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ARTICLE INFO ABSTRACT

Keywords: Carbonation curing is a promising approach for reducing the carbon footprint of construction materials. This
Carbonation curing study evaluates the carbon storage capacity of four self-compacting concrete (SCC) mixes incorporating recycled
CO,, uptake

coarse aggregates (RCA), limestone powder (LSP), and scallop shell powder (SSP) under controlled conditions.
CO, uptake is quantified using thermogravimetric analysis (TGA), mass loss, and X-ray diffraction (XRD) with
Rietveld refinement, while pH evolution and microstructure are assessed through ex-situ leaching and scanning
electron microscopy (SEM). The results demonstrate that RCA- and SSP-based mixes achieved the highest CO4
uptake, reaching up to 114 kg/m3 of SCC after 90 d. Carbonation depth is not necessarily representative of the
actual CO, uptake in SCC mixes. The different water retention capacities of SCC precursors strongly influence the
moisture state after pre-curing, thereby controlling the dominant reaction mechanisms during CO, exposure. A
reduction in crystal size and partial destabilization of the calcite phase are observed during carbonation curing.
Discrepancies between CO2 quantification methods are also identified. These findings highlight the role of the
surface characteristics of SSP and RCA in modifying transport pathways and enhancing CO, storage efficiency,

Self-compacting concrete
Recycled concrete aggregates
Scallop shell powder

while emphasizing the need for multi-technique approaches for accurate assessment.

1. Introduction

The construction sector has a significant environmental impact,
largely due to CO, emissions associated with the cement and concrete
industry [1-5], which are projected to exceed 52% of global emissions
by 2050 [6]. The implementation of carbon capture, storage, and utili-
zation technologies (CCSU) in the construction sector represents an
effective means of reducing these emissions [7-10]. These technologies
represent a key strategy adopted by the European Union to achieve zero
net emissions by 2050. Among them, accelerated carbonation curing
enables direct CO, sequestration within the cement matrix through the
formation of calcium carbonate (CaCOs), while potentially enhancing
early-age performance [11]. The construction industry is also known for
its extensive consumption of natural resources, particularly natural
coarse aggregates (NCA) and limestone powder (LSP), and for gener-
ating large quantities of construction and demolition waste [12-14]. To
address this, the use of recycled coarse aggregates (RCA) and scallop
shell powder (SSP) as alternatives to NCA and LSP, respectively, has
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emerged as a promising strategy. These abundant waste-derived mate-
rials exhibit properties similar to those of their conventional counter-
parts [15-20]. When combined with carbonation curing, these
approaches contribute to more sustainable practices in the construction
industry by preserving natural resources and promoting CO, seques-
tration within cement-based systems.

In laboratory settings, carbonation curing is typically implemented
either by injecting a controlled CO5 gas flow into a sealed chamber or by
curing specimens in carbonated water (wet carbonation) [21,22].
Although both setups promote CaCOs precipitation, gaseous CO expo-
sure is the most frequently adopted technique, particularly for precast
concrete applications, due to its higher carbonation efficiency and su-
perior process controllability [23-25]. For these reasons, the present
study investigates the use of CO, gas curing for self-compacting concrete
(SCC). This process generally proceeds through three sequential stages:
pre-curing, CO; exposure, and post-conditioning [21,26]. Pre-curing,
which aims to remove free water, is essential for high-slump con-
cretes, such as SCC, playing a decisive role in regulating internal
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Table 1

Quantified phase assemblage and associated crystallographic parameters of
samples after 1 d of carbonation curing. Numbers in parentheses indicate the
standard deviations as 1o on the last digits from the Rietveld refinement.
Absence of standard deviations means that the values were adjusted at best
manually and could not be released during the fits without instability of the
refinement. Initial mineral structures were taken from the Crystallography Open
Database COD [69].

Mineral name Initial LSP SSp RCA
Unit-cell Ryp=7.95% Ryp=7.47% Ryp
poarameters =10.3%
(Randy wt (%) wt (%) wt (%)

Unit-cell Unit-cell Unit-cell
parameters parameters parameters
(10\ and °) (;\ and °) (A and °)

Calcite - 100 99(14) 22(6)

a=4.98614 a=4.98680 a=4.98849 a=4.9875
(6) (6) (€8]

c=17.0479 ¢ =17.0495 c¢=17.0801 c=17.0634
3 @D @)

Aragonite - - 1.1(2) 0.5(6)

a=4.96183 a=4.961830 a=4.9618
13)

b =7.96914 b =7.9776 b =7.9691
(25)

¢ - ¢ =5.7471 c=5.7428

= 5.742852 (13) )

Vaterite - - 2.4(6)

Quartz 69(18)

Muscovite—2M1 1.3(4)

Orthoclase 0.8(3)

Albite low 2.3(6)

Chlorite 1.0(3)

moisture content, which in turn governs both CO, diffusivity and the
kinetics of hydration and carbonation reactions [27]. Partial water
removal enhances CO; diffusivity through the pore network, whereas
excessive water removal may hinder ongoing reactions [28]. SCC pre-
sents additional complexity in this regard. Due to its high paste volume
and relatively elevated water-to-cement ratio (w/c), SCC can develop a
heterogeneous internal moisture distribution during the pre-curing step
[29]. As a result, the optimal degree of water removal for SCC has not yet
been clearly established, as it strongly depends on the water retention
capacity and drying behavior of the mix constituents, which remain
insufficiently characterized. Moreover, numerous studies highlighted
the sensitivity of carbonation efficiency to water removal [23,30],
temperature [31], relative humidity (RH) [32-36], and exposure con-
ditions [37-39]. Consequently, differences in carbonation protocols can
significantly affect CO, uptake, making it difficult to isolate the intrinsic
influence of SCC constituents, highlighting the need for strictly
controlled conditions to obtain reliable comparisons of carbonation
behavior.

The CaCOgs-bearing precursors (LSP and SSP) and coarse aggregates
(NCA and RCA) exert distinct influences on transport properties and
carbonation behavior. LSP and SSP consist predominantly of calcite,
although SSP may also contain aragonite and residual organic content
[40-42]. These compositional variations, in addition to the morpho-
logical differences of these powders [43-46], have been reported to
affect the availability of nucleation sites for hydration and carbonation
products [27,47]. It is widely documented that LSP accelerates clinker’s
hydration by providing nucleation sites on which early C-S-H can
nucleate and grow. LSP particles also exhibit a strong chemical affinity
with the carbonation products and provide nucleation sites for CaCO3
precipitation [48-50]. SSP can play the same role; however, its effi-
ciency may differ due to residual organic matter, which can partially
block active nucleation sites [51-53]. Conversely, the presence of
aragonite in SSP, which is more soluble than calcite, may enhance
dissolution and increase Ca’" availability in the pore solution,
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potentially promoting carbonation and hydration reactions [54]. In the
case of RCA, the old mortar surrounding their surfaces also introduces
residual hydrated phases and increased porosity, which modify CO,
diffusion pathways and local carbonation reactions [55,56]. Based on
existing studies, it remains unclear whether LSP or SSP provides more
effective nucleation for hydration or carbonation under coupled
hydration-carbonation conditions. Moreover, previous studies have
generally investigated these materials independently, and a systematic
comparison of the combined effects of precursor type (LSP versus SSP)
and aggregate nature (NCA versus RCA) under identical SCC
carbonation-curing conditions remains lacking.

Furthermore, the carbonation efficiency of cement-based materials is
commonly assessed by the CO, uptake, which is, in most cases, quan-
tified using thermogravimetric analysis (TGA) [57,58], bulk mass
change methods [59], X-ray diffraction (XRD) [60], or qualitatively
through carbonation depth using a phenolphthalein indicator [61,62].
However, discrepancies may arise among these techniques, as each
probes a different aspect of carbonation reactions. TGA, although sub-
ject to the common limitations of powder-based techniques, such as
sample representativeness and phase interference, is mainly limited by
the overlap of dehydration and decarbonation reactions, particularly
those associated with C-S-H carbonation products. In addition, the
CaCOj3 polymorphs cannot be easily differentiated based solely on their
thermal decomposition behavior, particularly in the presence of
CaCOgs-bearing precursors, which further complicates the quantification
of CaCO3 [63]. XRD quantifies CO; uptake through the identification of
crystalline carbonate phases, but it does not detect CO; incorporated in
amorphous phases. In favorable cases, its precision is ~1 wt%, but it can
reach ~5 wt% in complex matrices such as Portland cement [64]. The
mass loss method estimates CO5 uptake from mass variation within the
temperature interval of CaCO3 decomposition; however, the presence of
amorphous CaCO3 complicates quantification, as it may contain up to
20 wt% water [64,65]. Carbonation depth measurement with phenol-
phthalein primarily reflects changes in pH rather than the total amount
of CO;y chemically stored within the matrix. In other words, the color
change is associated with acidification of the pore solution due to CO,
dissolution and the resulting shift in the carbonate system equilibria.
The indicator transition occurs around pH ~ 9, which lies between the
carbonate system equilibria (pKa; ~ 6.3 for the CO2/HCO3" system and
pKaz =~ 10.3 for the HCO57/CO% system). It therefore does not corre-
spond to a specific carbonation step or a complete carbonate formation.
The decrease in pH in cementitious materials is also linked to the con-
sumption of Ca(OH)3, a major buffering phase. In contrast, CO:Z:,‘ already
bound in CaCOs crystals does not produce a color change, since the
indicator responds to pH in the pore solution rather than to solid car-
bonates. Consequently, relying on a single technique can be misleading,
and comprehensive evaluation of CO5 diffusion, uptake, and CaCOs
phases in SCC remains limited.

Accordingly, this study provides a direct comparison of the coupled
effects of cement precursor type (LSP versus SSP) and aggregate nature
(NCA versus RCA) on carbonation, while systematically investigating
the CO, sequestration capacity of SCC through a multi-scale assessment
including TGA, mass loss method, XRD combined with Rietveld refine-
ment, scanning electron microscopy (SEM), phenolphthalein spray
testing, and MATLAB-based image analysis. By combining multiple
complementary characterization techniques under strictly controlled
carbonation-curing conditions, the study systematically examines the
relationships among CO, absorption, carbonation depth, pH value var-
iations, and microstructural development, thereby providing a more
comprehensive understanding of the carbonation mechanism in SCC.

2. Materials and methods
2.1. Materials

The materials used to produce the SCC mixes included Portland
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Fig. 1. Physical properties of the binder components used for SCC preparation. (a, b) Particle size distributions. (¢, d) Morphologies of LSP and SSP particles.

limestone cement (CEM II/A-LL 52.5 N CE PM-CP2 NF, Ciments Calcia,
Ranville, France), commercial limestone powder (Betocarb® HP-EN,
Omya SAS, Entrains-sur-Nohain, France), and scallop shell powder
(SSP), received in shell form from local seafood processing activities in
Normandy, France, and subsequently processed in the laboratory. The
aggregates comprised washed siliceous alluvial sand (0-4 mm) supplied
by Oscar Savreux (Saint-Firmin-les-Crotoy, France), semi-crushed silico-
calcareous natural coarse aggregates (NCA, 4-12.5 mm) supplied by
Carrieres STREF (Jumieges, France), and recycled coarse aggregates
(RCA, 4-14 mm) supplied by Carrieres de la Roche Blain — Recyclage
Blainville-sur-Orne (Blainville-sur-Orne, France). Raw materials’
detailed information on mineralogical compositions, quantified using
powder XRD Rietveld refinement; particle size distributions; and mor-
phologies, mainly for the binder components and RCA (Table 1 and
Fig. 1), is available from [40]. LSP is composed of calcite, whereas SSP
consists mainly of calcite with a minor fraction of aragonite (= 1.1%).
The slight enlargement in unit cell parameters of calcite observed for
both LSP and SSP is consistent with lattice distortions commonly re-
ported in biogenic aragonites of many shells, due to interactions be-
tween organic molecules and the mineral matrix [66-68] (Table 1).
Regarding the particle size distributions, SSP is characterized by a
higher fraction of fine particles than LSP and cement, with approxi-
mately 40% of its particle volume below 1 pm. LSP and cement contain
about 20% and 10%, respectively (Fig. 1a). Both LSP and SSP also
include coarser particles than cement, with mean sizes on the order of 40
and 50 pm (Fig. 1b). Cement particles are mainly distributed within an
intermediate size range (2-40 pm), while LSP and SSP exhibit a bimodal
particle size distribution, combining fine (<2 pm) and coarse (>40 pm)

fractions. SEM observations show that LSP particles are predominantly
plate-like with smooth surfaces and well-defined edges (Fig. 1c). In
contrast, SSP particles display more irregular, granular morphologies
with rougher surfaces and higher apparent porosity (Fig. 1d), along with
a greater tendency for fine particle aggregation.

2.2. SCC mix designs and curing conditions

2.2.1. SCC mix designs

In this study, two variables were investigated: (i) type of aggregates
(NCA or RCA) and (ii) the CaCOg precursor (LSP or SSP). Based on these
variables, four SCC mixtures were designed with a water-to-binder ratio
(w/b) of 0.49 and a gravel-to-sand ratio (G/S) of 0.9. The binder content
was maintained at 320 kg/m?’, with 30% SSP or LSP incorporated, and
NCA were fully substituted by RCA by volume, resulting in the following
mixtures: LSP-NCA (30% LSP, 100% NCA), LSP-RCA (30% LSP, 100%
RCA), SSP-NCA (30% SSP, 100% NCA), and SSP-RCA (30% SSP, 100%
RCA).

2.2.2. Curing conditions

To evaluate CO3 uptake in the four SCC mixes, the specimens were
cured under two regimes: carbonation curing and sealed curing. The
characteristics of these curing regimes are described below.

a) Carbonation curing: In this regime, the specimens first underwent
an initial in-mold curing step at 20°C and 50% RH for 7 h. After this
phase, the specimens were removed from their molds and pre-cured
at 60°C for 17 h to eliminate free water. Following this 24 h pre-
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Fig. 2. Schematic for determining carbonation depth.

Table 2
CO, uptake calculations steps.

Step 1: Hydrate content participation in carbonations

MC s Hini = M C-S-H sealed — M C—S—Hearbonated (Eq. 2)
Reaction mechanism of C-S-H
1.7Ca0.Si02.4H;0—1.7Ca0.Si05.1.3H20 + 2.7H,0 (Eq. 3)

_ Amiso oc-425 °c X Mg-s-n (Eq. 4)
Mmc-s-H =

Mh,0
MCa(OH),;,, = M Ca(OH),sealed — M Ca(OH),carbonated (Eq. 5)
Reaction mechanism of Ca(OH),
Ca(OH),~Ca0 + H,0 (Eq. 6)
Meaor, = Amugs -c-s30 °c X Mca(on), (Eq. 7)
2 Mpy,0

Step 2: CaCOj3 content from C-S-H and Ca(OH), carbonation
Reaction mechanism of C-S-H

1.7Ca0.Si02.4H,0 + 1.7C0O2—1.7CaCO3 + Si023H,0 + 0.7H,0 (Eq. 8)
mCCc_s-y =ng-s-u X 1.7 (Eq. 9)
nc-s-u =mC—S — Hini /Mc-s-n (Eq. 10)
Reaction mechanism of Ca(OH),

Ca(OH), + CO,—CaCO; + Hy0 (Eq. 11)
mCCca(on), = Mca(oH), X Mcaco, (Eq. 12)
Nca(oH), = Mca(OH), ini/Mca(on), (Eq. 13)
Step 3: Total carbonation (total CaCO3)

MCacoyy = CaCOs. g, + CaC03Ca(OH)2 (Eq. 14)
mco, = McaCoye: X Mco,/Mcaco, (Eq. 15)

curing, the specimens were transferred to a carbonation chamber for
curing under controlled conditions. Preliminary trials were con-
ducted to evaluate the effectiveness of the pre-curing. Initially, the
specimens were air-dried to remove free water, without the 60°C
drying step. After 24h of carbonation curing, no detectable
carbonation front was observed, indicating that air-drying alone was
insufficient to allow CO, diffusion and carbonation. Consequently,
pre-curing at 60°C was introduced to optimize moisture removal and
enhance CO; uptake. This temperature was fixed as an effective and
efficient drying condition based on the literature [70-72]. Internal
RH was monitored at a depth of 1.5 cm using humidity sensors. After
17 h in the drying oven, the RH stabilized at 65%, and carbonation
curing was initiated to avoid water starvation. The objective of this
step was to reach the optimal moisture removal condition for SCC
recommended in previous studies [11,23]. During carbonation
curing, the COy-sealed chamber was regulated at 25 °C, 20% CO»,
and 70% RH. This set of parameters was defined based on ranges
reported in the literature and optimized for SCC to maximize COy
uptake [31,39]. The specimens underwent carbonation curing for 1,
7, 28, and 90 d to evaluate CO5 uptake and microstructural evolution
from early to long-term [23,73-75].

b) Sealed curing: In sealed curing, the specimens underwent the same
pre-curing procedure as in carbonation curing. After 24 h, they were
wrapped with aluminum adhesive tape and stored in a climatic
chamber at 25 °C and 70% RH.

2.3. Methods

2.3.1. Pre-curing phase monitoring

Six cubic, 10 cm-edged pre-cured specimens were evaluated based
on their water loss. During drying at 60 °C, the specimens’ mass was
recorded hourly, and the corresponding water content (w %) was
calculated using Eq. 1.

M,

wo (%)= % x 100 )

Where:

- w (%): water content.
- M;: mass of the fresh SSC specimens.
- My mass of the specimens measured after drying at 105 °C.

2.3.2. Carbonation depth

Carbonation depth was evaluated under two conditions: unidirec-
tional exposure (one surface exposed) and generalized exposure (all
surfaces exposed to CO3). After the exposure period, three cubic speci-
mens of each SCC mix design were split into two pieces. The cross-
section was sprayed with phenolphthalein to identify the carbonated
zone. The carbonation depth was measured using digital calipers as the
average of 8 readings for unidirectional exposure and 20 readings for
generalized exposure (Fig. 2). In addition, MATLAB was used to estimate
the carbonated area.

2.3.3. Estimation of CO_ uptake

a) Thermogravimetric analysis (TGA/DTG)

The analysis was conducted using a Thermo Scientific Jupiter STA
449 F5 thermo-gravimetric analyzer (Thermo Fisher Scientific, Wal-
tham, MA, USA), which continuously records mass changes as the
temperature increases from 25 °C to 1200 °C at a heating rate of 10 °C/
min under a nitrogen atmosphere. The quantitative analysis is based on
the following assumptions: (i) during the C-S-H carbonation, the reac-
tion leads to its complete decalcification; (ii) the mass loss occurring
between 740 and 920 °C corresponds only to CO; release [76]. Based on
these assumptions, the CO5 uptake of SCC mixes prepared for this study
is estimated through three steps: (i) calculating the initial mass of C-S-H
and Ca(OH),, the mass of the hydrate participating in the carbonation



M. Guessoum et al.

(@)

1600

1400

1200
1000

800

Pixel Y

600

400

200

0 200 400 600 800
Pixel X

1000 1200 1400

Construction and Building Materials 538 (2026) 147247

(b)

1600

1400

1200

1000

800

Pixel Y

600

200

0 200 400 600 800 1200

Pixel X

1000 1400

Fig. 3. Illustration of a Debye-Scherrer experiment conducted at ID31, showing (a) the LaBgs 660b NIST reference powder employed to determine the instrument’s

contribution, and (b) the LSP-RCA sample after 1 d of carbonation.

reaction, by subtracting their amount in sealed cured samples from their
carbonated-cured samples (Eq. 2 to Eq. 7). (ii) calculating the mass of
CaCOj3 resulting from their carbonation (Eq. 8 to Eq. 13). (iii) calculating
the total CaCOsg resulting from each carbonation reaction (Eq. 14). The
total obtained is used to calculate the CO, uptake of the four mixes (Eq.
15). Table 2 summarizes the steps to estimate the CO5 uptake.

b) Mass loss method

Three cylindrical specimens (@ 4 cm x H 10.4 cm) from each mix
were initially dried in an oven at 105 °C for 24 h to remove moisture.
Following this drying stage, the specimens were subjected to a
controlled thermal treatment in a muffle furnace. The furnace temper-
ature increased from 25 °C to 525 °C at a controlled heating rate,
reaching the target temperature within 49 min, after which it was held
at 525 °C for 2 h. Subsequently, the temperature was further increased
from 525 °C to 1000 °C, and was then maintained at 1000 °C for an
additional 2 h. Afterward, their CO5 uptake was determined using Eq. 16
[59].

Amsas oc-1000 Carb — AMsas <c-1000 ©Cseald

COouptake(%) = x 100 (16)

Myp00 °C

Where:

- Am s525°C—1000°Ccarb: Mass loss between 525 °C and 1000 °C of
carbonated and sealed specimens.
- myopo°c: sample mass after 1000 °C.

c) X-Ray Diffraction (XRD)

Synchrotron radiation experiments were conducted at the ESRF fa-
cility under the Momentum Transfer program of the 4-year EU project
OSCARS [77]. A total of 15 powder samples were measured at the ID31
beamline in transmission mode using high-energy X-rays (~75 keV).
The detector used on this instrument consists of 48 detecting elements in
a Pilatus CdTe 2 M flat panel positioned 1.5 m from the sample. After
acquisition, the detector images (Fig. 3) were integrated over the
diffraction rings to reconstruct 20 diffraction patterns for Rietveld

analysis. Full-profile refinements were performed using the Rietveld
method implemented in the software MAUD (Materials Analysis Using
Diffraction) [78]. MAUD uses an extended Rietveld code that can model
and fit all characteristics (structure, texture, phase fractions, stresses,
etc.) simultaneously [79]. When required, standard function models
were used to account for preferred-orientation effects in certain phases.
For all samples, the crystallite size and microstrain of the main crys-
talline phases (quartz and calcite) were modeled, and in some cases, this
approach was also applied to minor phases. Isotropic or anisotropic size
and microstrain models were used following the Popa approach [80].
Despite the use of Rietveld refinement, assumptions are required to
describe the C-S-H gels, for which appropriate initial structural models
must be selected for the starting crystalline phases (e.g., C3S, CaS,
C-S-H, C4AH). In this work, the Le Bail method [81] was used to
represent these gels in the diffraction patterns. Instrumental character-
istics were taken into account during Rietveld refinement by measuring
the LaBg srm 660c from NIST under the same experimental conditions.

2.3.4. pH

The pH was determined using the ex-situ leaching method [82],
which involves mixing powdered SCC with a solvent. The samples were
extracted from both the carbonated and uncarbonated zones, manually
ground, and sieved through a 60 pm sieve. The passing powder was
blended with distilled water with a liquid-to-solid (L/S) ratio of 1. The
resulting suspension was agitated for 3 min, after which the liquid was
filtered, and the pH was immediately measured using a digital pH meter.

2.3.5. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed to investigate
the morphology of CaCOg crystals and their evolution during carbon-
ation curing, provided that the phases could be identified based on
crystal or grain shape, as SEM does not probe crystal planes. The
microstructure was examined using a Carl ZEISS SUPRA 55 microscope
(Carl Zeiss AG, Oberkochen, Germany) in secondary electron mode, with
an applied voltage of 3 kV, a 60 um aperture, and a working distance of
3-5 mm to minimize charging. Observations were carried out on non-
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Fig. 5. One-dimensional carbonation depth of (a) LSP-based and (b) SSP-based specimens over time.

coated bulk samples, mounted on conductive carbon tape and sur-
rounded with silver lacquer.

3. Experimental results and analysis
3.1. Pre-curing phase monitoring

The water content of SCC specimens, from in-mold curing through
the pre-curing step, is illustrated in Fig. 4, revealing that SCC specimens
initially fall into two groups based on aggregate type: NCA-based
specimens exhibit lower initial water contents, while RCA-based speci-
mens show higher values. For NCA specimens, LSP-NCA (Fig. 4a) and
SSP-NCA (Fig. 4b) initially exhibit similar in-mold water contents of
8.80 £ 0.01% and 8.83 £ 0.01%, respectively. During the pre-curing
step (60 °C), water content decreases rapidly between 7 and 10 h,
then gradually slows. After 24 h, LSP-NCA specimens reach 2.2 + 0.1%,
lower than SSP-NCA (3.0 + 0.2%) and the lowest among all four mixes.
This behavior is consistent with the anomalous or non-Fichian drying
kinetics reported in cementitious materials [83,84]. Qi et al. [72]
highlighted that water removal from cement-based porous materials can
be governed by moisture diffusion, capillary flow, and sorption-based
mechanisms, thereby generating various drying models. In SCC, these

observed differences may be attributed to the finer particle-size distri-
bution of SSP, which increases the contact surface area with water,
thereby increasing water retention. Moreover, the hydrophilic character
of the intracrystalline organic matrix, which is rich in amino acids with
carboxyl functional groups, may promote hydrogen bonding with water
molecules [85-87]. Consequently, the retention of physically and
chemically bound water reduces the amount of free water available for
evaporation [86,88]. In contrast, the water content in LSP-NCA is
influenced by LSP's distinct properties compared to SSP, as well as the
higher bleeding of the fresh mix and delayed hydration kinetics previ-
ously reported [40], which increases the free water available for evap-
oration and leads to the lowest residual water content among the
specimens. Following the same trend, RCA-based specimens start with
similar in-mold water contents and reach final values of 3.11 + 0.02%
and 3.42 + 0.01% for LSP-RCA and LSP-NCA, respectively, at the end of
pre-curing. These values remain slightly higher than in NCA-based
specimens due to the structure of the mortar adhering to the RCA sur-
faces. This mortar is characterized by heterogeneous capillary pore
networks and high tortuosity, which increases the energy required and
prolongs the time needed for moisture removal during drying [72,89,
90].
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3.2. Carbonation depth

a) One-dimensional diffusion

The carbonation depth progression within SCC specimens as a
function of the square root of time up to 90 d of curing (Fig. 5) shows a
non-linear trend, deviating from the classical /t law (as would result
from Fick-like solid-state diffusion) [91]. This deviation has typically
been attributed to variation in carbonation-induced microstructure,
environmental relative humidity, and temperature [92]. LSP-NCA
specimens (Fig. 5a) show slightly higher carbonation depths of 17.36

+ 0.09 mm compared to 14.75 + 0.60 mm for SSP-NCA specimens
(Fig. 5b). A greater carbonation depth is observed in NCA-based speci-
mens relative to their RCA-based counterparts, when LSP-RCA and
SSP-RCA specimens exhibit comparable depths of 14.75 + 0.52 mm and
13.75 + 1.24 mm, respectively. After 7 d, the difference between
LSP-NCA and SSP-NCA specimens becomes more pronounced, with
LSP-NCA reaching 33.50 + 1.48 mm compared to 25.97 + 1.65 mm for
SSP-NCA. Meanwhile, the carbonation depths of LSP-RCA and SSP-RCA
(Fig. 5a and b) specimens remain lower compared to those of their NCA
counterparts, measuring 23.24 + 0.32mm and 21.29 + 0.94 mm,
respectively. It is well established in the literature that, at early ages
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(particularly at 1 d), carbonation is a solid-state diffusion-controlled
process in which CO; transport is primarily governed by its movement
through the specimen’s pore network [93]. This transport within the
specimens appears to be strongly influenced by internal water content
after pre-curing, which reduces effective gas diffusion by partially
blocking capillary pores, thereby limiting CO5 transport pathways and
delaying carbonation progression [34,92,94-96]. This effect appears to
be more influential on early-age carbonation than the intrinsic porosity
of the cement precursor (SSP and LSP, Fig. 1). In addition, the intrinsic
characteristics of RCA are not favorable to CO, diffusion, particularly
during the early stages of carbonation curing. According to Mi et al. [97],
CO,, diffusion in RCA concrete occurs through five main pathways,
including natural mortar (NM), old mortar (OM), the original aggregate
(OA)-NM-interfacial transition zone (ITZ), the OA-OM-ITZ, and the
NM-OM ITZ. The structural complexity and heterogeneity of these
pathways may impede the early progression of carbonation into the
deeper layers of the concrete [56]. These results indicate that pore
connectivity and saturation state are more critical to carbonation than
total porosity alone. The strong correlation between initial water con-
tent and early carbonation supports this assumption, with specimens
exhibiting lower internal water showing higher carbonation depths
(Fig. 6), in line with previous findings [34,94-96].

As curing time progresses, all specimens show an increase in
carbonation depth, with LSP-NCA (Fig. 5a) and SSP-NCA (Fig. 5b)
exhibiting similar values. However, the evolution of carbonation depth
between 7 and 28 d shows different patterns. In LSP-NCA specimens, the
carbonation front at 7 d is clearly defined at 33.50 + 1.48 mm, with a
1 mm intermediate zone containing uncarbonated spots across the cross-
section. This indicates that carbonation progresses rapidly during the
initial stage, but is not fully completed within this intermediate zone
[61,98]. Consequently, carbonation remains concentrated within this
zone rather than advancing deeper (Figs. 5, 7d), reflecting saturation
until 28 d. The ongoing carbonation within this intermediate zone can
be attributed to the initially low internal water content of these speci-
mens after pre-curing. Under the 70% RH CO; exposure conditions,
moisture is gradually re-adsorbed and redistributed within the pore
structure, creating more favorable conditions for CO, dissolution and
continued carbonation within the partially carbonated zone. In contrast,
SSP-NCA specimens exhibit a steady increase in depth, indicating pro-
gressive carbonation during the curing period. By 90 d, the carbonation
front reaches the core of both specimens. Regarding RCA-based speci-
mens, the carbonation depth in LSP-RCA and SSP-RCA reaches compa-
rable levels, slightly higher than those observed in their NCA
counterparts at 28 d, likely reflecting the higher porosity of RCA. By 90
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Fig. 7. Generalized carbonation depth of (a) LSP-based and (b) SSP-based specimens over time.
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Fig. 8. Temporal evolution of the carbonated area determined by MATLAB image analysis of: (a-b) LSP-based and (c-d) SSP-based specimens.

d, these specimens are fully carbonated. These findings indicate that CO,
diffusion is initially controlled by mix-design porosity and internal water
content, and at later ages, increasingly influenced by ongoing carbon-
ation, hydration reactions, and microstructural changes [99,100].

b) Generalized exposure

When the entire specimen’s surfaces are exposed to generalized
carbonation, additional features emerge (Fig. 7). In SSP-based and LSP-
RCA specimens, carbonation progresses stably and uniformly over time
across the exposed surfaces (Fig. 7a and d) [101]. LSP-NCA specimens
(Fig. 7a) represent a specific case, exhibiting higher carbonation depths
at 7 d, consistent with one-dimensional exposure due to the presence of
the previously identified intermediate, partially carbonated zone. These
observations are based on carbonation depths measured under gener-
alized exposure, which are lower than those obtained under
one-dimensional carbonation. This difference reflects non-uniform

development across surfaces, resulting from variations in surface
porosity, local moisture content, aggregate distribution, and
demolding-induced microcracks [102]. Consequently, CO, distribution
is heterogeneous, with the greatest variability observed in LSP-NCA
specimens at early ages and in LSP-RCA at 28 d.

c) Image analysis

The total carbonated area was calculated using MATLAB-based
image analysis, enabling automated segmentation and area computa-
tion. Time-series images of the carbonation front (Fig. 8) show that
carbonation initially progresses uniformly, broadly reflecting the orig-
inal specimen geometry. This progression is governed by CO; diffusion
through the tortuous pore network at exposed surfaces. As carbonation
advances, the front becomes increasingly heterogeneous, with prefer-
ential penetration at edges and corners. It then evolves in a quasi-radial
manner as the uncarbonated core shrinks until it is completely
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Fig. 9. Carbonated area of specimens after (a) 1 d, (b) 7 d, (c) 28 d, and (d) 90 d of carbonation curing, as determined by MATLAB image analysis.

consumed, at which point the specimens are fully carbonated. This
behavior is consistent with previous studies [70,103-105].
Quantitative analysis based on surface integration of Fig. 8 shows
that SSP-based specimens exhibit slightly lower carbonated areas than
LSP-based specimens after 1 d of carbonation curing (Fig. 9a). At this
early age, no notable differences are observed between NCA- and RCA-
based specimens. Differences become more pronounced after 7
d (Fig. 9b), with LSP-NCA specimens displaying the largest carbonated
area. By 28 d (Fig. 9c¢), all specimens reach comparable carbonated
areas, with slightly higher values in NCA-based specimens. At 90
d (Fig. 9d), carbonation approaches ~99% in all specimens, broadly
consistent with one-dimensional measurements obtained using a digital
caliper, despite minor discrepancies. Measurement challenges were
observed in both methods: caliper readings were accurate when the
carbonation front retained the specimen’s original shape, but became
less reliable as the front became circular. At the same time, coarse ag-
gregates occasionally interfered with MATLAB-based surface calcula-
tions. Despite these uncertainties, the results consistently demonstrate
nonlinear CO; diffusion across all specimens. LSP-NCA exhibits faster
early diffusion (up to 28 d) and greater heterogeneity. An intermediate
regime, typically 4-30 d, during which carbonation front development is
modulated by the various constituent materials in the specimens; these
are smoothed out for longer reaction times, up to complete carbonation.

3.3. Estimation of CO_ uptake

3.3.1. Thermogravimetric analysis (TGA/DTG)

a) Analysis of TGA/DTG curves

The ATG/DTG measurements of carbonated- and sealed-cured
specimens were performed on powdered samples collected from re-
gions corresponding to the carbonation depth at each curing age, as
determined by the phenolphthalein spray test. For consistency, samples
from the sealed-cured specimens were extracted at the corresponding
depths (Fig. 10). DTG analysis shows that the peak observed near 100 °C
in sealed-cured specimens exhibits the lowest intensity in LSP-based
samples, particularly after 1 d of curing. (Fig. 10a and b), compared to
SSP-based samples (Fig. 10c and d), suggesting a partial inhibition of
hydration reactions in these systems. These differences in hydration
behavior can be associated with the residual water content in the SCC
matrix after the pre-curing stage, as the specimens exhibited varying
moisture levels before carbonation [106], as previously described in (§
3.1). Moreover, the DTG peaks around 170 °C, corresponding mainly to
the thermal decomposition of the carboaluminate phases (Hc/Mc),
resulting from interactions between SSP- or LSP-derived CaCO3 and C3A
[107], are slightly more intense in SSP-based samples, particularly from
7 d onward (Fig. 10c and d), compared to LSP-based samples (Fig. 10a
and b). This may indicate a slightly higher reactivity of SSP, although
confirmation of this trend would require complementary XRD analysis.
In addition, the increase in mass loss observed up to 180 °C in
carbonation-cured specimens compared to their sealed-cured
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Fig. 10. TGA/DTG curves of sealed- and carbonation-cured specimens over time: (a, b) LSP-based mixes; (c, d) SSP-based specimens.

10



M. Guessoum et al.

(@) g LSP-NCA ¢CH AC-S-H
7 + A
? 6 R
G A
< 5 L
E * 'S
g4
S
g3 *
z A
22T
= L A
0 | 1 1 | 1 | 1
0 10 20 30 40 50 60 70 80 90
Time (days)
(©) SSP-NCA CH ' C-S-H
7 L
6 L
s
=
g4
RN
&
7
=R
0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Time (days)

Construction and Building Materials 538 (2026) 147247

LSP-RCA ¢ CH aAC-S-H

(% e S e ]

S
T

Hydrate content (%)

10 20 30 40 50

Time (days)

60 70 80 90

()] SSP-RCA CH 4 C-S-H

Hydrate content (%)

0 1 1 1 1 1 1 1 1 1
20 30 40 50 60 70 8 90

Time (days)

Fig. 11. Ca(OH), (CH) and C-S-H content participating in carbonation over time: (a-b) LSP-based mixtures; (c-d) SSP-based specimens.

counterparts indicates that the carbonation reaction releases physically
bound water, thereby promoting hydration. However, it remains chal-
lenging to determine whether the additional physical water originates
from Ca(OH); or C-S-H carbonation using TGA.

The TGA curves further show that the mass loss from 150 °C up to
425 °C, associated with C-S-H dehydration [58,108], varies across the
carbonation-cured specimens, indicating differences in the carbonation
behavior of C-S-H within each specimen (Fig. 10). Liu et al. [109]
identified three successive stages in the carbonation of C-S-H: a disso-
lution period characterized by a rapid release of Ca2* ions from the
interlayer of C-S-H; an initial dissolution stage involving rapid release
of Ca®" from the C-S-H interlayer, a diffusion-controlled stage governed
by Ca?' availability, and a slower reaction stage resulting from the
thickening of carbonation products on C-S-H surface. The transition
between these stages may be affected by the internal moisture content of
the carbonation-cured specimens [110]. Moreover, according to Liu
et al. [111], in agreement with Borges et al. [106], reported that
carbonation curing can concurrently promote hydrate formation and
carbonation products, thereby reducing differences in C-S-H-related
mass loss between sealed and carbonation-cured specimens. No detect-
able mass loss was observed between 425 °C and 530 °C in any
carbonation-cured specimen, regardless of curing age. The absence of
dehydration within this temperature range suggests rapid conversion of
Ca(OH), into CaCOg3 [112] (Fig. 10, DTG curves). According to Lu et al.
[113], this behavior is evidence of a fast carbonation process, in which

11

CaCO3 forms before any accumulation of Ca(OH),. Therefore, the
absence of Ca(OH); crystals before CaCOg3 precipitation, along with the
subsequent pH reduction (to be discussed later), confirms that the
carbonation of Ca(OH); proceeds via a dissolution—precipitation
mechanism rather than a solid-state transformation [114-116]. This
provides evidence that helps resolve the ongoing debate regarding the
mechanism of Ca(OH), carbonation.

Furthermore, the thermal decomposition of CaCO3 in carbonation-
cured samples occurs over the range of 550-1000 °C and can be
divided into two distinct regions, as evidenced by DTG peaks [117]. The
peaks appearing between 550 °C and 680 °C, which are slightly more
intense in SSP-based samples (Fig. 10c and d), are associated with the
newly formed amorphous CaCOs. Hay et al. [118] reported that SSP and
LSP’s nucleation effect promotes the formation of amorphous CaCOg
phases. However, this interpretation appears to be partly inconsistent
with the known tendency of aragonite in SSP to exhibit limited nucle-
ation sites for amorphous CaCOs, owing to its elongated morphology,
which promotes bridge-like particle networks, its relatively high ther-
modynamic stability, and its surface structure lacking an oxygen-atom
layer [54]. In contrast, the second region peaks at around 719 °C and
738 °C, which are more intense in SSP-based samples and not observed
in sealed-cured specimens at later ages, indicating the presence of
vaterite and/or aragonite. According to Shao et al. [98], these poly-
morphs are reported as carbonation products of C-S-H present in higher
content, consistent with the enhanced hydration observed in SSP-based
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Fig. 13. (a) Mass loss CO, uptake measurements and (b) corresponding CO storage (kg/m3).

samples [119]. It should be noted that part of the aragonite detected in
SSP-based samples originates from the SSP itself rather than being newly
formed during carbonation. However, its low content (a few percent) is
unlikely to significantly affect the DTG results. The decomposition of
calcite typically occurs between 740 °C and 990 °C [120], although
carbonation curing may shift this decomposition range. This shift sug-
gests that CaCOg crystallinity is more strongly influenced by local CO5
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availability than by carbonation duration [121].

b) Ca(OH), and C-S-H carbonation

The extent of carbonation was evaluated based on the contents of Ca
(OH), and C-S-H, the main phases involved in the reaction over time
(Fig. 10). After 1 d of carbonation curing, the LSP-RCA and SSP-RCA
samples (Fig. 10b and d) exhibit lower contents of carbonated Ca
(OH), and C-S-H compared to their counterparts with NCA (Fig. 10a
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Fig. 14. XRD patterns of 1 d sealed-cured SCC samples.

and c), consistent with slower CO; diffusion as discussed in § 3.2. Among
the NCA-based samples, the SSP-NCA exhibited the highest carbonated
Ca(OH), content, resulting in a greater C-S-H carbonation extent. Ac-
cording to Borges et al. [106], in agreement with Lu etal. [122], when Ca
(OH), carbonation increases, the buffering capacity of the pore solution
is impaired (pH drop), causing rapid C-S-H decalcification. At this
stage, the carbonation process is primarily controlled by the availability
of early-formed hydrates in the outer layer. This availability is likely
higher in SSP-NCA than in LSP-NCA, as previously indicated by calo-
rimetry results showing delayed early hydration and lower heat release
in LSP-NCA [40]. As carbonation progresses, the Ca(OH), and C-S-H
contents undergoing carbonation exhibit a non-monotonic trend across
all specimens. These non-monotonic trends may be attributed not only
to variations in COy diffusion rate, which are strongly influenced by
changes in open porosity within the specimens, but also to the shifting
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balance between hydration-controlled phase development and
carbonation-induced passivation effects [98] at different depths within
each specimen. At certain ages, ongoing hydration can increase Ca(OH)y
and C-S-H contents, thereby making these phases available for
carbonation, explaining the observed increases in hydration products
during carbonation. Meanwhile, the subsequent decrease in carbonation
may be due to the formation of CaCO3 layers on hydrate surfaces, which
limit further reaction [106,123]. However, these trends cannot be fully
elucidated by TGA alone, particularly given that the C-S-H carbonation
does not always directly correlate with the simultaneous consumption of
Ca(OH)s. For example, at 90 d, all specimens exhibit a greater content of
C-S-H undergoing carbonation than Ca(OH),, due to the cumulative
effects of hydration, passivation, and diffusion-related factors
mentioned earlier. A more comprehensive interpretation can be ob-
tained by incorporating complementary evidence from the XRD results
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Quantitative phase composition and corresponding unit-cell parameters of samples after 1 d of sealed curing. Numbers in parentheses indicate the standard deviations
as 1o on the last digits from the Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually and could not be released

during the fits without instability of the refinement.

Mineral name COD Initial LSP-NCA LSP-RCA SSP-NCA SSP-RCA
Fi’:l:rﬁielo])pammmrs wt (%) wt (%) wt (%) wt (%)
Unit-cell parameters Unit-cell parameters Unit-cell parameters Unit-cell parameters
(A and ®) (A and ) (A and ®) (A and °)
Quartz 1011097 27.08(1.2) 34.2(0.2) 14.26(0.1) 38.16(0.3)
Calcite 1547348 39(2) 36.9(0.2) 51.5(3) 34.84(0.3)
a= 4.98614(1) a = 4.85660(8) a = 4.9856(7) a = 4.98566(8) a = 4.98566(8)
¢ =17.0479(3) c=17.0477(3) c =17.0477(3) c =17.0477(3) c =17.0477(3)
Portlandite 1001768 7.8(0.3) 3.4(0.05) 6.8(0.1) 2.60(0.06)
Ettringite 9011576 2.3(0.1) 2.02(0.1) 2.31(0.2) 1.41(0.1)
Alite 9016125 2.8(0.2) 4.9(0.1) 4(0.1) 6.30(0.1)

(C3S) a=11.6389 a=12.223(2) a=12.234(1) a=12.248(1) a =12.2334(10)
b=14.1716 b =7.069(1) b =7.0701(7) b =7.0620(8) b =7.0706(5)
c=13.6434 ¢ =9.295(1) ¢ =9.2919(8) ¢ =9.300(1) ¢ =9.2919(7)
P =94.622 p=116.13°(3) f=116.19(9) p=116.2(1) p=116.17(1)

Larnite-(C,S) 9017424 1.9(1) 16.11(0.3) 15.5(0.4) 14.06(0.4)
a = 5.5051 a =5.514(4) a =5.515(1) a =5.514(2) a=5.511(2)
b =6.7551 b =6.767(2) b = 6.7632(2) b =6.766(2) b =6.770(2)
c=9.3108 c =9.336(2) c =9.373(2) ¢ =9.370(3) ¢ =9.369(3)
p =90.59 p =93.60°(2) B =93.6°(2) B =93.7°(3) B =93.6 (3)
Hce 2105251 0.28(0.04) 0.26(0.4) 0.24(0.06) 0.2(0.05)
Albite low 2107372 0.20(0.05) 0.2(0.04) 0.21(0.06) 0.14(0.04)
Muscovite 1011049 0.013(0.03) 0.02(0.1) 0.05(0.03) 0.08(0.08)
Aragonite 2100187 0.7(0.1) 0.7(0.1) 1.31(0.1) 1.09(0.014)
Chlorite 9000158 0.1(0.2) 0.02(0.05) 0.23(0.2) 0.26(0.2)
Orthoclase 9000304 0.4(0.1) 0.5(0.1) 0.21(0.2) 0.52(0.2)
Vaterite 9007475 0.13(0.9) 0.25(0.1) 0.02(0.2) 0.27(0.1)
Gypsum 1010981 0.1(0.1) 0.1(0.1) 0.22(0.12) 0.03(0.09)
Table 4

Quantitative phase composition and corresponding unit-cell parameters of samples after 1 d of carbonation curing. Numbers in parentheses indicate the standard
deviations as 16 on the last digits from the Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually and could not be

released during the fits without instability of the refinement.

Mineral name Initial LSP-NCA LSP-RCA SSP-NCA SSP-RCA
g’:ﬁl@l)p arameters wt (%) wt (%) wt (%) wt (%)
Unit-cell parameters Unit-cell parameters Unit-cell parameters Unit-cell parameters
(A and °) (Aand ) (A and ) (A and °)
Calcite 41(1) 52(0.4) 55(1) 54(1)
a =4.98614 a = 4.9843(3) a = 4.98376(9) a = 4.9850(2) a =4.9847(1)
c =17.0479 ¢ =17.083(2) ¢ =17.0822(6) ¢ =17.105(1) ¢ =17.10352(5)
Aragonite 2.06 2.8(0.1) 1.33(0.2) 1.75(0.1)
Vaterite 0.96 1.3(0.1) 0.6(0.2) 0.78(0.07)
Portlandite - 0.2(0.03) - 0.15(0.03)
Ettringite 0.2(0.6) 0.2(0.1) 0.2(0.9) 0.2(0.1)
Alite-C3S 1.9(0.3) 1.5(0.1) 2.4(0.2) 2.5(0.1)
Larnite-C,S - 2.7(0.1) 1.8(0.3) 2.58(0.1)
Gypsum 0.81 0.5(0.1) 0.1(0.2) 0.36(0.7)
Quartz 50(1) 37(0.3) 38(0.5) 34.7(0.2)
Hc - 0.002(0.035) 0.7(0.1) 0.007(0.04)
section. particles may promote more rapid initial CO uptake in NCA-based

c) CO; uptake

The non-monotonic trends observed in the Ca(OH), and C-S-H re-
sults indicate spatially heterogeneous CaCOj3 precipitation, independent
of sampling depth (Fig. 12). After 1 d of carbonation curing, SSP-NCA
samples show a higher extent of CaCOs precipitation and, conse-
quently, greater CO5 uptake than their LSP-NCA counterparts, reflecting
more pronounced early carbonation (Fig. 12a and c¢). Meanwhile, the
RCA-based samples exhibit lower CaCOg3 precipitation and lower CO5
uptake than their NCA counterparts (Fig. 12b and d). After 7 d, CaCO3
precipitation increases in LSP-based samples but decreases in SSP-based
samples. By day 28, CaCOg3 precipitation decreases in LSP-based sam-
ples, while it recovers in SSP-based specimens. By 90 d, CaCOs precip-
itation becomes comparable across most samples, except for the SSP-
RCA samples (Fig. 12d). These findings suggest that the finer SSP
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systems, followed by a subsequent decline. It has been reported that
finer particles increase the surface area, enabling more surfaces to host
water films, which in turn provide more active sites for CO5 and cat
dissolution and shorten the Ca?* diffusion path, thereby accelerating
CaCOg precipitation [98]. In contrast, LSP particles appear to support a
slower but more sustained CO5 uptake over time. Once again, however,
the mechanisms governing these behaviors remain unclear at this stage.
The inclusion of RCA generally leads to slower and lower CO5 uptake
throughout the curing period. Saikia et al [124] reported similar
behavior, attributing the uneven CO5 uptake across the specimen depth
to an initial dominance of heterogeneous surface-reaction kinetics, fol-
lowed by a transition to liquid-phase diffusion control. A similar ten-
dency is observed in the present carbonation depth results § 3.2.
Overall, the TGA/DTG results suggest that SSP-based specimens may
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Table 5

Quantitative phase composition and corresponding unit-cell parameters of
samples after 7 d of carbonation curing. Numbers in parentheses indicate the
standard deviations as 1o on the last digits from the Rietveld refinement.
Absence of standard deviations means that the values were adjusted at best
manually and could not be released during the fits without instability of the
refinement.

Mineral name LSP-NCA LSP-RCA SSP-NCA SSP-RCA

wt (%) wt (%) wt (%) wt (%)
Calcite 29.2(0.1) 65(0.4) 57.5(0.3) 65.6(0.2)
Aragonite 1.25(0.1) 3.1(0.1) 0.1(0.1) 1.9(0.2)
Vaterite 0.4(0.1) 2.5(0.1) 0.01(0.06) 1.1(0.1)
Portlandite 9.6(0.1) 0.17(0.03) 0.004 (0.03) 0.01(0.07)
Ettringite 4.1(0.1) 0.04(0.08) 0.003(0.064) 0.001(0.041)
Alite-C3S 1.6(0.1) 0.6(0.1) 0.02(0.08) 0.01(0.08)
Larnite-C,S 7.2(0.1) 1.4(0.1) 0.01(0.3) 0.6(0.2)
Gypsum 4.5(0.5) 0.1(0.1) 5.1(0.6) 0.9(0.2)
Quartz 39(0.2) 23.9(0.1) 35.7(0.2) 26.5(0.3)
Hce - 0.001(0.055) 0.4(0.1) 0.002(0.019)

exhibit higher CO, uptake compared to their corresponding LSP-based
specimens. The higher porosity of SSP also contributes to the rapid
initial CO, uptake (Fig. 1), while the uptake after 90 d is relatively
identical. In contrast, the porosity of RCA does not appear to signifi-
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cured specimens at each curing age. Analyzing the CO, uptake trend
(Fig. 13.a), the estimated CO uptake increases and stabilizes over time
across all specimens, with the highest values of 55 + 9 and 46 + 3 kg/
m® observed in LSP-RCA and SSP-NCA specimens after 1 d, rising to
maximum values of 114 & 7 and 113 + 7 kg/m® in RCA-based speci-
mens at 90 d (Fig. 13.b). This trend is consistent with previous studies
[23,58,125]. The magnitude and evolution of the changes vary among
the specimens. Interestingly, LSP-NCA specimens, which showed the
greatest carbonation depth (§ 3.2), exhibit the lowest CO5 uptake among
SSP-NCA and RCA-based counterparts from 7 d onward. Yuan et al
[126] predicted that higher porosity facilitates deeper carbonation but
may reduce overall CO, uptake, which is consistent with the behavior
observed in LSP-NCA specimens. Moreover, although LSP is less porous
(Fig. 1), it can contribute to increased intergranular porosity in the SCC

Table 6

Quantitative phase composition and corresponding unit-cell parameters of
samples after 28 d of carbonation curing. Numbers in parentheses indicate the
standard deviations as 1o on the last digits from the Rietveld refinement.
Absence of standard deviations means that the values were adjusted at best
manually and could not be released during the fits without instability of the
refinement.

cantly accelerate CO, uptake, as RCA-based specimens exhibit lower Mineral name Lsp-NCA  LSPRCA SSP-NCA SSP-RCA
uptake values than NCA-based specimens, according to TGA analysis. wt (%) wt (%) wt (%) wt (%)
The observed fluctuations in the data highlight the inherent variability Calcite 57(1) 62.7(0.6) 69 (1.6) 59.3(0.4)
of the carbonation process, which may be influenced by sampling depth. Aragonite - 0.005(0.194) - 0.6(0.2)
Vaterite - 0.3(0.2) - 0.3(0.2)
Portlandite 0.1(0.1) 0.002(0.06) - 0.27(0.06)
3.3.2. Mass loss metho‘,i . ) ) Gypsum - 0.007(0.220) 0.005(0.542) 0.2(0.2)
CO, uptake was estimated by calculating the difference in mass loss Quartz 42(1) 37(1) 31(2) 39(0.5)
between carbonation-cured and sealed-cured specimens over the tem- He 0.7(22) - - -
perature range 525 °C to 1000 °C for both carbonation-cured and sealed-
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Fig. 15. XRD pattern of the 28 d carbonation-cured LSP-NCA sample showing calcite peak broadening.
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Fig. 16. Estimation of CO, uptake via Rietveld-based CaCO3 content up to 28 d.

matrix. In contrast, SSP and RCA introduce additional intragranular
porosity, which may enhance CO, uptake despite limiting penetration
depth. As a result, specimens with LSP may exhibit greater carbonation
depth but lower overall CO5 uptake.

3.3.3. X-Ray Diffraction (XRD)

XRD was further employed to quantify the relative increase in CaCO3
content compared with sealed-cured reference specimens. The 1
d sealed-cured samples were used as the baseline, as they represent the
initial hydration state before carbonation. The additional CaCO3 content
is defined as the amount exceeding this initial content. The XRD patterns
of sealed-cured samples are shown in Fig. 14. Ca(OH); is identified as
the dominant crystalline hydration product, with the highest peak in-
tensities observed in LSP-NCA and SSP-NCA samples (Fig. 14a and c)
compared to their RCA counterparts (Fig. 14b and d). Ettringite is
detected in all samples through low-intensity reflections. The Hc phase
is identified by weak peaks in LSP-NCA and only marginally in the other
samples, while no reflections associated with Mc are observed. The
primary clinker phases (C3S and C,S) are present in all samples, with C3S
showing higher peak intensities. Quartz exhibits the strongest re-
flections, followed by calcite, except in SSP-NCA, where both phases
display comparable intensities. Minor phases, including albite, musco-
vite, chlorite, orthoclase, gypsum, aragonite, and vaterite, do not
generate prominent diffraction peaks but are included in the Rietveld

(a) LSP aNCA ¢RCA
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refinement.

Building on the qualitative observations from the diffraction pat-
terns, phase assemblages differ among the samples (Table 3). Calcite and
quartz contents vary from approximately 34.80-51.50 wt% and
14.26-38.16 wt%, respectively. These variations are mainly attributed
to sample heterogeneity rather than differences in chemical reactions.
However, in LSP-NCA, the calcite a-unit-cell parameter (a = 4.856 [o\)
contracted relative to pure calcite (a = 4.986 A), suggesting lattice
distortion potentially due to composition variations toward magnesio-
calcite. Ca(OH), content is higher in NCA-based samples (~ 7.80 wt%
in LSP-NCA and ~ 6.85 wt% in SSP-NCA) than in RCA-based ones (~
3.40 wt% in LSP-RCA and =~ 2.60 wt% in SSP-RCA), indicating
enhanced early hydration in NCA-based samples. The relative variations
in ettringite content (=~ 3.32 wt% in LSP-NCA and SSP-NCA; ~ 2.02 wt%
and ~ 1.41 wt% in LSP-RCA and SSP-RCA, respectively) follow a similar
trend to that observed for He. This suggests that higher He contents may
contribute to ettringite stabilization [50]. In addition, the comparable
Hc contents across all mixtures indicate that SSP and LSP exert similar
effects on early-age hydration after 1 d of sealed curing. Among the
clinker phases, LSP-NCA exhibits the lowest C3S content (= 2.85 wt%)
and the highest C5,S content (= 19.10 wt%) relative to the other samples.
This compositional distribution is consistent with rapid early hydration
and potential for further hydration. The refined unit-cell parameter (c)
of the two phases shows an enlargement across all samples. Other minor
crystalline phases are detected only in trace amounts.

The tendency of these phases to carbonate or undergo further hy-
dration will be examined using XRD analysis of the carbonated samples.
The three CaCOs polymorphs (calcite, aragonite, and vaterite) are
considered collectively for quantification, while phases present in trace
amounts are excluded. After 1 d of carbonation curing, XRD patterns
show stronger calcite reflections across all carbonation-cured specimens
than in their 1d sealed-cured counterparts. The contributions of vaterite
and aragonite to the diffraction peak intensities show a slight increase.
In contrast, the peaks associated with CyS and C3S decrease in intensity,
with C3S becoming undetectable in LSP-NCA samples. No distinct Bragg
reflections corresponding to Ca(OH), are identified in the NCA-based
specimens.

Rietveld quantification confirms an overall increase in CaCOs3 con-
tent, with calcite as the primary polymorph (Table 4). The relative
proportion of the metastable polymorphs (aragonite and vaterite) also
slightly increases [127]. These phases typically form during early
carbonation, before or alongside calcite precipitation, and eventually
revert to calcite at later ages [128-131]. Interestingly, the carbonated
LSP-based samples show higher contents of vaterite and, more distinctly,
aragonite than their SSP-based counterparts (Table 4). As reported

(b) SSP NCA RCA

14

12

0 10 20 30 40 50 60 70 80 90
Carbonation time (days)

Fig. 17. Evolution of pH of SCC specimens at different carbonation curing ages.
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Fig. 18. SEM images showing the microstructural evolution from (a) sealed-cured specimens after 1 d to (b-d) carbonation-cured specimens at different ages for

various mix designs.

[132], CaCO3 polymorphism in comparable mineral systems is strongly
influenced by physico-chemical conditions, including temperature, pH,
moisture content, and pore solution chemistry. The variations observed
among these samples may be attributed to the pre-curing stage, which
resulted in lower residual water content in the LSP-based specimens,
particularly in LSP-NCA, thereby restricting the availability of water for
polymorphic transformation [133]. Upon exposure to COo, all hydrated
phases undergo carbonation simultaneously [134,135], leaving only
trace amounts of ettringite and Hc in all specimens. The CoS and C3S
depletion, together with Ca®" release from the aforementioned
Ca-bearing phases and its subsequent reaction with CO3~ ions to form
CaCOs, confirms the simultaneous progression of hydration and
carbonation mechanisms. Moreover, the crystalline phases exhibit var-
iations in their unit-cell parameters (Table 4). In particular, calcite
shows a slight enlargement in the c-parameter, consistent with its elastic
anisotropy, where the structure is more compliant along the c-axis than
the a-axis [136]. During early carbonation, calcite nucleates in a Ca®*-
and OH -rich supersaturated solution derived from Ca(OH), dissolution.
Under these conditions, OH" ions may be incorporated into the growing
calcite structure before full structural relaxation, leading to the observed
lattice distortion [137,138]. Impurities derived from minor phases in the
reaction medium may also contribute to calcite lattice distortion.

After 7 d, calcite reflections intensify in LSP-RCA, SSP-NCA, and SSP-
RCA, while LSP-NCA shows more pronounced diffraction peaks of Ca
(OH); and ettringite. Vaterite and aragonite remain detectable in LSP-
NCA, LSP-RCA, and SSP-RCA, but exhibit very low intensities in SSP-
NCA. Rietveld refinement results confirm continued calcite formation
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in LSP-RCA, SSP-NCA, and SSP-RCA, as reflected by increased calcite
contents (Table 5). In contrast, LSP-NCA shows a marked reduction in
calcite content (from & 49.93 wt% to ~ 29.22 wt%), which is also lower
than that of the sealed-cured reference (=~ 36.8%). This reduction is
attributed to partial dissolution of pre-existing limestone-derived
calcite, which is strongly dependent on pH and the pore solution’s
chemistry during carbonation. Under typical conditions, such dissolu-
tion is expected to be followed by recrystallization once pH increases
and sufficient Ca®t and CO%’ ions become available [139]. However, in
LSP-NCA specimens, reprecipitation is limited because the released Ca®*
is rapidly consumed by hydration reactions, as evidenced by the
increased Ca(OH), and ettringite contents, and eventually C-S-H for-
mation [73]. On the other hand, vaterite and aragonite contents are
approximately 1.25 wt% and 0.42 wt% in LSP-NCA, 3.09 wt% and
2.47 wt% in LSP-RCA, and 1.91 wt% and 1.14 wt% in SSP-RCA, while
remaining negligible in SSP-NCA, indicating nearly complete trans-
formation toward calcite in this sample.

After 28 d, aragonite and vaterite peaks are no longer observed in
LSP-NCA samples and SSP-NCA samples, indicating the transformation
of these metastable phases into the more stable calcite (Ostwald’s step
rule). Reflections of CyS and C3S are no longer detected. However, it
remains unclear whether these phases first hydrate or directly destabi-
lize under carbonation conditions. Ibanez et al. [140] reported deeper
carbonation penetration in CyS than in Cs3S, consistent with the faster
hydration kinetics of C3S, which have been reported to be further
accelerated under carbonation curing [141]. Rapid C3S hydration pro-
duces Ca(OH); near the surface, which quickly carbonates to a dense
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Fig. 19. SEM images of the ITZ and the adjacent matrix before and after carbonation curing.

CaCOg layer that may hinder further CO5 ingress. In contrast, the slower
hydration of C,S allows deeper carbonation, leading to greater desta-
bilization of this phase during prolonged carbonation curing. A minor
contribution of He remains in the LSP-NCA samples (Fig. 15). During
carbonation, Hc is expected to destabilize into Mc and subsequently into
stratlingite. However, none of these secondary phases are detected in the
XRD patterns throughout the carbonation curing period. This is likely
due to the rapid destabilization of Hc, which prevented its conversion
into these phases, and/or to low initial He content in the system [142].
Moreover, Rietveld refinement reveals that calcite peaks broaden with
carbonation time across all samples, reflecting a decrease in crystallite
size. Takasaki et al [143] reported that calcite nanocrystals evolve
during carbonation under decreasing pH via ion-by-ion assembly from
amorphous CaCOsg, initially forming ~50 nm bundles that later frag-
ment into monodispersed nanograins. The reduced crystallite size from
Rietveld refinement reflects this fragmentation process, indicating a
shift toward nucleation-dominated formation and finer calcite domains.
A concurrent decrease in amorphous phases in carbonation-cured sam-
ples further indicates C-S-H carbonation [135].

Regarding phase contents (Table 6), calcite shows a marked increase
in SSP-NCA samples compared with the other mixtures. Trace amounts
of aragonite and vaterite persist in RCA-based samples. Ettringite ap-
pears to be fully destabilized under carbonation, whereas minor quan-
tities of Ca(OH), remain in LSP-NCA, LSP-RCA, and SSP-RCA. The
absence of CyS and C3S indicates the extra reaction of the anhydrous
cement during the carbonation, as well as near- complete carbonation of
the specimens' inner layer [135,144].
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Estimation of the CO; uptake. CO, uptake is expressed as CaCO3
content in carbonation-cured samples. The CaCOs precipitated during
28 d of carbonation curing (Fig. 16) shows that RCA-based samples
exhibit higher CO, uptake than NCA-based counterparts. Both LSP-RCA
and SSP-RCA display rapid early carbonation within the first 7 d,
reaching ~32-33 wt% CaCOs, followed by a slight decrease to 25-26 wt
% at 28 d. NCA-based samples exhibit similar CO, uptake during early
carbonation and maintain comparable levels at the final curing age.
Differences arise at intermediate carbonation ages, with SSP-NCA sam-
ples retaining more CO2, whereas LSP-NCA samples favor continued
hydration over carbonation. These results align with mass loss mea-
surements (§ 3.3.2).

3.4. pH

Carbonation significantly reduces the pH of cement-based materials,
as observed in the carbonation-cured SCC specimens (Fig. 17). After 1 d,
the pH decreases from an average of 12.43-10.61 across all samples.
This drop is primarily associated with the consumption of Ca(OH),,
which governs pore solution alkalinity. As carbonation progresses, the
depletion of OH- ions reduces the buffering capacity of the system,
leading to further acidification. At this stage, other cementitious phases
are also destabilized, as confirmed by XRD results. After 7 d, the pH
further decreases but remains above 10 units in LSP-NCA and SSP-RCA,
while reaching 9.65 and 9.72 in LSP-RCA and SSP-NCA samples
(Fig. 17a and b). This behavior may indicate either incomplete Ca(OH),
consumption or the subsequent formation of hydrated products that
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Fig. 20. SEM images showing the spatial distribution of CaCO3 crystals within (a) LSP-NCA and (b) SSP-NCA specimens after different carbonation curing ages.

buffer the pore solution, delaying further pH decrease [124]. The
delayed pH decrease in LSP-NCA is consistent with its higher Ca(OH),
content, as confirmed by XRD. At later ages, the pH continues to
decrease, reaching final values at 90 d of 8.92, 8.45, 9.22, and 8.69 for
LSP-NCA, SSP-NCA, LSP-RCA, and SSP-RCA, respectively. At 28 d,
Rietveld quantification indicates that no residual Ca(OH), remains in
any of the samples.

The progressive decrease in pore solution pH observed across all
specimens can be described as a two-stage process. In the initial stage,
the pH begins to drop as CO2 dissolves and CO% ions form by consuming
OH- from Ca(OH),, resulting in an initial pH decrease from approxi-
mately 12.4 to around 10.6 across all specimens [145,146]. Once Ca
(OH), is depleted at 28 d, a second stage begins in which continued
CaCOs precipitation shifts the CO%-/HCO5~ equilibrium, releasing H*
and further lowering the pH. When the pH approaches approximately 8,
CO%- ions are no longer stable in solution, and the carbonation process
effectively stops, as observed after 90 d in all specimens [23,145,147]. It
is worth noting that such a decrease in pH, particularly in reinforced
concrete, may compromise the stability of the passive film protecting
steel reinforcement, thereby promoting the initiation of corrosion [148].
However, reinforced concrete applications are beyond the scope of the
present study.

3.5. Scanning Electron Microscopy (SEM)

The microstructural observations from SEM images of carbonation-
cured specimens, compared to their sealed-cured counterparts, are
interpreted based on XRD results and morphological features reported in
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the literature [50,149-151] (Fig. 18). All carbonation-cured specimens
exhibit a denser microstructure, which evolves with the duration of
carbonation curing, characterized by a substantial amount of CaCO3
crystals, which are less prominent in the sealed-cured specimens
(Fig. 18a) [113,135,152]. The three polymorphs detected in XRD anal-
ysis are visible in SEM images: spheroidal vaterite, rod-like aragonite
crystallites, and calcite rhombs [113] (Fig. 18b, ¢, and d). Moreover, the
ITZ undergoes significant refinement during carbonation curing across
all specimens. For example, the ITZ thickness in SSP-RCA decreases from
approximately 13 pm under sealed curing to about 2 um after 90 d of
carbonation curing (Fig. 19a and b). A similar trend is observed in
SSP-NCA, where the ITZ thickness is only about 1.7 um after 28 d of
carbonation curing (Fig. 19d). In parallel, the adjacent mortar exhibits a
noticeable reduction in pore volume. Pores appear as dark-contrast re-
gions in the SEM images with low electron intensity, corresponding to
voids or microcracks within the matrix. These features were identified
qualitatively based on grayscale contrast differences and are shown only
in selected images as representative examples to highlight the micro-
structural characteristics (Fig. 19¢ and d). These changes indicate an
improved bond between the aggregate and the mortar matrix, resulting
from the precipitation of CaCOs (calcite) within pores and microcracks
of the ITZ, which progressively reduces its thickness and densifies the
matrix [153].

Further insight is obtained by comparing the arrangement of CaCO3
in SCC matrices. In comparison with the carbonation-cured SSP-NCA
specimens, the spatial distribution of CaCOgs crystals, particularly
calcite, within the LSP-NCA matrix shows notable differences across
curing ages (Fig. 20). From 7 d onward, the LSP-NCA specimens exhibit
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Fig. 21. SEM images showing the spatial distribution of CaCOj3 crystals within (a) LSP-RCA and (b) SSP-RCA specimens after different carbonation curing ages.

denser accumulations of finely dispersed calcite, often forming compact
clusters predominantly located near the surfaces of the C-S-H gel
(Fig. 20a). Individual calcite crystals are also observed either embedded
in or on the C-S-H gel surface [153]. This distribution results in a strong
bond between calcite crystals and the C-S-H gel [154]. Although calcite
clusters are also present in SSP-NCA specimens, they tend to be less
densely packed. The C-S-H gel is less discernible in these specimens,
likely due to its greater consumption during the carbonation process
(Fig. 20b). For RCA-based specimens, the morphology and size of the
calcite crystals are more heterogeneous, with a more clustered distri-
bution within the ITZ and a sparser, irregular dispersion in the bulk
matrix (Fig. 21). Microcracks are also more prevalent and often partially
unfilled, in contrast to NCA-based counterparts (Fig. 20).

The shape of calcite crystals changes over time as the chemical
environment and pH evolve. On the first d, nanometer-sized rhombo-
hedral crystals form (Fig. 22a) when rapid nucleation dominates. By
around 7 d, the crystals grow into rhombo-scalenohedral (Fig. 22b) or
scaleno-rhombohedral (Fig. 22¢) as the pH drops to ~10, allowing more
directional growth. At later stages, scalenohedral crystals (Fig. 22d)
appear under lower pH, where slower growth and reduced supersatu-
ration favor the development of larger, elongated crystals. These ob-
servations align with previous studies [130,155,156] and are further
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supported by the XRD analyses, which indicated calcite as the pre-
dominant carbonate phase in the carbonated samples.

4. Conclusions

The carbon storage capacity and carbonation behavior of self-
compacting concrete (SCC) incorporating different precursors (LSP,
SSP, NCA, and RCA) were investigated under controlled carbonation
curing with regulated internal moisture. The main findings are sum-
marized below.

e CO uptake: Mass loss and Rietveld refinement indicated higher CO»
uptake in RCA- and SSP-based specimens, with values increasing
from 55 + 9 and 46 + 3 kg/m® at 1 d in LSP-RCA and SSP-NCA,
respectively, to 114 and 113 kg/m® of SCC at 90 d in LSP-RCA and
SSP-RCA, based on the mass loss method. Rietveld refinement
showed an average CaCO3 content of 19 wt% at 1 d, rising to 25 wt%
in RCA-based specimens at 90 d.

Carbonation depth: Carbonation depth was not directly correlated
with CO; uptake. For instance, in LSP-NCA specimens at 1 d of
carbonation, a carbonation depth of 14 mm corresponded to 2.5%
CO; uptake, whereas 17 mm corresponded to only 1.6%, based on
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Fig. 22. SEM images showing the morphological evolution of CaCO3 crystals during carbonation-induced pH drop.

one-dimensional diffusion and the mass loss method, indicating that
deeper CO5 penetration does not necessarily result in higher CaCO3
formation or CO4 sequestration.

Microstructural evolution and phase development: Carbonation
curing progressively densified the SCC microstructure, promoting
the formation and evolution of CaCO3 polymorphs, amorphous-
CaCOs, vaterite, aragonite, and calcite at early ages, which trans-
formed mainly into calcite at later ages within the matrix and ITZ.
RCA-based specimens exhibited more heterogeneous distributions
and more microcracks than NCA-based counterparts. After 90 d of
carbonation curing, carbonation was considered complete in all
specimens, as CO%- ions became unstable at a pH of approximately 8,
limiting further carbonation.

Chemical reactivity and physical effects of SSP and LSP: Both SSP
and LSP showed limited reactivity toward aluminate phases, as
indicated by the low Hc content, resulting in a negligible chemical
contribution to carbonation. However, the finer particle size and the
rough, irregular morphology of SSP enhanced carbonation by
increasing reactive surface area and providing additional nucleation
sites for CaCOs precipitation. Carbonation kinetics remained
strongly dependent on internal moisture availability.

21

Despite identical carbonation curing conditions, discrepancies
among COy quantification methods highlight the need for a multi-
method approach or a refined calculation protocol to achieve a more
reliable assessment of CO; uptake.
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