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Abstract: The construction industry is essential to the development and economy, but is also the
largest generator of construction and demolition waste (CDW). While efforts are made to minimize
such generation, the construction industry has been developing applications for it in the form of
aggregates to replace the commonly used natural aggregates. However, in structural applications, it
is necessary to ensure that the properties of concrete produced with CDW, as recycled aggregates
(CDW-concrete), guarantee adequate performance and do not put the structure at risk. For this, one
of the alternatives is improving the properties of CDW aggregates through carbonation, a process
called carbonate curing or accelerated carbonation. In this sense, this paper aims to investigate the
carbonation of CDW aggregates, clarifying how this process occurs, the existing carbonation methods,
the main properties that affect this process, and their influence on the properties of recycled aggregates
and the CDW-concrete. To this end, the SREE (systematic review for engineering and experiments)
method was used to search and analyze scientific manuscripts published without a time limit. The
results revealed that the most widely used method for carbonate curing is recommended by Chinese
standard GB50082, and highlighted the need for further research to investigate the CDW-concrete,
focusing on its eco-friendly potential to capture CO2 from the atmosphere.

Keywords: bibliographic analysis; carbon dioxide sequestration; carbonation; durability; recycled
aggregates

1. Introduction

Planet Earth is surrounded by a layer containing several essential gases for sustaining
life [1], such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and water
vapor, which retain the solar radiation on the Earth’s surface, preventing its return to
space. This phenomenon is called the greenhouse effect, and is primarily responsible for
maintaining the global temperature at levels suitable for life maintenance on Earth [1,2].
However, it can be a negative factor because of increased emission of greenhouse gases
into the atmosphere [3]. An estimation points out that 76% of all greenhouse gases are
composed of CO2 [2], and that 3.6 billion tons of CO2 have been emitted annually [3].

The increase in CO2 concentration in the atmosphere intensifies the greenhouse effect
and leads to global warming, an urgent global issue [1]. It generates climate changes,
such as increasing global temperature, polar ice caps melting, increasing average sea level,
decreasing agriculture production, increasing air pollution, relative humidity variation,
and fauna and flora extinction [2,3].

In this context, the construction industry emits large amounts of CO2 throughout its
chain production, with the cement and concrete sectors standing out in this aspect [2].
Moreover, this industry is one of the greatest nonrenewable natural resources explorers,
exploiting a significant portion of mineral resources commonly used as aggregates [4]. It
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is also responsible for increasing greenhouse gases emission, particle and noise pollution,
and construction and demolition waste (CDW) generation [5].

CDW production is estimated to have reached 820 million tons in Europe [6], 548 mil-
lion tons in the United States [7], and 2.4 billion tons in China [8,9]. Therefore, reducing the
volume of CDW is one of the most challenging problems of sustainable development for
the coming years.

One of the successful strategies to recycle CDW is to use it as raw material to produce
recycled aggregates (RAs), minimizing the volume of waste going to landfills, reducing
the demand for natural aggregates (NAs), and decreasing the exploitation of natural
resources [10]. Thus, researchers have evaluated the possibility of replacing NAs with
RAs from CDW (CDW-RA) in mortars [11] and concretes for structural functions [12],
which has been an increasingly investigated alternative [13], even though CDWs are very
heterogeneous and show lower values for mechanical properties and durability, which
can be a problem [14–16]. Spontaneous carbonation is considered a pathology because it
decreases the pH of concrete, generating cracks and increasing pores size, and exposing
reinforcement steel in reinforced concrete structures [17].

Considering these problems, an alternative to their mitigation is strengthening RAs
with the carbonation process, e.g., using controlled climatic chambers for carbonate curing,
with promising results found in the literature [3,9,15,18]. The carbonation process occurs
due to the reaction between chemical compounds present in concrete (Ca(OH)2—calcium
hydroxide and C–S–H—calcium-silicate-hydrates) with CO2 in the atmosphere, producing
smaller calcium carbonate (CaCO3) crystals that fill the pores in the mortar phase of
concrete [18–20]. This process reduces the voids present in concrete and, consequently,
porosity and water absorption, which improves its mechanical properties [21–23].

With this perspective, this paper investigates the carbonation of CDW–RA applied to
concrete, aiming to evaluate the reduction of CO2 emission and CDW recycling. Specifically,
this study aims to define future research directions by presenting consolidated outcomes
and knowledge gaps about (i) the influence of using CDW-RA on the physical and me-
chanical properties of concrete, (ii) the influence on concrete durability, (iii) the carbonation
process of CDW-concrete, (iv) the influence of properties in the carbonation process, and
(v) the CO2 quantification and absorption methods. For this, a systematic literature review
was conducted.

2. Materials and Methods
2.1. Systematic Review

To select the bibliography concerning the carbonation of CDW-RA applied to concrete,
the SREE (systematic review for engineering and experiments) method [24] was used. This
approach is based on the ProKnow-C (knowledge development process-constructivist)
method [25], which has been employed in several relevant studies [26–31]. However, the
SREE method improves and adapts the ProKnow-C method to the subject of engineering
and experiments, increasing detail in its steps to be more flexible and easier, mainly for
novice researchers to use. As already presented by other authors [13], the SREE method
introduces a methodology quality analysis of scientific papers. Figure 1 illustrates the SREE
method’s main steps, which are used in the present research.

In this work, four research lenses were defined, and for each one, the research questions
(or specific objectives) were developed, as shown in Figure 2.
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Figure 2. Research lenses and specific objectives.

2.1.1. Bibliography Selection

The research topic—carbonation of CDW-RA applied to concrete—and the objectives
(Figure 3) were defined firsthand. The databases chosen for the bibliographic search
were Science Direct, Scopus, Compendex, and Web of Science, all indexed by CAPES [32],
involving articles published on any date up to 23 June 2021, given the novelty of the
topic. Table 1 indicates the keyword combination used and the number of articles found in
each database.
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Table 1. Number of articles found in each database using keyword combinations.

Keyword Combination Database Number of Articles

“carbon dioxide” AND “accelerated”
AND “carbonation” AND

“concrete aggregates”

Science Direct 281
Scopus 511

Compendex 36
Web of Science 5

The initial search for the keywords resulted in 753 papers, which were imported into
the reference manager—Mendeley software. Duplicate articles were eliminated, and those
with titles aligned with the theme were selected, yielding 68 articles. From these, 17 were
selected because of their scientific recognition—they presented 85% of the citations in the
previously selected portfolio—and 21 were selected because their abstracts were aligned
with the theme, yielding 38 articles for a full reading. Considering these, 16 presented total
alignment with the theme, and were used to compose the bibliography for the systematic
review of this research. Table 2 lists the selected bibliography, detailing their title, journal,
publication year, and rating according to CAPES [32].

Table 2. Details of the selected bibliography.

Reference Title Journal Year Rating

[14] Performance Enhancement of Recycled Concrete
Aggregates through Carbonation

Journal of Materials in
Civil Engineering 2015 A1

[17] Carbonation behavior of recycled concrete with CO2
curing recycled aggregate under various environments

Journal of CO2
Utilization 2020 A1

[18] CO2 concrete and its practical value utilizing living lab
methodologies

Cleaner Engineering
and Technology 2021 -

[19] Assessment of mechanical properties of concrete
incorporating carbonated recycled concrete aggregates

Cement and Concrete
Composites 2016 A1

[21] An assessment of microcracks in the interfacial transition
zone of recycled concrete aggregates cured by CO2

Construction and
Building Materials 2020 A1

[22] Effect of carbonated recycled coarse aggregates on the
mechanical and durability properties of concrete

Journal of Building
Engineering 2022 A1

[23] Mechanical properties of CO2 concrete utilizing practical
carbonation variables

Journal of Cleaner
Production 2021 A1

[33] Microstructure and chemical properties for CO2 concrete Construction and
Building Materials 2020 A1

[34] Effects of carbonation treatment on the crushing
characteristics of recycled coarse aggregates

Construction and
Building Materials 2019 B2

[35]
Accelerated carbonation of fresh cement-based products

containing recycled masonry aggregates for
CO2 sequestration

Journal of CO2
Utilization 2021 A1

[36] Use of a CO2 curing step to improve the properties of
concrete prepared with recycled aggregates

Cement and Concrete
Composites 2014 A1

[37]
CO2 treatment of recycled concrete aggregates to improve

mechanical and environmental properties for
unbound applications

Construction and
Building Materials 2021 A1

[38] Durability of recycled aggregate concrete Construction and
Building Materials 2013 A1

[39] Durability performance of concrete made with fine
recycled concrete aggregates

Cement and Concrete
Composites 2010 A1
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Table 2. Cont.

Reference Title Journal Year Rating

[40] Experimental study on CO2 curing for enhancement of
recycled aggregate properties

Construction and
Building Materials 2014 A1

[41] Sequestration of CO2 by concrete carbonation Environmental Science
and Technology 2010 A1

2.1.2. Bibliographic Analysis

The bibliographic analysis considered the journal’s relevance according to CAPES
classification [32], the number of citations from each article, and the author’s relevance. The
author’s relevance in the portfolio was checked through co-occurrence network analyses
(clusters) using VOSviewer, a free software [42]. These clusters visually illustrate the
correlation between the authors and the keyword selected for the portfolio, indicating
which was the most cited researcher.

According to Figure 3, the article portfolio is concentrated in the journals Construction
and Building Materials, Cement and Concrete Composites, and Journal of CO2 Utilization, which
together account for 75% of the portfolio. In addition, most of the articles have the best
classification (A1) according to CAPES criteria (A1, A2, B1, B2, B3, B4, B5, and C, from
the best to the worst classification) [32], indicating that the SREE method was effective in
selecting relevant articles for the systematic review.

Figure 4 presents the number of citations per article reported by Google Scholar [43]
on 4 July 2022, indicating that the portfolio obtained high-quality manuscripts, and high-
lighting their relevance.
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Figure 4. Article’s relevance [14,17–19,21–23,33–41].

From the cluster analysis indicated in Figure 5, the division of the authors into groups
is observed, with no connections among themselves, indicating the absence of collaboration
between each other. This occurs due to CDW particularities in each region, which makes
the joint investigation of these materials more difficult.
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2.1.3. Methodology Quality Analysis

The methodological quality analysis was performed through the SREE method [24],
which analyzes the paper’s results considering three criteria: (I) randomization, (II) analysis,
and (III) comparison. Figure 6 presents the classification and description of each criterion.
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The analysis of Figure 7 indicates that the methodological quality of scientific works
regarding the carbonation of CDW-RA, and its influence on the properties of cementitious
composites, needs to be improved, even more so because it is a current and relevant theme
for the sustainability context within civil engineering. This is demonstrated, for example, by
the fact that only 7 articles out of the considered 16 (44%) performed at least a comparison
with reference elements (comparison-basic). Therefore, the need for statistical studies that
present their results more completely should be highlighted, enabling comparison with
similar works, and the convergence of knowledge for the development of new techniques
and practical applications.

3. Results and Discussion
3.1. CDW-Concrete Physical and Mechanical Properties

The literature highlights that CDW-RAs present physical and mechanical properties
with lower values than NAs [44]. This worse performance is due to several factors, such
as the presence of two interfacial transition zones (ITZs) in RAs, CDW’s fragility, and
divergence between waste types used for aggregate production [18,22,45]. Because of these
differences, CDW-RAs can present great variability in their properties when not segregated,
leading to a decrease in mechanical strength [4,33]. One of the strategies to minimize
this effect is to segregate the waste before disposal, discriminating them according to the
material type, and producing RAs that can be organized into three categories, according
to the Brazilian standard NBR 15.116 [46]. Table 3 summarizes each aggregate type, and
points out which one was used by some references.

Table 3. Classification of CDW-RA according to NBR 15.116 [46].

Classification Origin Reference

ARCO * Concrete waste [19,39,47]
ARCI * Cementitious waste (mortars and cement pastes) [15,45]
ARM * Cement and ceramic residues [35]

Note: * In Portuguese, “AR” means “Recycled Aggregates”, and there is no translation for the other letters.

As aforementioned, RA presents two ITZs, the first between the original aggregate
and the mortar that surrounds it, and the second between this mortar and the new concrete
produced, which promotes an increase in the aggregate’s void content and worsens its
mechanical strength [19]. Furthermore, CDW-RAs are more brittle than NAs, due to the
increased volume and depth of microcracks in the recycled material, which are generated
during the fragmentation process to produce CDW-RA [18,21,48].

Considering these factors, waste segregation and preferential use of concrete waste
(ARCO) are recommended when destined for structural purposes [46]. It is worth mention-
ing that the increasing interest in using CDW in concrete led to changes in some standards.
For instance, the NBR 15.116 [46] allows up to 20% replacement of NAs by artificial ones
since its last revision in 2021, provided that the source of the aggregates is only concrete of
aggressiveness classes I and II of the NBR 6118 standard [49].

Because of their higher porosity and lower density, CDW-RAs present higher water
absorption, and worse mechanical resistance [10,21,35] and durability properties [21,23,47].
Some authors have employed methods to strengthen CDW-concrete, such as varying the
replacement ratio of NA for RA, aggregate type, cement, mixing and dosage method, and
reinforcing CDW-RA through carbonation. Tam et al. [23], for instance, obtained greater or
at least equal tensile, compressive, and flexural strength of CDW-concrete, compared to
traditional concrete, by considering replacement ratios of NAs by CDW aggregates equal
to 30% and 50%, which indicates it as a feasible and eco-friendly option [23].
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3.2. CDW-Concrete Durability Properties

The main durability tests cataloged in the literature, and obtained through the SREE
method, were the methods presented by NT BUILT 492 [50], ASTM C1202-97 [51], EN
12390-11 [52], EN 13,295 [53], and RILEM CPC-18 [54] for chloride resistance.

Some authors pointed out changes in the chemical structure of the cementitious
paste because of the chemical reactions between CO2 and Ca(OH)2, which resulted in the
material’s densification [36,45]. According to these authors, the reactions produced smaller
particles of CaCO3 that filled the pores present in the CDW mortars. Due to this process, the
average size of the voids was reduced from 50 nm to 10 nm or less, increasing the material’s
durability against chloride and sulfate penetration, and increasing leaching resistance.

Liang et al. [55] attested that precarbonated CDW-RA decreased the carbonation
depth in concrete exposed to freezing cycles, due to the reduced void volume caused by
CaCO3 filling, improving the material’s durability. According to these authors, there were
decreases ranging from 31.9% to 42.5%, varying according to the number of freezing cycles.

Hosseini Zadeh et al. [37], in turn, concluded that carbonation of CDW-RA decreased
the concentration of toxic chemical elements (As—arsenic and Cd—cadmium) on the order
of 50%. Furthermore, some researchers have verified that prior carbonation decreases the
alkalinity of CDW-RA due to the reaction between Ca(OH)2 and CO2, reducing pathologies
such as reinforcement corrosion.

The analysis of the selected articles led to the main conclusions presented in Table 4.

Table 4. Improvements in carbonate CDW-RA.

Reference Main Conclusions

[3,45,55] Increased resistance to sulfate attacks.
Increased leaching resistance.

[3,37,45,55] Alkalinity reduction.

[45] Decreased porosity by densification of the CaCO3 composition.
Increased resistance to high temperatures.

[45,55] Increased resistance to freezing cycles.

[36,45] Improvement of the penetration resistance against chlorides.
Decreased reinforcement corrosion rate.

[55] Decreased carbonation depth.

[36] Decreased concentration of chemical and toxic elements in
carbonate aggregates.

3.3. Carbonation Process

The carbonation process, also called accelerated carbonation or carbonate curing,
occurs from the reaction between CO2 and Ca(OH)2, as shown in Equation (1), or between
CO2 and calcium-silicate-hydrates (C–S–H), as shown in Equation (2), both present in
concrete. The reaction products include CaCO3 and calcium carbonate-silicate-hydrate
(3 CaCO3 ·2 SiO2·3 H2O) [56].

Ca(OH)2 + CO2 → CaCO3 + H2O, (1)

C-S-H + CO2 → 3 CaCO3·2 SiO2·3 H2O, (2)

In this context, RAs have a greater possibility of reacting with CO2 compared to
natural aggregates due to the Ca(OH)2 present in the mortar coupled to the aggregate
surface, which is essential for this process to occur on a large scale [3,19]. The treatment of
CDW-RA by carbonation occurs through the strengthening of the mortar coupled to the
aggregates due to the porosity reduction, and by mitigating the existing microcracks in the
ITZ [10,15,19,21,34,45,48] through the chemical reactions indicated in Equations (1) and (2).

The rate of CO2 absorption by RA is higher in the first seven days of curing because
of the higher concentration of C–S–H and Ca(OH)2 [35,45]. It was observed that longer



Buildings 2023, 13, 1097 9 of 14

exposure periods improve concrete properties [57], higher aggregate moisture content
improves the reaction conditions [3], and the variability of the waste types alters the
reaction capacity with CO2; therefore, concrete waste is preferable to the others [10,41]. The
literature reveals that the application of carbonated CDW-RA in concrete decreases porosity
and increases the water absorption rate and density compared to concretes produced with
noncarbonated CDW-RA [14,41,58].

With this perspective, the carbonation process has been one of the main strategies used
to perform carbon sequestration, and to improve the physical and mechanical properties
of RAs [23,47,57]. The methods used to carry out the investigations are the standard
carbonation method, recommended by the Chinese standard GB50082 [58], the pressurized
carbonation method, the flow-through CO2 curing method, and the water-CO2 cooperative
curing method. The standard carbonation method, widely used and the most frequent
in the selected bibliography, is performed in a carbonation chamber whose variables
of temperature, relative humidity, and CO2 concentration are approximately 20 ± 2 ◦C,
70 ± 5%, and 20 ± 3%, respectively. It is also common to analyze the content of carbonated
material after different exposure periods inside the chamber [10,55].

The literature highlights that variable such as temperature, relative humidity (RH),
CO2 concentration, CO2 pressure, grain size, and exposition time influence the carbonation
rate of recycled aggregates. In order to organize the papers, Table 5 summarizes the main
variables of each selected paper.

Table 5. Variables that affect carbonation identified in papers.

Reference Temperature RH CO2
Concentration Exposition Time Grain Size

[14] 20 ± 2 ◦C 60 ± 5% 20 ± 2% 7 days Sand

[17] 20 ± 2 ◦C 70 ± 5% 20 ± 3% 10 days Sand

[18] - - - 1 h Gravel

[19] 25 ± 3 ◦C 50 ± 5% 100% 24 h Gravel

[21] 20 ± 2 ◦C 70 ± 5% 20% 0, 7, 14, and 28
days Gravel

[22] 20 ◦C 65% 100% 30 days Gravel

[23] 23 ± 2 ◦C - - 0, 30, 60, and
120 min Gravel

[33] - - - 120 min Gravel

[34] 23 ± 2 ◦C 70 ± 5% 20 ± 3% 12 h Gravel

[35] 20 ± 2 ◦C 70 ± 5% 20 ± 3% - Sand

[36] - - 100% 0, 6, 12, 24, 48, and
72 h Gravel

[37] 22 ± 1 ◦C 21 ± 1% - 48 h Gravel

[38] 20 ± 5 ◦C 97 ± 2% - - Gravel

[40] 23 ◦C 10–90% - 1–5 h Gravel

By analyzing the selected papers, it is possible to identify that most of the studies focus
on the enhancement of coarse aggregates, due to the fact that it is the main responsible
factor for mechanical and durability properties of cementitious composites. An important
aspect of carbonation is the solubility of carbon in the cement matrix, which depends on
temperature and humidity. Li et al. [57] affirm that temperatures up to 60 ◦C increase
CO2 solubility [14]; however, higher temperatures compromise carbonation. Moisture
content impacts the solubility of carbon due to the fact that water is used to dissolve the
calcium present in cement, allowing the formation of calcite when in contact with CO2 [59].
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Jang et al. [60] highlight that RH between 50 and 70% provides optimal carbonation
conditions; this was confirmed in the portfolio of Zhan et al. [40], which obtained a higher
carbonation rate between 40 and 60% relative humidity. Considering CO2 concentration,
Pu et al. [61] concluded that concentrations between 20 and 40% accelerates carbonation
reactions, increasing composites properties [21,22]. Exposition time also affects carbonation.
According to Pu et al. [62], carbonation can be divided in three stages: the fast growing
stage, which corresponds to the first 30 min and contributes to 62% of the total carbonation;
the slow growing stage, a long stage where the carbonation rate decreases and corresponds
to 36.5% of the total carbonation; and the stable stage, where the carbonation rate remains
stable, which can be observed in [21,36].

The literature also indicates that the granulometry of the aggregates interferes with
the capacity for CO2 reaction. It was verified by Xuan et al. [19], who reported that finer
materials presented a higher capacity for CO2 reaction because of the greater surface area
exposed to the environment. Thus, it may be an alternative strategy to implement the
carbonate curing method to strengthen the CDW-RA.

Regarding the mechanical properties, some studies reported better performance in
terms of compressive, tensile, and flexural strength in concretes with carbonated CDW-
RA compared to those produced with noncarbonated aggregates [14,19,40]. For example,
according to Li et al. [57], this improvement is up to 20%. These authors also reported that
concretes made with aggregates cured with CO2 had mechanical strength values only 10%
lower compared to conventional concretes produced with virgin aggregates. However,
there was no improvement in the elastic modulus [19,23,57].

Furthermore, the carbonate curing process of aggregates results in other changes when
applied to concrete, such as decreasing electrical conductivity [22], making it possible
to use them for electrical discharge grounding systems, decreasing alkalinity [55], and
shrinkage of the concrete after drying [36]. These positive factors allow improvement of
the mechanical properties of the material, since they limit pathologies caused by alkaline
pH and shrinkage.

3.4. CO2 Quantification and Absorption Methods

The simplest methodology identified in the selected bibliography for quantifying
and absorbing CO2 was the mass weighing method, which quantifies the CO2 content by
weighing the dry aggregates before and after the carbonation process [3,19,40,57]. It is
simple because it requires only a carbonation chamber, a scale, and an oven to be applied.
Considering the selected bibliography, this method was employed in three articles.

Other approaches that help to identify the CO2 content absorbed by the aggregates
involve the application of phenolphthalein, in which the pink color intensity indicates
the carbonation degree of the material [3,55]; X-ray diffraction (XRD), which allows a
semiquantitative analysis of the chemical composition of the aggregates before and after
carbonation [33,35,55]—this method was used in four manuscripts in the selected bibliog-
raphy; and thermogravimetric and differential thermal analysis (TGA/DTA), which makes
it possible to quantify the carbon crystal particles in fine-grained materials [33,35,55]—this
method was employed the most (five times) in the selected bibliography.

4. Conclusions

From this review on the carbonation of CDW-RA applied to concrete, performed using
the SREE method, the following conclusions can be drawn:

(i) Using CDW-RA in concrete leads to a decrease in the physical and mechanical prop-
erties compared to conventional concrete due to the variability of the wastes and a
higher void content in the recycled aggregates, which makes them more brittle than
NAs. An alternative to this is to segregate CDW, and prioritize the management of
concrete waste to produce ARCO (recycled aggregates of concrete).
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(ii) The durability decreases when using CDW-RA in concrete because the CDW-RA’s
void ratio is higher than conventional aggregate, increasing the concrete’s porosity
and decreasing its permeability against corrosion.

(iii) The carbonation of CDW-RA, especially ARCO and ARCI, occurs at higher rates than
in conventional aggregate because of the extra Ca(OH)2 interacting with the aggre-
gate. When it reacts with CO2, this process produces CaCO3 that fills the CDW-RA
voids, enhancing the aggregate’s resistance. This method has been a strategy to in-
crease CDW-RA applications in concretes for structural purposes, reaching promising
results. The standard carbonation method, recommended by the Chinese standard
GB50082 [59], was the most used in the selected portfolio, leading to positive outcomes
as well.

(iv) The carbonation effectiveness is affected by environmental and sample conditions,
such as temperature, relative humidity, CO2 concentration, exposition time, and
grain size. In the selected portfolio, the majority of experimental investigations were
realized in sands in temperatures of 20 ± 2 ◦C, moisture content between 50 and 70%,
CO2 concentration between 20 and 100%, and exposition time varying from 30 min to
72 h.

(v) The method identified in the portfolio which was most used to quantify the absorbed
CO2 was TGA/DTA, which was used five times, and has been a reliable method
to quantify the carbon embodied in the CDW-RA. It is worth mentioning the X-ray
diffraction (XRD) and mass gain methods were also present in the portfolio, the latter
being the simplest one.

It should be highlighted that these findings are limited to the bibliography selected
using the SREE method, and to the four research lenses (or specific objectives) proposed
in this research. Based on these conclusions, there is a need for further research to inves-
tigate the CDW-concrete, focusing on its eco-friendly potential to capture CO2 from the
atmosphere, and on its behavior when destined for use in structural components.
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