of
more than 45 MPa. However, further increases in the w/c ratio up to 0.4 led to a decrease
in the compressive strength value. OPC samples showed a continuous increase in the
compressive strength value with increasing water content. This may be due to the fact that
OPC is a hydraulic material that initially forms Ca(OH)2 and CSH; the reactivity to CO2 in
this might be higher than the initial calcium silicates.

The durability of the rankinite and OPC samples was assessed by freeze–thaw resis-
tance using de-icing salt. The obtained results are provided in Figure 4, where it can be
seen that rankinite binder samples showed significantly better performance compared to
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the OPC samples. Even after more than 100 freeze–thaw cycles, the mass of the scaled
rankinite binder samples was less than 1 g/m2; for the OPC samples, the mass was
significantly higher [138].

Wollastonite carbonation. In terms of Ca-bearing silicates, wollastonite is among
the most reactive minerals [71]. Its carbonation is exothermic (∆Hr = −87 kJ/mol) [161],
which can potentially reduce the total consumption of energy—and, inherently, the cost—of
carbon sequestration. The carbonation of Ca-bearing silicates takes place in a gas–solid–
water slurry, which dramatically speeds up the reaction rate in comparison to direct
gas–solid carbonation [162].

Wollastonite carbonates at a high rate, with a peak conversion rate of 70% in 15 min
under comparatively mild conditions (d < 38 µm, T = 200 ◦C and pCO2 = 20 bar) [163].
Daval et al. [71] researched wollastonite carbonation kinetics and used kinetic modelling.
They proved that the rate-limiting step of the general reaction is wollastonite dissolution.
However, Min et al. [164] researched CS carbonation in water-bearing supercritical CO2

and determined that the carbonation reaction does not experience any impact from the
kinetics of the surface reactions. Rather, it is affected by the diffusion of water-bearing
scCO2 through the surface layer. Therefore, the state and medium in which CO2 approaches
the material is fundamentally important. Wollastonite carbonation is intensified by the
increasing water content, temperature, and pressure. According to Miller et al. [165], it is
possible to achieve almost 50% wollastonite conversion to carbonate at 70 ◦C, 160 bar, with
no less than 24 h carbonation. A similar carbonation degree (~50%) was achieved by Daval
et al. [70] at 250 bar and 90 ◦C.

Wang et al. [110] researched the impact of a CS addition to OPC system carbonation
and determined that the reaction rates, along with CO2 uptake capacity, were signifi-
cantly enhanced. The additive CS content encouraged the carbonation conversion of OPC
components throughout the process of curing and acted mainly on the gaseous diffusion
properties, thus enhancing gas permeability during the reaction.

Highly relevant topics of recent research are the binding substances of LC3 (limestone-
calcined clay cements). Their properties are close to those of PC; however, they can reduce
CO2 emissions to 30%. The process of their carbonization has been recently described in
detail in two studies [49,50].

3.6. Carbonation Effect on Reinforced Concrete

Carbonation in concrete structures not only exerts a positive environmental impact,
it also contributes a significant negative impact on reinforced concrete structures as well.
During carbonation, atmospheric CO2 interacts with hydrated products in cement and
yields carbonates that significantly reduce the alkalinity of the concrete. This is crucial for
the protection of steel reinforcement. This issue was recently examined in detail in a review
article by A.F.A. Fuhaid and A. Niaz [166].

We would like to mention a few observations by other authors. The alkaline envi-
ronment in concrete protects steel from corrosion; therefore, when alkalinity decreases,
corrosion processes begin. Babalola et al. demonstrated that the corrosion caused by
reinforcement reduces its load-bearing capacity and can seriously damage the robustness
as well as the longevity of concrete structures [167]. Ikumapayi et al. observed that the
corrosion of reinforcing bars due to carbonization is a common phenomenon responsible
for structural failures, including even the complete collapse of buildings [168]. In addition
to the chemical processes caused by carbonation, as discussed above, erosion is also man-
ifested in concrete. Research conducted by Yin et al. highlights the likelihood of greater
material losses in structures that can potentially be caused by the ongoing carbonation
process; in the long run, this can affect the strength and, ultimately, the integrity of these
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structures [169]. The resulting erosion of structures can lead to the appearance of cracks and
the spalling of concrete surfaces, which can then be followed by the complete destruction of
the coating layer protecting the steel. Studies have highlighted the economic consequences
of carbonization-induced reinforcement corrosion. Structural deterioration caused by the
carbonization process has significant financial implications due to the restoration measures
required, both through retrofitting and preventative strategies [170].

The influence of chlorides on the corrosion of steel reinforcing bars is a significant
challenge to the durability of reinforced concrete structures. It has been shown that car-
bonation in concrete affects the diffusion of chlorides and accelerates the corrosion of
reinforcement [171]. All problems and their solutions are described in detail in [172].

These problems do not arise when using basalt-fiber reinforced concrete. This product
is relatively a new type of fiber-reinforced concrete and has demonstrated good mechanical
performance. Basalt fibers are considered superior to other widely used types of fibers,
because of their comparable mechanical strength, higher durability than glass fibers, lower
cost compared to carbon fibers, the sustainability manifested by the abundance of the raw
material used, and a production process denoted by its environmental friendliness. The
advantages and future prospects of this concrete are examined in great detail in a recently
published review [173].

In summary, the negative effects of carbonization evidently impose a strong impact
on steel-reinforced concrete structures. This process results in the corrosion of steel rein-
forcement, and reduces the durability of structures, which inevitably results in devastating
economic consequences.

To summarize the present study, it is safe to assume that not only ordinary Portland
cement, but also low-lime calcium silicate binder materials are applicable in carbonation
curing and offer potential to be used in the production of carbonated construction materials.
In comparison to OPC, their negative impacts on the environment are less severe. The raw
mixture contains a lower amount of CaO. The lower calcinating temperature reduces fuel
and energy consumption. Carbon dioxide is sequestrated in the concrete structure in the
form of stable carbonates. However, each of the blended cement hardening processes using
mineral carbonation requires systematic and profound investigation because the process is
greatly impacted by a broad range of factors and parameters.

It is evident that curing in a CO2 environment accelerates the formation of calcium
silicate cement phases. However, additional research is required to establish. beyond
reasonable doubt. the effect of carbonation on the hardening of low-lime binders. Therefore,
a further extension of the present study may be directed towards the synthesis of new
cementitious materials, the study of their hardening mechanisms, and modifications in the
mineralogical composition of the products obtained. It is essential to realize that although
experimental research will create environmentally friendly, durable, and mechanically
strong concretes, the practical introduction of this technology at an industrial scale is still
denoted by major complexity. For this reason, the large-scale production of concrete cured
in a CO2 environment is a challenge due to the operational and chemical composition
considerations in real-life implementations.

4. Conclusions
The OPC used in the OC industry is a key component of concrete and mortar, is

associated with high CO2 emissions, and is on the “blacklist” of factors that most affect
climate change. Recent studies have shown that measures, such as traditional clinker
additives, recovered solid fuels, more efficient energy use and engineering solutions, are
not enough to achieve CO2 reduction targets. The implementation of new cementitious
materials is one of the main goals of the academic community and cement and concrete
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manufacturers. One way to reduce the negative impact of OPC production on climate
change is to use blended cements, i.e., with 10–30% additions of various additives and then
harden the products in a CO2 environment. This improves the properties of these products,
especially their durability. It is also very important that SCMs can be mixed with OPC
by concrete manufacturers. Such a binder requires a smaller amount of limestone, which
significantly reduces CO2 emissions. In addition, two more goals are achieved: (1) reduced
emissions make such binders more environmentally friendly; and (2) CO2 is utilized in the
product structure during carbonization. If these technologies are widely implemented in
industry, the production and use of cementitious materials would likely become one of the
most important means of CO2 utilization in the world.

The main factors influencing the carbonation kinetics of calcium silicate-based binders
are as follows:

1. Reactivity of CO2. To make CO2 achieve effective carbonation, the solid inorganic
material must possess certain chemical properties. The higher the concentration of
Ca in the material (CaO/SiO2 ratio), the higher the degree of carbonation obtained.
The water content in the material is also of major importance since it is required to
promote the carbonation reaction by releasing CO3

2− ions;
2. Diffusivity of CO2. The higher the surface area of the material, the greater the degree

of carbonation. A high degree of compaction leads to a lower porosity and, therefore,
to a higher strength. However, this may prevent CO2 diffusion;

3. Pressure. CO2 partial pressure, along with other process parameters, determines the
course of the reaction, and, depending on the individual system, all the parameters
should be set individually as well. By increasing the temperature and pressure, it is
possible to increase the carbonation rate;

4. Relative humidity. The carbonation rate is the highest within a relative humidity
range (RH) of 50–70%. At a low RH value, there is not enough water in the pores
to dissolve the phases involved. From a certain value of RH, the pores start to be
saturated with water, complicating the diffusion;

5. Temperature. The effect of temperature is usually complicated. At low temperatures,
the carbonate shell forms more easily on the particle surface. At higher temperatures,
diffusion processes are more effective and carbonation can proceed through the bulk
material. Considering the application on an industrial scale, it may be more convenient
to operate at higher temperatures rather than at a high pressure.
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