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A B S T R A C T

Accelerated carbonation is suggested as a potential alternative for carbon dioxide sequestration, which also 
improves the microstructure of recycled concrete aggregates. In this study, the carbonation parameters of model 
aggregates derived from cement pastes with two different water/cement ratios (i.e., 0.5 and 0.7) were evaluated 
in order to maximize the benefits of the carbonation process on their density and absorption. For this purpose, in 
a first phase, the initial moisture content of the model aggregates and the reaction time were evaluated. 
Furthermore, in a second phase of mortar production, the fraction of fine natural aggregates was replaced, 
considering each type of unprocessed and carbonated model aggregate at volumetric replacement percentages of 
50% and 100%, varying the amount of water in the mortar mix to maintain a similar workability in all the series. 
In this way, the properties of the eight series of mortars are evaluated in comparison with the control series made 
only with natural aggregates. The results indicate that the accelerated carbonation process positively influences 
density and absorption in the model aggregate. Regarding the parameters of the accelerated carbonation envi
ronment analyzed, for a higher w/c ratio in the original model aggregate, higher initial water content was 
necessary for the carbonation process to be efficient. As for the mechanical performance of the mortars with 
model aggregate, the series that incorporated model aggregate aggregates with a w/c ratio of 0.5 achieved better 
mechanical behavior compared to the series replacing model aggregate with a w/c ratio of 0.7; this was related to 
the formation of a more compact matrix in the mortar with model aggregate of cementitious pastes.

1. Introduction

In recent decades, the use of recycled aggregates has become 
increasingly important due to the need to address the problem of con
struction and demolition waste (CDW) from industry and as a strategy to 
meet the sector’s imperative demand for raw materials from natural 
resources (Illankoon and Tam, 2021). The annual demand for natural 
aggregates (NA) in the global construction market is estimated to be 
more than 40 billion tons (Hawileh et al., 2023). This demand has led to 
the study of recycled aggregates from different sources (Kurda, 2021), 
including recycled concrete aggregates (RCA), one of the main compo
nents of CDW (Zhang et al., 2019), (Akhtar and Sarmah, 2018). The old 
adhered mortar (OAM) on the surface of RCAs can facilitate a reaction 
with ambient carbon dioxide. This reaction capacity is higher in fine 
recycled concrete aggregate (FRCA), mainly because the fine fraction 

has a higher specific surface area and contains a higher proportion of old 
adhered mortar, which can increase the contact with CO2. Therefore, the 
carbonation process is a method for improving (Li et al., 2022) and 
transforming this characteristic of recycled aggregates into a potential 
alternative in the quest for carbon neutrality (Xiao et al., 2022). Ac
cording to Zadeh et al. (2021), carbonation is the most effective and 
feasible method for improving the mechanical properties and durability 
of RCA by enhancing both the new interfacial transition zone (ITZ) and 
those already present in the RCA (Zadeh et al., 2021). Through 
carbonation, it is expected that CO2 reacts with the calcium hydroxide 
(Ca(OH)2) and calcium silicate hydrate (CSH) present in the old adhered 
mortar on the RCA, forming calcium carbonate (CaCO3) and silica gel 
(SiO2), according to the following equations (Luković, 2016): 

Ca(OH)2 +CO2 → CaC03 + H2O Equation 1 
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(CaO)x (SiO2 )(H2O)+ xCO2 → xCaC03 + SiO2(H2O)t + (z − t)nH2O
Equation 2 

Several studies have shown that carbonation improves the properties 
of various aggregates, including high-porosity aggregates as they can 
provide a considerable amount of space for CO2 storage, making them a 
viable alternative to natural aggregates in concrete. Mi et al. (2023)
studied a new CO2 sequestering method by utilizing different porous 
aggregates such as coral aggregates, waste clay brick aggregates, light
weight aggregates. This process is divided into two stages, the first 
consisting of pre-soaking the aggregates in an alkaline slurry and the 
second consisting of curing the pre-soaked aggregates in a carbonation 
tank. The results indicate that the proposed CO2 sequestration method 
does not affect the strength development of the concrete or the pH of the 
concrete pore solution (Mi et al., 2023a). In terms of property 
improvement, using the same method in which coral aggregates were 
pre-soaked in Ca(OH)2 slurries with different solid-to-liquid ratios (i.e. 
0.2, 0.4 and 0.6 g/mL) followed by accelerated carbonation. The 
compressive strength of aggregates in concrete increased by up to 16% 
when the solid-to-liquid ratio was 0.2 g/mL compared to that before 
CO2 sequestration, with the opposite effect when the ratio was 0.6 g/mL 
(Mi et al., 2023b). In the case of accelerated wet carbonation, Xiao et al. 
(2022) studied this method in coarse RCA (CRCA) and FRCA aggregates, 
analyzing how carbonation affects their properties (Xiao et al., 2022). In 
this case, carbonation was carried out at a relative humidity of 75 ± 5% 
to accelerate the reaction process and a CO₂ concentration of 20 ± 2% 
already preset before the fine aggregate was introduced. Different from 
the case of Fang et al. (2021), who injected the gas at a rate of 0.2 L/min 
of CO₂ for 10 min (Fang et al., 2021). However, in both cases, a reduc
tion in the amount and volume of pores in the recycled aggregates was 
reported, due to a densification of the surface of the recycled aggregates. 
This property improved the performance of the new pastes in both 
studies. In the case of Fang et al. (2021), they indicated that the appli
cation of wet carbonation resulted in a 30.8% increase in compressive 
strength and significant improvements in the drying shrinkage perfor
mance of the new mortar samples (Fang et al., 2021). Similarly, Xiao 
et al. (2022) reported that the mechanical properties and shrinkage 
behavior of carbonated fully recycled fine aggregate concrete are similar 
to those of natural aggregate concrete, replicating these results for 
shrinkage deformation (Xiao et al., 2022). Although true, it has been 
possible to corroborate the improvement of the properties of FRCA from 
the treatment with carbon dioxide. Due to their heterogeneity, the pa
rameters required to achieve a correct reaction between the cement 
paste present in the recycled aggregates and carbon dioxide differ from 
each other (Poon et al., 2023). There are studies in the literature in 
which it can be seen that even when two aggregates of a similar size are 
compared, the sequestration capacity of the aggregates can be different; 
this is because the composition of the old mortar adhered to recycled 
aggregates can be very diverse due to different factors (aging, environ
mental circumstances during disposal, composition of the original 
cement used, etc.). The water-cement ratio is a critical factor in concrete 
strength. Depending on this ratio, two extreme situations arise. Firstly, 
when extremely low water-cement ratios are used, the mortar loses 
workability, failing to adequately fill or cover the aggregate surfaces. 
Consequently, the matrix strength is compromised due to weak inter
facial transition zones (ITZ). Secondly, higher water-cement ratios 
enhance mortar workability, but the resulting layer becomes very thin 
and may detach from the aggregate (Xiao, 2018). In this regard, J. Xiao 
et al. (2013) which carried out a parametric study to analyze the effects 
of ITZ and new mortar matrix on the stress-strain ratio of Modeled 
Recycled Aggregate Concrete observed that the maximum stress and 
strain increased with decreasing water-cement ratio of the new mortar 
matrix (Xiao et al., 2013).

Thus, the present study aims to evaluate the effect of cement paste 
bonded to recycled concrete aggregates in the proposed accelerated 
carbonation process as an alternative for CO2 sequestration in the 

literature by comparing the water-cement ratio. This characteristic is a 
factor that impacts on the level of carbonation that can be obtained and 
the variation of the major mineralogical phases obtained through this 
process (Shen et al., 2022), (Georget et al., 2020). The present study 
aims to evaluate the effect of cement paste adhered to recycled concrete 
aggregates on the accelerated carbonation process proposed, as an 
alternative for CO2 sequestration in the literature.

For this, two model aggregates, made of two different types of 
cement pastes with different water-cement ratios, were produced and 
subjected to an accelerated carbonation process in order to promote the 
use of the fine fraction of the recycled aggregates and simultaneously 
exploit the CO2 reactivity. Finally, research was carried out on the 
performance of these unprocessed and carbonated cement paste aggre
gates in mortars with 50% and 100% volume replacements of natural 
aggregates.

2. Materials and methods

2.2. Methods

The present study was conducted in two methodological phases. In 
the first phase, for model aggregate from cement pastes with two water/ 
cement ratios (i.e., 0.5 and 0.7), the optimum initial moisture content of 
the recycled cementitious paste aggregates was evaluated to maximize 
the benefits of carbonation, in terms of density and absorption of the 
model aggregates. Based on the selected humidity, the time in which the 
process was most efficient was analyzed. Then, based on the results 
obtained in the first phase, the moisture and time to be applied in the 
carbonation process were selected for each model aggregate from 
cement pastes with different w/c ratios used in the second phase. In the 
second phase, associated with the manufacture of mortars, the fraction 
of fine natural aggregates was replaced, considering each type of 
carbonated model aggregate (i.e., P05-C and P07-C) and a twin sample 
of these without carbonation (i.e., P05 and P07). As detailed in Table 3, 
the replacement percentages of fine natural aggregate (FNA) were 50% 
and 100% by volume.

The procedures carried out in each of the phases are detailed below.

2.1. Materials

2.1.1. Cement
Portland-pozzolan cement type IP was used according to ASTM C595 

(A. (American S. for Testing y Materials)), with an initial setting time of 
90 min and a final setting time of 150 min. In addition, it has a 
Blaine-specific surface area of 5,200 cm2/g and a true density of 2.95 
g/cm3; its chemical composition is presented in Table 1.

2.1.2. Aggregates
In the case of the aggregate, silica sand was used. According to its 

particle size distribution (presented in Fig. 1), it ranged from 0.075 mm 
to 2.360 mm in size and its physical properties are detailed in Table 2.

Regarding the model aggregate, unlike other studies where fine 
recycled aggregates composed of natural aggregates were analyzed with 

Table 1 
Cement composition.

Composition Cement (%)

SiO2 38.06
Al2O3 8.88
CaO 40.92
Fe2O3 2.83
SO3 2.33
MgO 1.59
Na2O 1.75
K2O 1.62
Others 1.35
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different percentages of OAM, in this case, model aggregate composed 
entirely of cement paste were analyzed. This allowed us to understand 
the effect of carbonation on hydrated cement products more precisely. 
As illustrated in Fig. 3, two aggregates of two different cement pastes 
were prepared, each one with different water/cement ratios (w/c). The 
cement pastes (60 l) were dosed in cylindrical specimens of 10 × 15 cm 
(Fig. 2), prepared with Type IP cement according to ASTM C595 (A. 
(American S. for Testing y Materials)). The first series was 0.5 w/c (P05) 
and the second was 0.7 w/c (P07). These cylindrical specimens were 
cured for 28 days at 23 ◦C and 90% relative humidity. Subsequently, 
each of the series were crushed separately through a millstone crusher, 
thereby obtaining the size needed for use as fine aggregates. From the 
series of cement pastes with a w/c ratio of 0.5, we named the fine 
aggregate ‘P05’ and, similarly, from the crushed cement pastes with a 
w/c ratio of 0.7, we obtained the fine aggregate ‘P07’; their physical 
properties are detailed in Table.

2.2.1. Phase 1 - Carbonation and aggregate preparation
The model aggregates were subjected to an accelerated carbonation 

process. Due to the variability that one aggregate can have from another, 
it was necessary to compare and analyze different parameters in each 
type of model aggregate. According to Liu and Meng (2021), the char
acteristics of the material to be exposed to carbon dioxide play an 
important role in carbonation efficiency (Meng, 2021). Two parameters 
were considered for this study: the time exposed to the gas and the initial 
water content of the cement paste aggregates. The initial moisture 
content of the sample is one of the properties that affects the diffusion of 
CO2 on the sample. If the capillary pores of the material are filled with 
water, the channel for CO2 diffusion is blocked. Conversely, when these 
pores are drier, although CO2 can easily diffuse into the pores, the de
gree of carbonation will be limited, and maximum carbonation will not 
be achieved. In addition, during carbonation in the presence of water, 
CO2 reacts rapidly with the hydration products. Thus, when most of the 
surface has already reacted, this same layer may act as a barrier, hin
dering further diffusion of the reaction (Shtepenko et al., 2006).

Prior to the accelerated carbonation process, different percentages of 
water (2.5%, 5.0%, 7.5%, 10%, 20%, and 30%) were added to the model 
aggregates, which were in a dry state. The amount of water was applied 
as a percentage of the mass of the model aggregates of cement pastes 
with a w/c ratio of 0.5 (P05) and 0.7 (P07) that would react with CO₂ 

Table 2 
Aggregate properties.

Properties Natural 
Aggregate

Cement Paste Aggregate 
W/C 0.5

Cement Paste Aggregate 
W/C 0.7

Carbonated Cement Paste 
Aggregate W/C 0.5

Carbonated Cement Paste 
Aggregate W/C 0.7

Density (g/cm3) 2.48 1.35 1.30 1.56 1.46
Water Absorption 

(%)
2.17 35.60 36.50 25.50 30.30

Table 3 
Detail of the proportions in the series.

Serie Natural 
Aggregate

Cement 
Paste 
Aggregate 
W/C 0.5

Cement 
Paste 
Aggregate 
W/C 0.7

Carbonation 
process

Water/ 
Cement 
ratio

C0 100% – – – 0.60
S1 50% 50% – Yes 0.71
S2 – 100% – Yes 0.90
S3 50% – 50% Yes 0.73
S4 – – 100% Yes 0.93
S5 50% 50% – No 0.78
S6 – 100% – No 0.95
S7 50% – 50% No 0.80
S8 – – 100% No 1.06

Fig. 1. Grain size distribution of natural and model aggregate used in the 
production process.

Fig. 2. Manufacture of cement paste aggregates.
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inside the chamber. An accelerated carbonation time of 3 h was speci
fied, to assess the ideal initial moisture content. For this, the model 
aggregates were placed in an airtight chamber (see Fig. 3) with 
controlled relative humidity, which can be achieved by different 
methods (Tam et al., 2021) using silica gel minerals, organic polymers, 
or inorganic solutions as in this case. Similarly to other authors (Xuan 
et al., 2019), (Fang et al., 2020a), a saturated saline solution of mag
nesium nitrate (Mg (NO₃)₂) according to ASTM E104 - 20a ((A. American 
S. for Testing y Materials)) was used to regulate the relative humidity of 
the environment inside the chamber to 54.4 ± 0.3% at 20 ± 2 ◦C.

Finally, using a carbon dioxide cylinder, the gas was injected steadily 
at 5 L/min until the pressure inside the chamber was 80 mbar. The 
pressure and humidity parameters remained constant during the time 
evaluated. After each test, the density properties were evaluated ac
cording to UNE-EN 1015-10 (A. E. de N. y Certificación, 2000a) and 
aggregate absorption was evaluated according to UNE-EN 1015-18 (A. 
E. de N. y Certificación, 2003). The optimal initial moisture content was 
chosen for model aggregates P05 and P07, based on the density and 
absorption data obtained. The criterion for the selection of the initial 
moisture content is that it was able to reduce the absorption to the 
highest percentage. Then, the optimal time for achieving the most effi
cient carbonation was evaluated, repeating the same steps from the 
previous stage but keeping the initial humidity constant. The times 
evaluated were 3, 6, and 9 h. After each test, the density and absorption 
properties of the aggregates were re-evaluated, selecting the time that 
yielded the best results. After selecting the model aggregates to be used 
in manufacturing mortars, X-ray diffraction analysis was performed to 
analyze the presence of precipitated calcium carbonates.

2.2.2. Phase 2 - Mix proportions
Nine mortar series were prepared to compare and evaluate the effects 

of carbonate model aggregates replacing natural aggregate. As shown in 

Table 4, for the production of mortars, FNA was replaced by normal 
model aggregates at 50% and 100% (by volume) in dry state. Mortars 
were also produced with replacement of FNA by carbonated model ag
gregates in the dry state, subjected to an accelerated carbonation 
treatment for 6 h for both cases (P05 and P07), although precipitation of 
carbonation products was observed after 3 h. Properties such as 
adsorption showed a tendency to settle after 6 h. The only difference 
between the two processes was in the initial water content, which was 
10% for the model aggregates with a water-cement ratio of 0.5 and an 
initial moisture content of 20% for the model aggregates with a water- 
cement ratio of 0.7.

Prior to the production of the mortars, the “flow table” test described 
in the following section was carried out to determine the ideal water- 
cement ratio that would maintain the same workability.

Fig. 3. Diagram of the carbonation methodology of model aggregates and their use in mortars.

Table 4 
Mix proportions (g).

Series Cement Aggregates

Natural P0.5 P0.5-C P0.7 P0.7-C Water

C00 448 1344 – – – – 268.80
S1 448 672 – 419 – – 318.08
S2 448 – – 839 – – 403.20
S3 448 672 – – – 376 327.04
S4 448 ​ – – – 752 416.64
S5 448 672 419 – – – 349.44
S6 448 – 839 – – – 425.60
S7 448 672 – – 376 – 358.40
S8 448 ​ – – 752 – 474.88
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2.3. Testing methods

2.3.1. CO2 sequestration capacity
To measure CO2 sequestration capacity, a thermogravimetric anal

ysis (TGA) was performed. According to Zhang et al. (2017), the TGA 
analysis can measure the CO2 uptake of the material from the decom
position of the carbonates because it leads to a weight loss and, there
fore, allows the estimation of sequestered CO2 (Zhang et al., 2017). 
Thus, on this occasion, the decomposition content associated with 
calcite (CaCO3) was calculated from thermogravimetry performed on 
the mortars made with the carbonated pastes (i.e., P05-C and P07-C). 
For this, Equation (1) was used (Wang et al., 2019), where C (%) is 
the mass loss attributable to decarbonization between 300 and 850 ◦C 
based on the report by Chang et al. (2016), which associates the tem
perature range of 500–850 ◦C with CaCO3 and CH decomposition 
(Chang et al., 2016). This range has been extended because when 
working with model aggregates of cementitious pastes, it is possible that 
the reaction between CO₂ and C₂S or C₃S present in the aggregates has 
taken place (Rostami et al., 2012), (Fang et al., 2020b). According to 
Sousa et al. (2024), this reaction results in low crystallinity CSH gels 
with temperature ranges around 400 ◦C (Sousa et al., 2024). All of these 
products of interest because they are products of carbonation and 
indicate the possibilities of sequestration. 

Cs

(
g
kg

)

=
C(%)

100 − C(%)
× 1000 Equation 3 

2.3.2. Density, absorption, and porosity
The real dry density was determined by the UNE-EN 1015-10 (A. E. 

de N. y Certificación, 2000a)standard, while water absorption and 
porosity were determined using UNE-EN 1015-18 (A. E. de N. y Certif
icación, 2003); these were tested in 3 specimens of 100 mm diameter 
and 50 mm height at 28 days.

2.3.3. Consistency
To adequately compare all the mortars of the different series and 

obtain adequate workability, the consistency was kept to a range of 205 
± 5 mm, according to NCh2256/1 ((Instituto Nacional de Normal
ización) INN, 2001). For this, measurements were taken using a mini 
slump cone with an internal diameter of 100 mm on a 250 mm flow table 
disc, according to UNE-EN 1015-3 (A. E. de N. y Certificación, 2000b). 
To carry out the procedure, the mold was first filled with the mortar in 
its fresh state and then lifted from the flow table, allowing the mixture to 
spread onto the disc. The table was then shaken 15 times at a constant 
rate and two perpendicular mortar diameter measurements were taken. 
Finally, the consistency value was determined as the measurement 
average of 3 samples, considering an accuracy of 1 mm.

2.3.4. Capillarity
This test aimed to determine the capillary water absorption coeffi

cient of the mortar according to ASTM C1585 (International, 2013). For 
this, the increase in mass of a specimen (50 mm in height and 100 mm in 
diameter) was measured, exposing one of its surfaces to water while the 
others were waterproofed. For each series, three specimens were tested 
after curing for 28 days.

2.3.5. Compressive and flexural strength
The mechanical behavior of the series was determined through 

compressive and flexural strength tests at 7, 14, and 28 days, on 40 mm 
× 40 mm x 160 mm specimens, according to ASTM C39/C39M (A. 
(American S. for Testing y Materials), 2023) and ASTM C78/C78M (A. 
(American S. for Testing y Materials), 2021), respectively.

2.3.6. Ultrasonic Pulse Velocity (UPV)
The ultrasonic pulse velocity (UPV) method was used to evaluate the 

microstructure of the mortar. The test determines the propagation speed 

of longitudinal wave impulses in the mortar to evaluate the uniformity 
and quality of the samples, indicating the presence of voids and cracks. 
This test was performed on three specimens (50 mm in height and 100 
mm in diameter) at 28 days of curing, according to ASTM C597-16 ((A. 
American S. for Testing y Materials)).

2.3.7. Thermal gravimetric analysis (TGA)
This method is an empirical technique that measures the variation of 

the mass of the sample when heated at a controlled rate in an appro
priate environment. On this occasion, the test was performed using a TA 
Instruments Q600 simultaneous thermal analyzer. Identical powder 
samples extracted from three parts of a cylindrical specimen cured for 28 
days were used for analysis. The powder was obtained by grinding in an 
agate mortar and then sieved at 75 μm mesh. The samples were then 
analyzed at a heating rate of 20 ◦C/min up to 1000 ◦C, maintaining an 
isotherm for 10 min for each temperature increase.

2.3.8. Powder X-ray diffraction (XRD)
XRD analysis was performed with a Bruker D2 PHASER instrument 

with an X-ray tube (Cu 1.54 Å). The diffractogram was obtained over a 
range of 2θ, varying from 10◦ to 80◦, with a step of 0.061◦ and at a rate 
of 1.17◦ per minute for 60 min. In order to identify the crystalline 
phases, three identical samples were extracted from a cylindrical test 
tube after 28 days of curing, which were then ground with an agate 
mortar until a 75 μm powder was obtained.

2.3.9. Scanning electron microscopy (SEM)
Images of the microstructure of the series were obtained through a 

HITACHI SU3500 scanning electron microscope (SEM), with a voltage of 
10 kV and a working distance of 12 ± 0.2 mm, equipped with a back
scattered electron imaging detector and an energy dispersive 
spectrometer.

3. Results and discussion

3.1. Carbonation

An analysis of the properties obtained in each aggregate, with 
different initial conditions of accelerated carbonation, is presented 
below.

3.1.1. Density, absorption, and mass gain
Figs. 4 and 5 present the results for aggregates exposed at carbon

ation, comparing the density and absorption in two variables studies. 
Fig. 4 presents all series when exposed to 3 h of the carbonation process 
and Fig. 5 compares all the series with the same humidity but different 
exposure times. As the duration of the carbonation process increased, all 
of the aggregates evaluated increased in density and decreased in ab
sorption but, when the initial humidity of the aggregate changed, the 
density showed a tendency to increase toward the center and then 
decrease, and vice versa in the case of the absorption. The P05 aggre
gates, when exposed to carbon dioxide and an initial humidity between 
2.5% and 10% for 3 h, showed a gradual increase in density with 
increasing initial humidity, densifying the matrix by up to 13% 
(compared with the sample without initial water). When the initial 
moisture content of the carbonation process was 10%, the highest 
density was achieved (1.96 g/cm3). Compared to the other initial hu
midities studied in Fig. 4, this effect was less noticeable. In the case of 
the P07 aggregates, the highest aggregate densification occurred for an 
initial moisture content of 20% for carbonation, causing an increase of 
12.8% of the aggregate. This difference in surface densification caused 
by carbonation, depending on the original w/c ratio, is explained by the 
fact that aggregates from a cement paste with a higher w/c ratio have 
greater microporosity (Lafhaj et al., 2006). This would allow a better 
diffusivity between CO2 and the hydration products in the cementitious 
matrix likely to react with this gas (Song et al., 2006). According to 
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Morandeau et al. (2014), the maximum level of carbonation that can be 
achieved within a cementitious matrix depends not only on the CH and 
CSH content but also on the accessibility possessed by the hydration 
products (Morandeau et al., 2014). After studying different w/c ratios 
(0.45 and 0.60), the accessibility of hydration products was lower in the 
lower w/c ratio paste because it possessed a denser matrix, the por
tlandite crystals contained in the paste being more embedded in the 
matrix. By contrast, the higher w/c ratios indicated that the formation 
resulted in higher capillary porosity, since the hydration products have 
better accessibility to these pores, where calcite precipitates.

As for absorption, the increase in the density of the samples due to 

the reaction of the cement paste aggregates with carbon dioxide was 
reflected in the decrease of open pores on their surface. This led to a 
reduction in the absorption of the model aggregates. In the case of the 
P05 aggregates, the absorption decreased from 35.5% (in the aggregate 
without any carbonation process) to 24.6% (for the aggregates carbon
ated for 9 h). For the case of the P07 aggregates, considering the fact that 
they had an initial absorption of 36.8% before the process, the aggre
gates exposed to carbonation for 3 h obtained absorption decreases of 
14.7%, 17.7%, and 21.2% for initial water percentages of 7.5%, 10%, 
and 20%, respectively.

According to the results, in both types of aggregates, both the 

Fig. 4. Effect of initial water in model aggregate and post carbonation absorption results.

Fig. 5. Effect of carbonation time on aggregate absorption and density results.
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decrease in density and the increase in absorption were more noticeable 
when the initial water before carbonation was greater. This is related to 
the effect that water has on the diffusion and dissolution of CO2 on the 
surface of the aggregate. The carbonation process can be divided into 
three steps: (i) the diffusion of carbon dioxide into the pore of the 
cementitious matrix, (ii) the dissolution between this gas and CH with 
CSH and, finally, (iii) the reaction of dissolved carbon dioxide and Ca2+

to form calcium carbonate (Zhang et al., 2023). This would only occur 
effectively when there is an optimal amount of water on the surface of 
the aggregate. According to Fang and Chang (2015), exceeding this 
water content leads to blockage of the reaction between CO2 and the 
particles in the aggregate due to the excess water in the pores (Chang, 
2015); this hinders the first step of carbonation and, thus, the subse
quent steps. By contrast, being below the optimal water content implies 
that the second carbonation step is not completely performed, since only 
part of the CO2 can be dissolved with CH and CSH (Chang, 2015). Ac
cording to the results presented in Fig. 4, this work shows a trend of 
decreasing absorption as the initial amount of water is higher. However, 
this property increases when 10% of the initial water is exceeded in the 
P05 aggregates and 20% in the P07 aggregates. This leads to the 
conclusion that these values were conducive to improving the charac
teristics of the aggregates.

On the other hand, as shown in Fig. 5, the processing time also re
flected a trend: the longer the carbonation time, the higher the density 
increase. However, the highest carbonation efficiency is shown within 
the first 6 h, where the density of the P07 aggregates after 9 h of 
carbonation is only slightly higher than that after 6 h of carbonation. 
This was similar to the P05 aggregates, which had a variation of 1.1% 
between the two durations. Based on this, and considering that indus
trial processes require limited times, it was decided to set the parameters 
for both pastes to 6 h.

3.1.2. XRD analysis
After the first phase, X-ray diffraction was performed for both types 

of recycled cement paste aggregates (P05 and P07) and their carbonate 
twin samples (P05-C and P07-C). Fig. 6 shows aggregates P05 and P07, 
which present similar calcite peaks. This was not the case for the por
tlandite, where the P07 aggregates had higher peaks. According to 
Slamečka and Škvára (2002), a higher w/c ratio implies a greater free 
calcium hydroxide content being present on the aggregate surface, 
which is also related to the permeability of the pastes, thus allowing the 
passage of water through the anhydrous cement. Compared to the un
treated aggregates, both P05-C and P07-C have higher calcite peaks and 

lower portlandite peaks, reflecting the reaction between hydration 
products and carbon dioxide (Greve-Dierfeld et al., 2020). This is also 
related to the increase in the density of the aforementioned mixtures, 
mainly due to the reaction produced by accelerated carbonation since, 
as was pointed out by Goyal and Sharma (2018), one of the effects 
produced by calcite from carbonation in cementitious mixtures is 
densification (Goyal and Sharma, 2018).

3.2. Effect on mortar specimens

3.2.1. Consistency
Fig. 7 shows the consistency results of the mortars in a fresh state. 

The control mortar was made with a cement/sand ratio of 1:3 and the 
necessary water to achieve a consistency of 205 ± 2 mm. In the case of 
the series with natural sand replacement, as reported in the literature 
(Martínez et al., 2016),the increase in the replacement percentage by 
model aggregates meant an increase in the amount of water required to 
maintain a similar consistency of 205 ± 2 mm. This increase was felt to 
be more pronounced in the series of mortars with non-carbonated model 
aggregate replacement. However, compared to the non-carbonated FRA, 
the accelerated carbonation process reduced the mixing water due to the 
discussed porosity of the aggregates.

3.2.2. Density, absorption, and porosity
The density, absorption, and porosity results are presented in 

Figs. 8–10, respectively. As illustrated, the series manufactured with 
model aggregates obtained lower densities and, therefore, higher po
rosities and absorptions than the control sample. Considering that the 
P05 aggregates are denser than the P07 aggregates, the higher the rate of 
replacement by model aggregates, the more the density of the samples 
decreased. Therefore, the lower w/c ratio in the original aggregates will 
result in a lower mix density. In the case of mortars with P05 replace
ment, the density reduction reached 20% when all the natural aggre
gates were replaced. Both porosity and absorption were increased by 
more than 300% and 200%, respectively, for the same series with 100% 
P05 model aggregates. This effect was increased in the mortars manu
factured with 100% P07 model aggregates, with the densities of the S8 
samples being lower than the C00 series by 27.38%. However, the effect 
of accelerated carbonation on the aggregates increased the density of the 
cementitious matrix of the mortars, affecting the samples with model 
aggregate replacements with a higher original w/c ratio, more than the 
twin series with non-carbonated aggregate replacements, with increases 
of 2.32% for P05-C and 8.84% for P07-C aggregates.

Fig. 6. Results of XRD of model aggregates. Fig. 7. Consistency results for the manufactured mortars.
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3.2.3. Compressive and flexural strength
Fig. 11 shows the compressive strength results of the mortars. As 

expected from the absorption and density results, as the days of curing 

progressed, the control series achieved the highest compressive 
strengths, reaching 45.28 MPa at 28 days. The series with 50% 
carbonated recycled aggregate replacement obtained decreases of 
12.77% and 20.68% for aggregates with P05-C and P07-C, respectively. 
In contrast, for non-carbonated aggregates, this decrease was 33.82% 
and 55.79% for replacements by P05 and P07 aggregates, respectively. 
When the replacement was increased to 100%, the mechanical perfor
mance of the mortars decreased even more, being mostly affected in the 
mortars with P07 aggregate replacements. Thus, the S2 series (with 
100% recycled carbonated aggregates from cement pastes with a w/c 
ratio of 0.5) obtained an average strength of 31.36 MPa. In comparison, 
the S4 series (with 100% carbonated model aggregates from cement 
pastes with a W/C ratio of 0.7) achieved an average strength of 29.25 
MPa.

Non-carbonated aggregates showed higher water absorption and 
lower density than natural aggregate and carbonated aggregates, so they 
have weaker ITZ when introduced in new mortars. The weakest zone in 
mortar with model aggregate is ITZ with cement paste (Ma et al., 2023). 
In this case, based on the results that show an improvement in me
chanical performance, it is possible that the carbonation process 
enhanced the bonding with the cementitious matrix, which could be a 
new topic to be investigated in future research. Therefore, if we compare 
the P05 and P05-C series, carbonation increased compressive strengths 
by 31.81% and 7.76%, for the series with 50% and 100% aggregate 
replacement, respectively. Conversely, in the series with P07-C aggre
gates with 50% and 100% replacement, the results were increased by 
79.40% and 59.21%, respectively, compared to those presented by the 
P07 aggregates. Therefore, carbonation is more effective at a higher 
original w/c ratio, increasing the mechanical properties to a greater 
extent, which, as previously mentioned, is due to the higher porosity of 
P07, since it allows greater accessibility of CO2 and, therefore, a greater 
formation of carbonation products.

However, leaving aside the carbonation process, the series where the 
P05 aggregates were incorporated behaved better mechanically than the 
series with the replacement of the P07 aggregates. This is related to the 
greater strength of the original pastes and to the formation of more 
compact ITZ in the new cementitious pastes, similar to that reported by 
Slamečka and Škvára (2002) who, after examining the effect of the 
water-cement ratio between 0.19 and 0.50 on the composition and 
morphology of hydrated cement pastes, indicated that the strength in
creases with the decrease in w/c.

Fig. 12 shows that the flexural strength results followed the same 
trend as the compressive strength. The control series had the greatest 
strength, reaching 7.09 MPa at 28 days. Compared to the control series, 
Series S1 and S2 (with P05-C aggregates) showed decreases of 7.4% and 

Fig. 8. Density results of mortars.

Fig. 9. Absorption results of mortars.

Fig. 10. Porosity results of mortars.

Fig. 11. Results of compressive strength in mortars.
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27.15% for 50% and 100% replacements, respectively. Meanwhile, the 
series with P07-C aggregates had a strength of 5.93 MPa (S3) and 4.26 
MPa (S4) for 50% and 100% replacements, respectively, being lower 
than the C00 series by 16.43% and 39.92%.

In the case of compressive strength, as a result of the accelerated 
carbonation in the aggregates, there was an increase in flexural strength 
compared to their non-carbonated series, improving this property by 
15.07% and 22.68% for the S1 and S2 series, respectively. In the case of 
P07 aggregates, this characteristic increased by 29.65% and 21.54%, 
compared to the S7 and S8 series with non-carbonated aggregates.

As noted, the flexural strength was less affected than the compressive 
strength. However, both properties had a similar behavioral trend, 
outperforming their untreated counterparts. This was mainly due to the 
increase in density and the decrease in micropores because of carbon
ation, which gave the aggregates a better mechanical capacity.

3.2.4. Ultrasonic pulse velocity
The ultrasonic pulse velocities obtained in the mortars are presented 

in Fig. 13. As with the other properties, the results show that accelerated 
carbonation caused an improvement in this property. The series manu
factured with carbonated aggregates showed an increase of about 11% 
over the non-carbonated series.

The series where the total natural aggregates were replaced by P05 
and P07 aggregates obtained the lowest UPVs (below 3000 m/s). In 

comparison, the series with 100% replacement by carbonate aggregates 
(P05-C and P07-C) exceeded that range with velocities between 3222 m/ 
s and 3057 m/s, respectively. When 50% of the natural aggregates were 
replaced, the maximum UPV velocities were achieved. Although none of 
the series manufactured with model aggregates outperformed the con
trol series, the highest speeds were obtained by the S1 and S3 series, 
which reached 3876 m/s and 3571 m/s, respectively. This is directly 
related to the development of matrix densification presented above, 
since a higher ultrasonic pulse velocity indicates a decrease in the pores 
of the cementitious matrix (Zhang et al., 2015). It is then held that 
calcite precipitation implied a reduction of pores on its surface, such that 
the ultrasonic wave traveled at a higher velocity through the mortar 
matrix (Ahn et al., 2017). The pulse velocity has a trend similar to the 
compressive strength obtained from the mortars (Parsompech et al., 
2022).

3.2.5. Microscopic analysis
The SEM analysis performed on the mortars with maximum per

centages of carbonated aggregate incorporation is presented at three 
different magnifications (100, 50, and 20 μm) in Fig. 14. As can be seen, 
a much ‘denser’ or visually smoother surface was achieved in the control 
mortar, while the mortars with carbonated model aggregates had 
rougher surfaces. Mortars with P07-C aggregates have a (visually) more 
disordered surface than the others. On the other hand, as the image 
magnification increases, there is a greater presence of calcite as struc
tured crystals in the S2 series (with P05-C aggregates) but in a less 
structured way than in the S4 series (with P07-C aggregates). Despite 
observing the development of calcite, these do not have a crystalline 
form, in the main, but they have a nucleation matrix with small, flat, and 
rounded structures associated with thermodynamic stability of the 
calcite. Wang et al. (2019) indicated that three periods of this mineral 
can occur. First, the calcite forms a nucleation matrix, then the reaction 
continues transforming these crystals, increasing their size and forming 
poorly crystallized calcite. In the third period, crystal sizes increase and 
thermodynamic stability is achieved (Wang et al., 2019). From the 
above, it follows that the carbonation obtained did not go beyond the 
first stage.

On the other hand, in the case of the control mortar, part of the image 
shows needle-shaped hydration products, which may be associated with 
the development of ettringite (He et al., 2016). This may imply a greater 
partial filling of the pores and agrees with the previous results obtained 
regarding the density and porosity of the samples (He et al., 2016), (Li 
et al., 2017). However, considering that this test was performed at 28 
days of curing, late ettringite formation could result in durability 
problems. The authors indicate that the presence of these needles can be 
attributed to the presence of sulfates and alkalis (Coakley, 2014).

3.2.6. TGA analysis
The thermogravimetric analysis of the mortars with P05 aggregate 

replacements is presented in Fig. 15, while Fig. 16 presents the series 
with P07 aggregate replacements. In both cases, the first peaks of the 
DTA curves occur between 150 ◦C and 200 ◦C, corresponding to free 
water evaporation or dehydration of the silica gel and hydration prod
ucts (CSH) and AFm (Vogler et al., 2022). In this first curve, the series 
with P05-C aggregate replacements have lower dehydration percentages 
than mortars with P07-C aggregates because they had lower w/c ratios 
in their manufacture. Then, between 400 ◦C and 500 ◦C, the curve 
associated with portlandite dehydration occurs (Steiner et al., 2020). As 
can be seen in both graphs, the series with non-carbonated aggregates 
(S6, S7, S8, and S9) show higher curves than the series manufactured 
with carbonated model aggregates. This is because CSH and portlandite 
are the hydration products with the greatest reactivity to CO2 (Sharma, 
2020). Therefore, after reacting with CO2, portlandite, in this case, de
creases in the series with P05-C and P07-C aggregates.

Finally, between 550 ◦C and 800 ◦C, the peak corresponding to 
calcite decomposition occurs (Xue et al., 2022). As can be seen, and 

Fig. 12. Results of flexural strength in mortars.

Fig. 13. Ultrasonic pulse velocity of mortars.
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corresponding with the X-ray diffraction results, the series that had a 
greater decomposition contained replacements by aggregates with 
carbonated cement paste (Xue et al., 2022). According to Vogler et al. 
(2022), different carbonate modifications (amorphous carbonates, 
aragonite and vaterite) can occur in the temperature range from 500 ◦C 

to 700 ◦C. Since they have similar decomposition temperatures, it is 
difficult to decide which curve they approach (Vogler et al., 2022). 
However, it is possible to observe differences between both types of 
mortars, in the results of the mortars made with P07 (Fig. 16) it is 
possible to observe curves above 700◦ and smoother, in contrast to the 

Fig. 14. SEM images of mortars at 100 μm (A) 50 μm (B) and 20 μm (C) magnification.

Fig. 15. TGA results of mortars with aggregate replacements P05.
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mortars made with P05 (Fig. 17), with wider curves and in lower 
decomposition temperatures. Taking this into account, it can be seen 
that the S3 and S4 series have a higher carbonate crystallinity compared 
to the control series.

3.2.7. XRD analysis
Fig. 17 presents X-ray diffraction results separately for the series with 

carbonated aggregates, while Fig. 18 presents the series with non- 
carbonated aggregates. The presence of portlandite and quartz is 
distinguished in all the series with similar peak intensities due to the 
cementitious mixture prepared with aggregates of siliceous origin. 
However, the difference is in the calcite. This compound is precipitated 
by accelerated carbonation in the model aggregates but is absent in the 
control series. Therefore, it is also possible to distinguish that in the 
series with a higher replacement percentage, the presence of the calcite 
peak is higher, which is in line with the TGA results. Regarding the type 
of model aggregate, it is possible to distinguish that, compared to the S2 
series manufactured with P05-C aggregates, the S4 series (manufactured 
with P07-C aggregates) has a higher calcite intensity, which is related to 
what was previously mentioned; the physical results associated with the 

porosity of these aggregates imply higher calcite precipitation. There
fore, there is a greater presence of calcite in the mortars.

3.2.8. Carbon dioxide sequestration capacity
Fig. 19 shows the results associated with the sequestering capacity of 

the different series of mortars. As aggregate replacement increased, so 
did sequestration capacity, most notably in the series using carbonated 
aggregates. The highest calculated rate was for the series with 100% 
replacement of P07-C aggregates, exceeding the control series by 226% 
of CO2 sequestration. The P05-C aggregate achieved a rate of 16.4 g/kg 
of aggregate when its replacement rate was 100%. This is related to the 
previous discussion: a higher w/c ratio in the aggregate meant a higher 
carbonation. Compared to the control series, the carbonation process in 
the aggregates increased this capacity by 31% (S2) and 58% (S4), for the 
series where 100% of the aggregates were replaced.

4. Conclusions

The current study evaluated the behavior of two model aggregates 

Fig. 16. TGA results of mortars with aggregate replacements P07.

Fig. 17. X-ray diffraction results of mortars with aggregate replacements P07.
Fig. 18. X-ray diffraction results of mortars with aggregate replacements P05.
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from cementitious pastes with varying water-cement ratios subjected to 
an accelerated carbonation process, in order to analyze the variables 
that control carbonation. It also assessed how well these carbonated 
cement paste model aggregates performed in mortars that replaced 
natural aggregates by 50% and 100% of their volume. Based on the 
results obtained in this research, it can be concluded that:

• The accelerated carbonation process positively influences the density 
and absorption properties of model aggregates. However, due to the 
heterogeneity that can occur in these materials, it is necessary to 
evaluate the conditions under which the process will be performed 
beforehand. On this occasion, the higher origin w/c ratio required 
higher amounts of initial moisture content in the carbonation pro
cess. Similarly, the improvement process in recycled aggregates from 
the carbonation process may be more evident in recycled aggregates 
from more porous, low-strength concrete or cementitious pastes. The 
higher surface porosity allows carbon dioxide to enter the matrix and 
seal more pores.

• Concerning the mortars manufactured with model aggregates, none 
of the series were able to match the physical properties of the control 
series. Lower densities and, therefore, higher porosities and ab
sorptions were obtained. However, the effect of accelerated 
carbonation on the aggregates managed to increase the density of the 
cementitious matrix of the mortars, having a greater effect on the 
samples with replacements of model aggregates with higher original 
w/c ratios. They increased by 2.32% for the case of P05-C and 8.84% 
of P07-C aggregates compared to the twin series of non-carbonated 
aggregates. A similar effect occurred with the consistency of the 
mixes, where the accelerated carbonation process decreased the w/c 
ratio by 5% and 13% for the P05-C and P07-C aggregates, 
respectively.

• Regarding the mechanical performance of the mortars, the series 
where 50% of carbonate aggregates were replaced obtained de
creases of 12.77% and 20.68% in compressive strength for aggre
gates with P05-C and P07-C, respectively. These are positive results, 
considering the reductions in the twin samples manufactured with 
aggregates without carbonation treatment. Regarding the original 
w/c ratio, the series incorporating P05 aggregates achieved better 
mechanical behavior than the series with the P07 aggregate 
replacement, which is related to the formation of more compact ITZ 
in the new cementitious pastes. Flexural strength results followed a 
similar trend. The control series obtained the greatest strength, 
reaching 7.09 MPa at 28 days. Performance decreased by 7.4% and 

16.43% for 50% replacements of P05-C and P07-C aggregates, 
respectively.

• Similar to what was indicated for the other properties, the results 
show that accelerated carbonation caused an improvement in the 
UPV in the mortars, increasing speeds by 11% in the series with 
carbonated aggregates, compared to the series with non-carbonated 
aggregates. On the other hand, the thermal conductivity results ob
tained were not affected by the carbonation process applied to the 
aggregates.

• TGA and XRD analysis confirmed that the accelerated carbonation 
process resulted in calcite precipitation in the aggregates. At the 
same time, the CO2 sequestration capacity (g/kg) was calculated in 
the mortars and expressed as grams of CO2 sequestered per 1 kg of 
sample. The process performed on the cement paste model aggre
gates increased this capacity in the mortars, being higher for ag
gregates with a higher original w/c ratio. The S2 and S4 series 
yielded 31% and 58% increases compared to the twin series with 
non-carbonated aggregate replacements.

CRediT authorship contribution statement

Marion Bustamante: Writing – original draft, Methodology, Inves
tigation, Funding acquisition, Data curation. Viviana Letelier: Writing 
– review & editing, Supervision, Methodology, Investigation, Data 
curation, Conceptualization. Bruno Wenzel: Writing – review & edit
ing, Methodology, Conceptualization. Cristian Torres: Investigation, 
Data curation. Estefania Loyola: Methodology, Investigation. José 
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