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Abstract: Cementitious materials can capture CO, through carbonation reaction during their service
life and post-demolition. Indeed, construction and demolition waste (CDW) still have some potential
for carbonation as they contain concrete and cement-based mortars. This research consists of an
experimental programme to evaluate the CO, capture of recycling aggregates (RAs) from CDW.
Two types of CDW were studied, namely mixed recycled aggregates (MRAs) and recycled concrete
aggregates (RCAs). The recycled aggregates were submitted to forced and accelerated carbonation at
23 °C, 60% relative humidity and 25% of CO, concentration. This study contributes to the existing
literature by investigating more realistic RA sources that have already absorbed atmospheric CO,
during their service life. From the experimental campaign, the results show that RCAs have higher
carbonation potential when compared to MRAs due to the higher cementitious material content
(Rc) and to the degree of natural carbonation. The recycled aggregates” maximum CO, capture
was assessed by thermogravimetric analysis (TGA) at different CO, exposure times. It was verified
that the maximum CO, capture, respectively, for MRAs and RCAs, occurred after 5 h and 12 h of
exposition. In short, CDW captured from 5 wt.% to 35 wt.% of CO, per tonne of cement paste, which
corresponds to 0.6% to 4.1% per tonne of aggregate. It was concluded that the carbonation process
of CDW has the potential to sequester from 123 kg to 225 kg of CO, per tonne of cement paste for
MRAs and 52 up to 491 kg of CO; per tonne of cement paste for RCAs.

Keywords: CO, uptake; carbonation reaction; construction and demolition waste; recycled aggre-
gates; carbonated aggregates; cement paste; TGA

1. Introduction

The cement industry is a major contributor to high emissions of CO, to the atmosphere,
mainly due to the calcination of limestone to produce clinker. According to the International
Energy Agency (International Energy Agency, 2024), the cement industry is the second
most significant producer of global CO; emissions. In addition, with the continuous growth
of the human population, the demand for cement is set to rise between 12 and 23% by 2025
and it is expected that carbon emissions from the cement rise around 4%. To mitigate the
CO; emissions, different strategies can be considered, such as the use of alternative fuels
(like biomass derivates of wastes), incorporation of different raw materials [1,2] and/or
different manufacturing processes, as well as approaches to capture the released CO, [3].

In this context, the carbonation of lime and cement-based materials is a promising
strategy for capturing CO,. The carbonation of portlandite (Ca(OH),) with the formation
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3Ca0.Al,03.CaS04.32H,0 + 32H,CO3 — 3CaCO3z + 2Al(OH);. + 3CaS04.2H,0 + 23H,0

of calcium carbonate is dominant in these materials (Equation (1)), and it is an exothermic
reaction [4]. The formation of CaCOs3; within the pores of the cement matrix causes an
increase in density and a decrease in water absorption [5,6]. In the presence of water and
CO,, carbonic acid is formed (Equation (2)), decreasing the pH of the interstitial solution
and causing the release of Ca?* ions from hydrated cement compounds, leading to the
formation of CaCOj3 (Equation (3)). The reaction with CO, also occurs with other hydrated
phases of the cementitious material. At the limit, the carbonation of calcium silicate hydrate
(C-5-H) leads to the formation of calcium carbonate and amorphous silica gel (Equation (4)).
Other hydrated compounds like ettringite and calcium aluminates can be carbonated as
well (Equations (5)—(9)) [7-15]. Ettringite in contact with CO, forms calcium carbonate,
gypsum and alumina gel. In addition, anhydrous compounds, like tricalcium silicate (alite)
and dicalcium silicate (belite), can also be carbonated, producing calcium carbonate and, at
the limit, silica gel.

Ca(OH), + CO, — CaCOs3 + H,O (1)
HyO + CO, — HyCOs5 )

H,CO3 + Ca(OH), — CaCO3 + 2H,0 3)
C—S—H+ CO, — CaCOj3 + SiO5-aH,O (4)

)

CAHyp + COy — CaCO3 + AH3 + 7H,0 6
C3AHg+3C0O; — 3CaCO3 + AH3 +3H,0 (7
(

(

~ =~ ~

3Ca0.5i0, + HyO 4 3COy — 3CaCO3 + SiO, + H,O 8
2Ca0.5i0, 4+ HyO 4 2C0Oy — 3CaCO3 + SiO; + H,O 9)

~

Utilizing Construction and Demolition Waste (CDW) for CO; sequestration can con-
tribute to mitigating greenhouse gas emissions from the cement industry and also enhance
the RA properties. This research aims to investigate the carbonation of several types of
recycled aggregates (RAs) from different sources: recycling plants, in situ demolitions,
and concrete industries (waste). An extensive experimental campaign was carried out, the
methodology involves subjecting the selected RAs to a rich CO, concentration environment
promoting forced carbonation under determined reaction conditions (including tempera-
ture, humidity, and CO; concentration), followed by the analysis of CO, uptake exhibited
by each RA at different exposure times. In most of the studies in the literature review, car-
bonated recycled aggregates come from concrete produced in a laboratory. Therefore, they
do not represent the real CO, capture of cementitious materials after their service life. This
study complements the literature since it investigates other more realistic sources of RAs
that have already been subjected to atmospheric CO, during their service life. To achieve
zero emissions in the cement sector, several strategies to mitigate the CO, emissions have
been investigated, and one of the alternatives is a process known as (re)carbonation, which
permanently stores the CO,, providing a stable long-term solution. Therefore, this paper
investigates the CO, uptake of recycled aggregates from diverse sources of construction
and demolition waste.

2. Research Significance
2.1. Environmental Parameters Affecting Carbonation Reaction

The carbonation of RCAs is mainly affected by relative humidity, temperature, CO,
concentration and CO, pressure. In the carbonation reaction, the CO; is first dissolved
(solvation) in water, forming carbonic acid. Then, the carbonic acid is dissociated into
hydrogen ions and bicarbonate ions, which will react with calcium cations forming calcium
carbonate [13,14]. However, a high water content leads to the saturation of capillary
pores, reducing the diffusion rate of CO; and, hence, the degree of carbonation [14].
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Therefore, there is an optimal range of relative humidity (RH) in which the carbonation
rate is maximized.

From the literature, the maximum carbonation rate of concrete is reported at 50-70%
RH [16-18]. In fact, various studies point to circa 60% of relative humidity as an ideal
value [19,20]. Below 50% RH, the carbonation reaction is unlikely to occur [21], and
above 70%, the small pores are likely to be filled with water, preventing carbonation from
occurring [22,23].

Taking into account a wide range of concrete strength classes, Liu et al. [20] and
Elsalamawy et al. [18] found that maximum carbonation rates are obtained at 65-70%
RH. According to the results of Liu et al. [20], this optimal range was independent of
the strength class of concrete. The maximum carbonation depths were achieved at 70%
RH, for a temperature of 20 °C and a CO; concentration of 20%. Naturally, concretes of
lower strength classes, with higher porosity and less carbonatable products, presented the
highest carbonation depth [20]. A similar trend was reported by Elsalamawy et al. [18], for
concretes with CEM 142.5 N and CEM III/ A 42.5 N, with and without silica fume.

Fang et al. [24] evaluated the forced carbonation of RCAs under 5%, 50% and 95%
relative humidity (RH) and 100% CO; concentration. It was found that the highest CO,
capture of RCAs was obtained at 50% RH. In this case, the CO, capture after 24 h was
around 12 kg per 1 tonne of RCAs. The authors have evidenced that the carbonation
reaction did not occur at 5% nor at 95% relative humidity.

Temperature affects carbonation and hydration reactions. In the work of Liu et al. [20],
the effect of temperature was investigated between 10 °C and 30 °C on the carbonation
process of cement pastes. The authors reported that the carbonation depth of concrete
increased with temperature, i.e., a higher carbonation rate as temperature increases [25].

Hyvert et al. [26] developed an elementary model to predict the carbonation of mortars
under various CO; partial atmospheric pressures, namely 0.03%, 10%, 25% and 50%. Three
types of normalized mortars at seven exposure times were considered. The results of the
X-ray diffraction (XRD) analysis indicated that the carbonation of portlandite, ettringite and
hydrated calcium aluminates were extensively carbonated at low CO, pressure. However,
it was found a significant reduction in the porosity of the carbonated zone when higher
pressures were implemented, meaning a higher carbonation degree. It was also found that
the C-S-H carbonation rate is widely dependent on the pressure. Ye et al. [27] studied the
C-5-H and cement paste carbonation at different air pressure (0.1, 0.15 and 0.2 MPa). It was
concluded that, under the same carbonation time, the carbonation depth increased with the
air pressure.

Lyubomirskiy et al. [28] studied the influence of temperature on the forced carbona-
tion speed of lime, considering the effect of different CO, pressures (above atmospheric
values). It was concluded that with the increase in pressure the effect of temperature in the
carbonation reaction becomes less relevant. Nevertheless, the carbonation rate increased
with temperature. This effect can be explained by the fact that at high pressure, the volume
of CO; adsorbed in the surface of the material is much higher than the volume at lower
pressures, promoting a faster interaction between the compounds that can carbonate. As
mentioned, a higher carbonation rate can lead to the formation of carbonated “barriers” on
the surface of the materials, decreasing CO, diffusion and the speed of carbonation.

The use of high concentrations allows more CO, to diffuse into concrete, increasing the
carbonation depth and the respective carbonation rate. However, at high concentrations of
CO,, pore clogging can occur more easily due to the formation of more carbonates, affecting
CO, diffusion. According to some authors, the ideal CO, concentration to maximize
the carbonation process is around 20-30% [29,30]. Cui et al. [31] studied three different
concretes exposed to different CO, concentrations, namely 2%, 10%, 20%, 50% and 100%,
at different periods of time (7, 14, 28 and 56 days). The results indicate that the carbonation
depth increased until 20% of CO; concentrations. Above 20%, the “clogging” effect affected
the microstructure, reducing the CO, diffusion into concrete.
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Castellote et al. [32] studied the chemical changes and phase analysis of Portland
cement pastes exposed to different CO, concentrations (3%, 10% and 100%) and compared
it with natural carbonation (0.03%) after a specified carbonation time. For 3% of CO,
concentration, the formed phases were similar to those from natural carbonation. This
conclusion was obtained by comparing the Ca/Si ratio of the C-S5-H gel of the uncarbonated
sample (Ca/Si = 1.87), with that of C-S-H after 0.03% and 3% CO; concentration. The
Ca/Si of C-5-H was lower for 0.03% CO,, but this compound was not totally consumed
by carbonation (Ca/Si = 1.23 and 1.18 for 0.03% and 3% CO;, respectively). However, at
10% and 100% concentration of CO;, the C-S5-H gel decomposed due to the progressive
depolymerization of C-S-H (that increases with CO, concentration) and the formation of
Ca-modified silica gel and calcium carbonate. Moreover, when carbonating at 0.03% and 3%
CO;, there was still some evidence of ettringite content, which means that it did not fully
react during carbonation. However, at 10% and 100% concentrations of CO,, no ettringite
content was detected, suggesting that it was fully consumed after carbonation.

2.2. Effect of Carbonation on RCA Properties

Carbonation is reported to modify the microstructure of recycled concrete aggre-
gates (RCAs), porosity and related properties. In well-hydrated cement-based materials,
CO; reacts with calcium hydroxide, as well as with calcium silicate and calcium alumi-
nate hydrates, precipitating calcite in the pores [33]. This decreases the total porosity of
RCAs [14,34,35], by reducing the pores diameter. The influence of carbonation in RCA
microstructure varies according to the initial porosity of the aggregates. Chen et al. [34]
investigated the carbonation of two samples with low and high porosity, respectively. From
XRD analysis, the high-porosity samples showed a higher amount of CaCO3 formed than
the low-porosity samples. In those with low porosity, a dense CaCOj3 layer was formed
near the surface and the CO; could not penetrate the sample in depth. On the other hand,
the carbonation in high-porosity specimens also occurred in deeper pores, because CO,
easily flowed through the pore system, forming a CaCOj3 film along open pores, In this
case, the porosity decreases and makes the CO, diffusion more difficult, slowing down the
carbonation reaction [34].

Some studies found in the literature point out a reduction of porosity with carbon-
ation in cement-based materials. The reduction of porosity due to carbonation naturally
increases the density of RCAs [14,16,17,35-41]. The increase in density depends on the
initial characteristics of RCAs, namely porosity and carbonation potential. About 5-8%
increase is reported when compared to the density of uncarbonated RCAs [42,43]. The
increase in density will lead to lower absorption and higher mechanical strength of RCAs,
bringing them closer to the characteristics of natural aggregates (NA).

In fact, usual RCAs are more porous than NA, which leads to higher water absorp-
tions [44,45]. However, as mentioned, the porosity and water absorption of RCAs are
reduced after carbonation [35,42,43,46,47]. Depending on the initial characteristics of
RCAs, some researchers report a reduction of 20-28% in water absorption, after carbona-
tion [17,42,43]. This reduction allows to reduce the amount of mixing water in cement-based
materials and better control of their fresh properties.

Zhang et al. [36] studied the carbonation of RCAs with different-sized particles under
2.5 mm. The authors verified that the smaller particles carbonated faster than the larger
ones due to the higher surface area of the aggregate. Additionally, it was reported that
after carbonation, both CaCOj3 and silica gel were formed, which increased the density of
the RCAs and reduced their water absorption. In this work, the carbonation potential was
not measured since the purpose of the study was to enhance the mechanical properties
of RCAs.

Tam et al. [48] also investigated the carbonation of RCAs, aiming to improve their
mechanical properties. Again, these authors did not focus on the CO, uptake of the RCAs,
but on improving RCA performance.
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In the study of Xuan et al. [41], an accelerated carbonation technique was used to
enhance the quality of recycled concrete aggregate. The authors studied the CO, capture of
two RCAs, one produced in the laboratory and another one from demolition concrete debris.
The RCAs from the laboratory with particle sizes between 5 mm and 20 mm captured on
average 7.9 kg of CO, per tonne of aggregate. The RCAs from crushing debris sequestrated
5.2 kg of CO; per tonne of aggregate. This reduction of RCA CO, uptake was attributed to
their previous natural carbonation during their service life.

The interfacial transition zone (ITZ) between the natural aggregates and the cement
paste is a weak region of the RCAs. When the adhered old mortar shrinks may introduce
microcracking in this ITZ [49], which reduces the mechanical strength of RCAs compared
with natural aggregates. In this context, according to Lu et al. [42], carbonation can
improve the ITZ of RCAs. The authors compared backscattered electron (BSE) images of
uncarbonated and carbonated RCAs and concluded that uncarbonated RCAs presented a
less compact ITZ than carbonated RCAs [42].

Li et al. [50] studied the ITZ of carbonated coarse RCAs, considering different particle
sizes: 10-20, 20-30 and 30—40 mm. The samples were subjected to carbonation for periods
of 7, 14 and 28 days. The authors concluded that the carbonation improved the physical
properties of RCAs by modifying their morphology. Moreover, Li et al. [51] also found that
the carbonation process enhanced both the original interfacial transition zone and the at-
tached mortar in the RCAs, although the former experienced more significant enhancement
than the latter. In both studies, the CO, uptake was not measured.

The durability of the concrete produced with carbonated coarse RCAs was assessed
by Russo et al. [52]. The authors reported that carbonated RCAs and the concrete produced
with them performed better than noncarbonated ones.

To ensure structural longevity and to mitigate environmental consequences in construc-
tion practices, it is important to understand the carbonation potential of RAs and identify
the minimum period in which maximum CO, absorption occurs (optimal carbonation
period). Gomes et al. [53] presented a review of all the variables that affect the carbonation
process of CDW, namely temperature, relative humidity, CO, concentration, exposition
time and particle size of CDW. Based on several published works optimal conditions for
the carbonation of CDW aggregates were defined.

This research aims to elucidate these aspects by studying various types of RAs with
different sources. The approach used in this study consists of subjecting them to forced
carbonation at different conditions (temperature, humidity and CO, concentration) and
carefully analysing the respective CO, uptake of each RA. The existing literature is essen-
tially focused on the carbonation of RCAs, aiming to improve its performance. In this work,
however, the aim is to determine the CO, uptake by recycled aggregate from construction
and demolition waste to mitigate the CO, emissions of the cement sector. In order for the
study to be more comprehensive, mix-recycle aggregates (MRAs) are analysed in addition
to RCAs, as they are the most common in the construction industry.

3. Materials and Methods
3.1. Materials

According to the legislation of the European Union concerning CDW management,
CDW must be sent to recycling plants that are responsible for its treatment (Waste Frame-
work Directive 2008/98/EC). In this study, 7 types of recycled aggregates (RAs) were
collected directly from recycling plants, in situ demolitions and concrete industry wastes
(Table 1). Concrete aggregates, with well-known compositions, were also produced in a
laboratory to be compared with other recycled aggregates. The selected RAs were divided
into the following categories: mixed recycled aggregates (based on a miscellany of rubble);
recycled concrete aggregates (mainly composed of concrete and mortar waste); RAs from
concrete samples produced in a laboratory (control concrete, CA-L).
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Table 1. Recycled aggregates studied.

Aggregate Type Designation Origin (Collected at) Location
MRA-RP1 Recycling plant 1 Pero Pinheiro, Portugal
Mixed recycled aggregates (MRAs) MRA-RP2 Recycling plant 2 Figueira da Foz, Portugal
MRA-RP3 Recycling plant 3 Seixal, Portugal
RCA-IW1 Concrete producer Alhanda, Portugal
Recycled concrete aggregates (RCAS) RCA-IS1 Demolished in situ Setubal, Portugal
RCA-RP1 Recycling plant 1 Pero Pinheiro, Portugal
RCA-RP2 Recycling plant 4 Bucelas, Portugal
Control concrete aggregates (CA) CA-L Concrete produced in laboratory =~ Lisbon, Portugal

In CA-L, the binder used was a cement type CEM II/A-L 42.5 R according to the
EN 197-1 [54], having around 15% limestone filer. The concrete specimens produced with
this cement were kept underwater to prevent natural carbonation. At about 3 months of
age, the specimens were dried at 40 °C until constant mass; afterwards, the samples were
grinded and sieved in order to produce a representative sample based on a granulometric
curve to be analysed before and after CO, exposure.

The constituents of RAs were classified based on the European standards EN 933-
11 [55] and EN 13242 [56]. The procedure involves an initial separation of the floating
parcels from the non-floating ones. Once the non-floating portion is obtained, the remaining
portion is separated and classified into various constituents as stated in the standards.

The classification of RAs according to EN 933-11 [55] is also presented in Table 2. The
CA-L is composed of 260 kg/m?> cement, 50 kg/m? limestone filler and 1900 kg of coarse
and fine aggregate. The cementitious fraction (Rc—concrete, concrete products, mortar
and concrete masonry units) is the major component of the recycled aggregates, with
emphasis on RCAs. This fraction has a direct influence on the carbonation effectiveness
of the RAs from CDW. Therefore, it is expected that the greater the amount of Rc, the
higher the carbonation potential of the sample. However, this potential is also affected by
other factors, such as age, exposure and type of binder, which can reduce the fraction of
carbonatable compounds in Rc. The recycled aggregates collected in recycling plants were
in stockpiles exposed to the air, and it is not known where the material came from.

Table 2. RA classification.

Rc o o o o o F1 Classification According to EN 933-11 [55] *
Waste (%) Ru(%) Rb(%) Ra(%) Rg(%) X (%) (%) (as Per the Results Obtained in Laboratory)
MRA-RP1 425 275 217 96 0.2 0.8 FI5- Ef;edared Reug?70 Rb30- Ral0- Rg2- X1-
MRA-RP2 61.5 26.7 9.2 0.2 0.0 24 FI5- Rc50 Rg2- Reug?70 Rb10- Ral- X1- F15-
MRA-RP3 37.4 16.3 26.6 6.2 6.9 6.7 FI5- Rc declared Rg2- Rcug?70 Rb 30- Ral- X1- FI5-
RCA-IS 62.1 18.0 18.4 0.0 0.1 0.5 F15- Rc50 Rg2- Reug?70 Rb30- Ral- X1- F15-
RCA-RP1 57.8 28.4 124 0.0 0.2 0.4 FI5- Rc50 Rg2- Reug?70 Rb30- Ral- X1- F15-
RCA-RP2 89.0 10.6 0.4 0.0 0.0 0.0 FI5- Rc70 Rcug90 Rb10- Ral- Rg2- X1- F15-
RCA-IW 90.4 9.6 0.0 0.0 0.0 0.0 F15- Rc90 Reug90 Rb10- Ral- Rg2- X1- FI5-
CA-L 90.7 9.3 0.0 0.0 0.0 0.0 F15- Rc90 Rcug90 Rb10- Ral- Rg2- X1- FI5-

Note(s): * Classification of CDW-A constituents: concrete, concrete products, mortar and concrete masonry units
(Rc); unbound aggregates, natural stone and hydraulically bound aggregates (Ru); clay masonry units (Rb);
bituminous materials (Ra); glass (Rg); other materials, including cohesive, metals, plastic, rubber, non-floating
wood and gypsum plaster (X); floating materials (F1).
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The test results of water absorption, particle density and apparent bulk density are
shown in Table 3. It must be noted that, as expected by the results found in the literature,
the recycled aggregates presented lower particle density and higher water absorption than
natural aggregate.

Table 3. RA physical properties.

Water Absorption (%) Particle Density (kg/m?)
Aggregate

Non-Carbonated Carbonated Non-Carbonated  Carbonated
Natural sand 0.25 £ 0.06 - 2627 £5 -
MRA-RP1 7.05 + 0.44 3.63 +0.23 2424 + 66 2556 + 48
MRA-RP2 - - - -
MRA-RP3 6.89 + 0.91 3.90 + 0.88 2485 £ 52 2570 + 40
RCA-IS 7.18 +£0.20 4.87 £0.20 2426 £ 28 2640 + 264
RCA-RP2 3.81 £0.54 2.45+0.13 2636 + 57 2694 + 44
RCA-RP1 558 +£1.18 2.48 +0.36 2510 £+ 130 2514 £ 12
RCA-IW 5.01 £0.28 3.25+0.34 2408 £ 18 2553 £ 5
CA-L 474 £0.16 0.46 £ 0.04 2622 +7 2670 +9

3.2. Methods

The aggregates were selected and dried at 60 °C. Then, recycled aggregates were
ground and sieved (according to the European Standard EN 1015-1 [57]) and only particles
under 2 mm were subjected to forced carbonation. In fact, it was found that below 2 mm the
amount of carbonatable substances is greater, improving the rate of CO, uptake. Moreover,
the recycled aggregates were aimed to be incorporated into cement mortars, and aggregates
under 2 mm are the most adequate for this purpose. Finally, samples were divided in
an automatic separator. Once the sampling process was completed, the samples were
subjected to forced carbonation. The samples were placed individually in the respective
sample holder (according to their assigned exposure time) with 8-10 g of sample and with a
sample thickness of 1 cm or less in order to promote greater contact between the sample and
the CO; rich-environment. The samples were then placed in an ARALAB Fitoclima 300 EP
carbonation chamber with the following test conditions: 23 °C, 60% RH and 25% CO,. After
carbonation, the samples were sealed in plastic and stored in a desiccator until the post-
carbonation analysis was carried out. The adopted CO, concentration, temperature and
relative humidity were based on a literature review, namely in the parameters suggested
by Gomes et al. [53] regarding the best conditions optimize the CO; uptake of CDW. The
CO;, used presented 99.7% of purity. Different carbonation periods were tested, namely 3 h,
5h,8h,12 h and 24 h, in order to define the maximum CO; capture of the RAs.

The aggregates were characterized through XRD and TGA, before and after each
carbonation period, to determine the impact of carbonation on the mineralogy of RAs and
the amount of CO, uptake.

3.2.1. Thermogravimetric Analysis

The carbonation potential of recycled aggregates was assessed by TGA, using a SE-
TARAM TGA92 simultaneous DTA-TGA thermal analyser and a HITACHI STA7200 appa-
ratus. This test measures the mass loss of the samples while they are heated continuously
from 25 to 1000 °C at a uniform rate of 10 °C min~!, with an argon atmosphere (3 L/h).
The test conditions used, namely heating rate and temperature range, as well as the type of
gas and flow rate, are those commonly used for the study of cementitious materials [58].

From the mass losses obtained during the test at different temperature ranges, it is
possible to quantify the calcium hydroxide and calcite content of the sample and evaluate
the degree of carbonation in cement-based materials. The calculation of the first derivative
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of the mass loss curve (DTG) for this specific type of material, usually shows peaks in three
different temperature ranges (Z1, Z2 and Z3) [10,13]. Each range represents the mass loss
due to certain compound’s decomposition:

e  Z71,[20-400 °C]: temperature range that corresponds to release of moisture and dehy-
dration of hydrated calcium silicate (C-5-H) and calcium aluminate hydrates (AFt and
AFm phases);

e 72,[400-500 °C]: temperature range that corresponds essentially to the dihydroxyla-
tion of portlandite (CH); allows to estimate the content of free portlandite, that can be
used to estimate the carbonation potential of a cementitious material;

e  Z73,[500-900 °C]: temperature range that corresponds to carbonates decarbonation,
allowing to estimate CaCO3 content.

Due to the high heterogeneity of RAs, samples of about 100 g were separated using an
automatic rotary sample splitter apparatus. Subsequently, each sample was crushed in a
mechanical grinding device until fine powders with particle size <106 um were obtained.

TGA was used to evaluate the amount of CaCOj3; formed and Ca(OH), remaining.
The maximum CO, uptake is determined by the difference between the calcium carbonate
content of the noncarbonated samples (0 h) and the calcium carbonate content after the
“ideal” carbonation period (Equations (10) and (11)).

ACaCOs = (CaCOs finat — CaCOsiiia ) (10)

MMco,

%CO,uptake = ACaCOz X ————
24P > MMcqco,

(11)

CaCOgsinitia) is the CaCO;3 content of uncarbonated samples and the CaCOj¢, corre-
sponds to the maximum CaCOj3 content obtained after carbonation, being MMco, and
MMc,c0o3 the molecular weight of CO, and CaCOj;, respectively.

3.2.2. X-ray Diffraction Analysis

The XRD characterization was performed in complement to TGA to detect any alter-
ations in cementitious compounds after carbonation, including the formation of different
CaCOj polymorphs. The XRD test was performed with an AERIS Malvern Panalytical
X-ray diffractometer with 40 kV and 15 mA, using Copper K« radiation (A = 1.5406 A).
Diffractograms were recorded in the range of 5-85°20, at a step size of 0.20°/s. The XRD
was made according to an internal procedure based on LNEC specification E 403:1993 [59]
and using the HighScore Plus software version 4.0 from Malvern Panalytical and the
Crystallography Open Database (COD) for the peak identification [60-67].

3.2.3. pH Evaluation

The pH of the recycled aggregates was measured to check whether there was an
acid attack during the forced carbonation, which would cause a decrease in the calcium
carbonate content. The analysis was performed using a METRIA portable pH meter
model M21. This test involves placing the sample in a container with distillate water in a
proportion of 1:1 (water: recycled aggregate) under magnetic agitation for 24 h. Afterwards,
the pH probe is placed in the solution (water more sample), and its value is recorded.

4. CO, Capture of RAs
4.1. Mixed Recycled Aggregates

The XRD diffractograms of three mixed recycled aggregates collected directly in
recycling plants (MRA-RP1, MRA-RP2 and MRA-RP3) are presented in Figure 1. The main
minerals detected are quartz, muscovite, microcline, albite and calcite. No portlandite was
detected under the detection limits of XRD analysis, which indicates a low carbonation
potential of these MRAs.



Appl. Sci. 2024, 14, 5224

90f19

—MRA RP1 Q qlrd o
——MRA RP2 |
——MRA RP3

° 26 (CuKa)

Figure 1. XRD pattern of noncarbonated MRA-RP1, MRA-RP2 and MRA-RP3. Notation:
M—Muscovite; E—Ettringite; G—Gypsum; K—Kaolinite; Fk—Microcline; Fa—Albite; Q—Quartz;
C—Calcite.

MRA-RP1, MRA-RP2 and MRA-RP3 were subjected to forced carbonation for 3, 5, 12
and 24 h (Figure 2). MRA-RP1 and MRA-RP2 both registered the highest CO, content at
5 h, while for MRA-RP3 the maximum CO, content was reached at 12 h of carbonation. It
was found that after the maximum CO, was achieved, the CO, uptake decreased. This
phenomenon could be related to the acid attack, which promotes the dissolution of part of
the calcium carbonate with CO, liberation. In addition, it is well known that the formation
of calcium carbonates at the surface restricts the diffusion of CO, into the sample, which
limits the CO, absorption after the initial CO, uptake. Fang et al. [68] also reported that the
rate of CO, uptake by RAs decreased with the carbonation time.

2.0 18
1.5

1.5
S
o m3h
g 10 5h
© 0.7 0.7
N 0.6 0.6 m12h
S 05

0.5 0404 m24h

0.2
0.1
0.0 o |
MRA-RP1 MRA-RP2 MRA-RP3

Figure 2. Evolution of CO; content in the samples MRA-RP1, MRA-RP2 and MRA-RP3 with
increasing forced carbonation time.

The CO; uptake by MRA-RP1 was 0.7% after 5 h, which corresponds to 7.0 kg of CO,
captured per tonne of aggregate. A similar value was obtained for MRA-RP3 (0.6%) and
slightly higher for MRA-RP2 (1.8%). Due to the insignificant amount of portlandite, it
is likely that other calcium-hydrated products were carbonated. MRAs are composed of
several materials, but only part of the Rc fraction contributes to carbonation (between 11
and 16% of Re, which corresponds to the cement paste). Just considering the cement paste,
MRA-RP1, MRA-RP2 and MRA-RP3 can capture, on average, 12.6%, 22.5% and 12.3% of
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CO,, respectively. This corresponds to 126 kg, 225 kg and 123 kg of CO, per 1 tonne of
cement paste presented in these aggregates, respectively.

4.2. Recycled Concrete Aggregates from Recycling Plants

The XRD diffractograms of RCAs collected from recycling plants are presented in
Figure 3. Due to the higher amount of cement fraction, the presence of portlandite is
evident in these RCAs. The other main mineralogical compounds identified are calcite,
quartz, microcline, ettringite, gypsum, muscovite, hydrocalumite, kaolinite and albite. In
general, the RCA is mostly composed of calcite and quartz, as well as gypsum, sanidine
and albite [69], which are not likely to carbonate. However, Garach et al. [70] found
unhydrated cement remaining in RCAs and also MRAs, which are prone to carbonate.
Another research [71] also characterized RCAs through XRD and verified that, besides
the presence of carbonation products, such as calcite, aragonite and vaterite, unhydrated
cement compounds, such as ettringite and calcium hydroxide, were not yet carbonated.
Therefore, it shows that recycled aggregates contain compounds that can carbonate.

—RCARP1 Q c
RCA RP2
RCA IW ‘
RCA IS1 Q Fk
P
c ‘
K Fa \
‘A‘ I W “ |
L e ‘ . ‘ M ‘ ‘ | ‘ | \ /\;
S o e e i
Hy /| K Fk E ‘
d W*‘W»LJ MWWAWJ{*/E\—N\ ~1/\/\ w\/\/\J WHV\("}(/ \
Man o
5 10 15 20 25 30
° 20 (CuKa)

Figure 3. XRD pattern of uncarbonated RCAs: RCA-RP1, RCA-RP2, RCA-IS1 and RCA-IW1. Notation:
M—Muscovite; E—Ettringite; Hy—Hydrocalumite; G—Gypsum; K—Kaolinite; Fk—Microcline;
P—Portlandite; Q—Quartz; Fa—Albite; C—Calcite.

The evolution of the CO, content of the RCAs at different carbonation periods (3 h,
5h, 12 h, 24 h) is presented in Figure 4. It was observed that the maximum CO, capture by
RCAs occurred at 12 h of carbonation.

The maximum CO, captured was 1.0%, 0.6%, 0.9% and 4.1%, for RCA-RP1, RCA-RP2,
RCA-IS1 and RCA-IWT1, respectively. The uptake of RCA-IW1 stands out from the other
RCAs, indicating a higher carbonation potential, due to its higher cement content and not
having been subject to previous natural carbonation.

As in MRAs, in RCAs, only part of the Rc fraction contributes to carbonation. Con-
sidering that Rc is 57.8%, 89.0%, 62.1% and 90.4% of RCA-RP1, RCA-RP2, RCA-IS1 and
RCA-IW]1, respectively, and taking into account that only 11%-16% of Rc contributes to
carbonation, these aggregates can capture between 5.2% and 34.8% of CO,, per fraction
of cement paste. This corresponds to an absorption between 52 kg and 348 kg of CO, per
tonne of cement paste.
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Figure 4. Evolution of CO; content in aggregates RCA-RP1, RCA-RP2, RCA-IS1 and RCA-IW1 with
time of forced carbonation, determined from TGA.

Other studies also quantified the CO, capture of RCAs. Kikuchi and Kuroda [72],
reported that RCAs from recycling plants could capture approximately 11 kg of CO; by
1 tonne of aggregate. In another study, RCAs from recycling plants showed a CO, uptake
capacity of 50 kg per tonne of aggregate [73]. Zhang et al. [33] state values of CO, uptake
up to 56% for smaller particles with larger specific surfaces. Such high values of CO,
uptake may be due to carrying out forced carbonation of RCAs under 100% of CO,. Xuan
et al. [41] also quantified the CO, uptake of RCAs from recycling plants. On average, the
RCAs captured 5.2 kg of CO; per tonne of aggregate.

4.3. Concrete Aggregate from Lab Specimens

To evaluate the maximum CO, capture potential without previous carbonation, lab-
oratory concrete samples (CA-L) were analysed. From XRD, CA-L contains portlandite
and other major mineralogical compounds, namely gypsum, quartz, calcite and microcline
(Figure 5).
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6,000 -
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3,000 -
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Figure 5. XRD pattern of uncarbonated CA-L. Notation: G—Gypsum; P—Portlandite; Q—Quartz;
C—~Calcite; Fk—Miicrocline.
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The TG/DTG curves before carbonation and after 5 h of carbonation are presented
in Figure 6. After 5 h of carbonation no mass loss due to portlandite decomposition is
observed, with the corresponding increase in mass loss between 500 and 900 °C, attributed
to the decarbonation of calcium carbonate.

10.0 _.\”_.---_..-....-..“‘\ p—— 0.0
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Figure 6. CA-L TGA before (0 h) and after 5 h of forced carbonation. Legend: 1—Dehydration
of C-S-H; 2—Dehydroxilation of portlandite; 3—Decarbonation of amorphous calcium carbonate;
4—Decarbonation of crystallized calcium carbonate.

The CA-L was able to capture 4.9% of CO; per tonne of RA. As this aggregate contains
11% cement by weight, the cement paste captured 49 kg of CO, captured per tonne of
aggregate, which corresponds to 491.1 kg of CO; per tonne of cement.

As expected, this sample was the one with the highest uptake of CO5, as it corresponds
to a noncarbonated RCAs. It can be considered a reference recycled aggregate to evaluate
the potential amount of CO; that a common concrete can capture. However, this recycled
aggregate is not common, unless it comes from concrete elements protected from the
external environment.

Xuan et al. [41] also analysed the CO; capture of laboratory-made CA. The authors
concluded that CA sequestrated around 7.9 kg of CO; by 1 tonne of aggregate.

4.4. CO, Uptake Efficiency of RAs and Calculation of Contribution of Cementitious Compounds for
CO; Capture

Figure 7 presents a summary of the CO, uptake efficiency (Equation (7)) of each
RA analysed in this study. The samples RCA-IW1 and CA-L differ from the remaining
essentially because they are samples that had very low exposure to atmospheric CO, and
higher carbonation potential.

The CO, uptake efficiency was calculated according to Equation (10). To obtain the
maximum theoretical CO, capture, it was assumed that all the cement paste presented in
the aggregates is composed of CEM type I with, at least, 95% of Portland clinker. It was also
considered that cement is composed of 60% CaO [74,75] and that all the calcium compounds
present in the cement paste can react with CO,. Taking into account these assumptions,
the maximum theoretical CO, capture was calculated based on Rc values (Table 2) and
considering an average value of 14% for the cement content in all RAs [76], with the
exception of CA-L where its composition is known (11% cement). For example, for MRA-
RP1, with 42.5% of Rc, the estimated CaO content is 3.5%, which corresponds, according to
the stoichiometry, to a maximum theoretical CO; capture of 2.8% (Equation (13)).
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Figure 7. Maximum amount of CO, captured by the different RAs.

The maximum experimental CO, capture was determined by TGA and corresponds
to the maximum value obtained for each RA under forced carbonation conditions.
_ Maximum experimental CO, capture

CO; uptake ef ficiency of RA(%) = Maximum theoretical CO; capture x100 (12

MM
Maxpeoreeticat COa capture = Re(%) x Cement content (%) x %CaO cement X L 7COo (13)

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

MMc,0

Figure 8 presents the values of efficiency obtained by forced carbonation and the
respective contribution of remaining cement compounds in the RAs (portlandite and other
cementitious compounds). The calculated efficiency value does not demonstrate the real
susceptibility of the aggregate to carbonate, because the aggregates were already exposed
to environmental conditions, but rather the efficiency of the method to achieve a totally
carbonated aggregate.
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m Efficiency 1 %CO2 capture by CH m %CO02 capture by others cement compounds
Figure 8. Carbonation process efficiency and respective CO, capture contribution.

The highest efficiency was obtained in the carbonation of CA-L and RCA-IW1, with
94.6% and 71.3%, respectively. These aggregates have the highest Rc fraction and are also
the ones that had less exposure to the atmospheric environment (suffered less natural
carbonation). It can be concluded that the reduction in carbonation efficiency is directly



Appl. Sci. 2024, 14, 5224

14 of 19

influenced by the cement content and the level of previous carbonation (during building
the environment and after demolition).

Unlike MRAs, before carbonation RCAs present a significant portlandite content in
their matrix, as well as other hydrated cementitious compounds (e.g., CSH and ettringite).
The portlandite was totally consumed during the carbonation of RCA-RP1, RCA-RP2 and
CA-L. In RCA-RP1 and RCA-RP2, about 42% and 50% of the produced CaCOs, respec-
tively, was due to the carbonation of remaining portlandite. In this case, the CO, uptake
efficiency was 27.2% and 10.6%, respectively. RCA-IW1 and RCA-IS1 have a higher content
of portlandite in their initial composition when compared with RCA-RP1 and RCA-RP2. In
the case of RCA-IW1 there was a large decrease in portlandite content after carbonation,
suggesting that it was completely consumed. The carbonation of portlandite was responsi-
ble for 26.1% of the CaCOj3 content formed and the other 73.9% by carbonation of other
hydrated cementitious compounds.

Based on the results obtained, and the test conditions employed, the carbonation of
the RAs was mainly due to the hydrated calcium silicates and hydrated calcium aluminates
of the cement.

The investigation of CO, capture capacity of CDW was carried out in this paper for
further application. It aims to use carbonated RAs in mortars and concrete as a substitute
for natural aggregates. Note that aggregates represent a high proportion of mortars and
concrete constituents, thus the replacement of natural aggregate by recycled aggregates
means a high volume of RCA incorporation. Therefore, the percentage presented in this
study is much higher if considered the incorporation proportion in mortars and concrete.

Additionally, an assessment of life cycle carbon impact was carried out. Mortars with
carbonated recycled aggregates were compared with mortars with noncarbonated recycled
aggregates and with reference mortars with natural aggregates.

The incorporation of recycled aggregates in mortars contribute to the reduction of
CO, when compared to the use of natural aggregates, depending on the type, origin and
proposition of incorporation. Moreover, accelerated carbonation of recycled aggregates
reduces even more the CO, balance by capturing the CO, emissions present.

5. Acid Attack of RAs during Forced Carbonation

Forced carbonation exposes recycled aggregates (RAs) to high concentrations of COj,
leading to the formation of carbonic acid within the pore sample. This carbonic acid can
initiate an acid attack on the RA components, modifying the sample composition [77,78].
Calcium carbonate in natural environmental conditions (at constant pressure and tempera-
ture) is controlled primarily by the equilibrium reactions in Equations (2) and (14).

CaCO5 + H,CO3 = Ca*t +2HCO5~ (Dissolution of calcium carbonate) (14)

Considering Equation (14), the equilibrium is shifted to the left with the increase
in CO; concentration (due to the continuous flow inside the chamber), favouring the
formation of carbonic acid (HyCO3). The increase in HyCOj3 will then cause a shift in
the equilibrium of Equation (14) to the right, causing existent CaCOj3 in the samples to
dissolve. If the amount of CO; is reduced in the system, the equilibrium in Equation (14) is
then shifted to the left, promoting the precipitation of calcium carbonate. This proposed
mechanism can justify the reduction of the calcium carbonate content after long periods of
carbonation, as found in MRAs and RCAs.

This raised the question of whether an acid attack had occurred, promoting the
partial dissolution of the calcium carbonate formed in the carbonation reaction and the
consequent increase in pH of the RA interstitial solution. To validate this hypothesis, the
pH was measured in three samples. The selected samples were MRA-RP1, which showed
a reduction in CO, content after 5 h of carbonation and RCA-IW1 and RCA-RP1, which
showed the same behaviour, but after 12 h.

For MRA-RP1 the initial pH value (before carbonation, 0 h) was 9.5, decreasing to
9.1 after 5 h of carbonation (maximum capture of CO,). The decrease in the pH value
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is coherent with the increase in calcium carbonate content, meaning that more CO, was
captured by the RAs. After 12 h of carbonation, the pH value increased slightly from 9.1 to
9.2, which is consistent with an acid attack of CaCO3 and the consequent release of CO5.

The same behaviour was found in RCA-IW1 and RCA-RP1 at different carbonation
ages: noncarbonated (0 h), at the age of highest CO; capture (12 h) and after 24 h. Up to 12 h,
the pH decreased, 12.6 to 12.1 and 11.5 to 10.5 (for RCA-IW1 and RCA-RP1, respectively),
with the consequent increase in CO; content from the formation of calcium carbonate.
Then, the pH increased after 12 h as found in MRA-RP1, RCA-IW1 increased to 12.2 and
RCA-RP1 to 10.8. This confirms the hypothesis of an acid attack, promoting the dissolution
of part of the calcium carbonate with CO, liberation.

6. Conclusions

Recycled aggregates from construction and demolition waste have been submitted to
forced carbonation. Several types of RAs were investigated at different periods of carbona-
tion. The quantification of CO, uptake of RAs was carried out through thermogravimetric
analysis. The following conclusions are drawn:

o  CO; capture depends on the type of CDW (mixed or mainly concrete). Indeed, the
maximum CO; uptake is related to the cementitious materials content and to the
degree of natural carbonation. In short, CDW captured from 5 wt.% to 35 wt.% of CO,
per tonne of cement paste, which corresponds to 0.6% to 4.1% per tonne of aggregate.

o  The lowest-captured CO, value was 0.6% for MRA-RP3 and RCA-RP2 (corresponding
to 6.0 kg per tonne of aggregate) and the highest was obtained in CA-L concrete
produced in the laboratory with 4.9% (49 kg per tonne of aggregate). Considering that
the MRAs did not present portlandite content, it was verified that the carbonation
occurred by the reaction of CO, and C-S-H.

e Taking into account that only 13% to 16% of Rc fraction is composed of cement paste,
forced carbonation allowed the aggregates to absorb between 20% and 27% of cement
process emissions (the ones that refer to decarbonisation of calcium carbonate).

e  FPorced carbonation does not continuously increase or stabilize over time. It reaches
a maximum value of captured CO, and then it goes down. After a given time, an
acid attack occurs that reduces the calcium carbonate in the sample. The tested MRAs
reached the maximum capture value after 5 h and the RCAs after 12 h.

e It was also verified that long periods of exposure to CO, do not contribute to the
increase in CO; capture by RAs. An acid attack occurs at longer carbonation periods.
This attack promotes the dissolution of CaCOj3, decreasing the potential for CO,
capture for long carbonation periods.

e It was concluded that RAs, when submitted to forced carbonation, capture from 52
to 491 kg of CO; per tonne of cement paste. Therefore, the forced carbonation of
RAs, independently of the building life cycle (time and conditions of environmental
exposure) and demolition carbonation phases, still has the potential to capture CO;.

e  The forced carbonation of recycled aggregates has a great influence on their charac-
teristics. The characterization of the aggregates before and after their carbonation
made it possible to analyse the modification in their physical properties, namely water
absorption and particle density. During the carbonation, the precipitation of calcium
carbonate inside the pores causes an increment in the density of the aggregate and
decreases the water absorption. The physical properties are related to the carbonation
potential of the aggregate.

Overall, this research highlights that recycled aggregates from construction and demo-
lition wastes can be seen as sources of CO, capture and storage. This contribution leads to
the reduction of the carbon footprint of the cement industry and the more effective reuse
of CDW.
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