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Abstract

Reducing the carbon footprint of cement based materials requires approaches beyond
replacing cement alone. Mineral carbonation of aggregates offers a simple route to store
carbon dioxide permanently while improving material performance. In this study, four
steel slag aggregates were evaluated as sand replacements in mortar after pre carbonation,
including basic oxygen furnace slag, blast furnace slag, skim slag, and Rockport slag. The
aggregates were treated using moisture assisted carbonation with carbon dioxide and then
used in mortar made under the same mix design and curing conditions. Bulk chemistry
was determined by X-ray fluorescence, carbon uptake was quantified by thermogravimetric
analysis, and performance was evaluated using compressive strength, ultrasonic pulse
velocity, chemical soundness, freeze thaw resistance, and scanning electron microscopy.
Pre-carbonation stored approximately 14–19 wt% CO2 relative to the dry mass of the slag
aggregates, depending on slag type. Mortars with carbonated basic oxygen furnace slag
and carbonated blast furnace slag showed clear strength gains at 28 days, along with
higher ultrasonic pulse velocity and improved chemical durability. Rockport slag showed
modest improvement, while skim slag showed a reduction in strength after carbonation.
Microstructural observations indicate that carbonate precipitation filled pores and densified
the aggregate paste interface, which explains the strength and durability improvements
in the more responsive slags. These laboratory-scale results show that, under the specific
moisture-assisted pre-carbonation conditions investigated, pre-carbonation of slag aggre-
gates can combine permanent CO2 storage with improved mortar performance. However,
the magnitude of these benefits depends strongly on slag chemistry and particle structure,
highlighting the need for slag-specific carbonation design and further validation under
practical conditions.

Keywords: steel slag aggregates; aggregate carbonation; CO2 sequestration; compressive
strength; durability; low carbon mortar; decarbonization of cementitious materials

1. Introduction
The global construction sector is one of the most resource-intensive and environmen-

tally impactful industries, largely due to its substantial reliance on Portland cement as the
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main binding material in concrete. Cement manufacture is energy-intensive and signifi-
cantly contributes to global greenhouse gas emissions, with estimates that approximately
7% of global anthropogenic GHG emissions [1,2]. As the demand for urban infrastructure
and housing continues to rise, specifically in developing economies, there is increasing
pressure to implement more sustainable construction practices. Pivotal to this transition
is the discovery of replacement materials and methods that can both reduce the carbon
footprint of concrete and improve its long-term performance [3,4].

One of the promising approaches to achieving sustainability in concrete production is
the application of industrial byproducts as substitutes for natural resources. Steel slag, a
byproduct of the steel manufacturing process, is produced at 10–15 million tons every year
in the USA and is often stockpiled or landfilled due to ineffective commercial use [5,6]. This
not only causes environmental hazards due to leaching of heavy metals, dust generation,
and land use concerns, but also results in a loss of potentially valuable material [7,8]. Recent
studies have recognized steel slag’s potential as an aggregate in concrete and mortar due
to its high alkalinity, latent hydraulic reactivity, and granular morphology. Utilizing slag
aggregates in mortar aligns with the principles of the circular economy, offering both
economic and environmental benefits [9,10].

Slag aggregates can be obtained from different stages of steel manufacturing, each
with unique chemical and mineralogical compositions, such as calcium oxide percentage,
porosity, and chemical reactivity, affecting their behavior in cementitious systems. The
performance of these slag aggregates is often limited by characteristic weaknesses such as
porosity, variability in composition, and lower binding with the cement matrix compared
to traditional aggregates. To overcome these limitations, researchers have evaluated surface
treatments and pre-conditioning procedures to enhance their properties [11–14].

Among these treatments, mineral carbonation has emerged as a dual-purpose strategy
that offers both CO2 sequestration and performance enhancement of cementitious materi-
als. When exposed to CO2, calcium-bearing phases in slag react to form stable carbonate
phases such as calcium carbonate. These reactions enhance material performance primarily
through pore filling and pore refinement within slag particles, densification of the interfa-
cial transition zone between aggregate and paste, and improved particle packing, which
collectively increase matrix density, mechanical strength, and durability [15]. Carbonation
thus serves not only as an environmental solution to mitigate CO2 emissions but also as a
performance-modifying mechanism that can make industrial byproducts more viable for
construction use [16–18].

While mineral carbonation has been extensively studied for cement pastes, supple-
mentary cementitious materials, and carbonation curing of finished mortar or concrete
specimens, its application as a pre-treatment of aggregates remains underexplored. In
contrast to powder carbonation or carbonation curing, the approach adopted in this study
targets the pre-carbonation of slag aggregates before mixing, promoting carbonate forma-
tion within aggregate pores and near aggregate surfaces. This upstream treatment enables
pore filling and interfacial transition zone densification during subsequent mixing, with-
out altering cement hydration pathways or conventional curing practices. Most existing
literature focuses on the carbonation of powdered materials or the carbonation curing of
mortar specimens, with limited attention given to the pre-carbonation of aggregates and
their subsequent use in mortar mixtures. The effect of carbonation on the microstructure,
durability, and mechanical properties of mortar when slag aggregates are carbonated before
mixing remains underexplored [19–21].

Through rigorous analysis, the study aims to explore correlations between the in-
tensity of carbonation and the enhancements in mortar performance. It is important to
understand how the mineral composition and physical characteristics of each slag type
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affect its carbonation behavior and, subsequently, its influence on mortar strength and
durability. The study provides a relative investigation to identify which kind of aggregate
slag benefits most from carbonation, thereby offering guidance for practical application in
sustainable construction.

The novelty of this research lies in its comprehensive approach to evaluating pre-
carbonated slag aggregates as functional components in mortar systems. Unlike previous
studies that focus solely on binder modifications or CO2 curing of finished products, this
work investigates the upstream carbonation of aggregates, a concept with significant po-
tential for decentralized carbon capture and materials valorization [22,23]. Moreover, by
incorporating a range of analytical techniques and slag types, the study offers robust evi-
dence on how carbonation can be used as a sustainability tool and a performance enhancer.
The outcomes of this research could inform future material design strategies and encourage
the adoption of carbonated industrial byproducts in mainstream construction practices.
Based on the identified research gaps, this study is guided by the following research ques-
tions: (i) How does the chemical composition of different steel slag aggregates influence
their CO2 uptake under moisture-assisted pre-carbonation conditions? (ii) To what extent
does aggregate pre-carbonation affect the mechanical performance and durability indicators
of mortar? (iii) Is there a synergistic relationship between carbon sequestration potential
and engineering performance, and how is this relationship governed by slag chemistry?

This study addresses the research gap by examining four slag aggregates, Rockport,
skim, BOF, and blast-furnace, subjected to a single, controlled pre-carbonation protocol and
then used as sand replacements in mortar. Performance was evaluated by compressive
strength at multiple ages, ultrasonic pulse velocity, chemical soundness, and thermogravi-
metric analysis to quantify CO2 uptake. Scanning electron microscopy was used to assess
microstructural changes. This study examines how slag type affects CO2 uptake under a
fixed pre-carbonation protocol and the resulting compressive strength, how ultrasonic pulse
velocity reflects these strength changes, and how SEM features and durability indicators,
chemical soundness, and freeze-thaw UPV retention relate to the measured uptake and
mechanical performance. These aims frame the composition-process-property relationships
evaluated in this work.

Pre-carbonation of aggregates treats the pore network of fine and coarse fractions
before mixing. This differs from powder carbonation and from curing finished elements.
Carbonate forms within aggregate pores and at the paste-aggregate interface during mixing,
improving packing and load transfer without disturbing cement hydration. The method is
scalable, as it can be applied to stockpiles or batch drums at ambient temperature, with
short cycle times, minimal plant modifications, and straightforward quality control via
mass gain or TGA. It also aligns with existing logistics, where aggregates are processed
in bulk, stored, and dosed as sand replacements. Focusing on aggregate pre-carbonation
isolates composition-process-property relationships that are otherwise confounded when
binders or whole specimens are carbonated.

2. Materials and Methods
2.1. Materials

Ordinary Portland cement conforming to ASTM C150/C595 [24] was used as the
primary binder. Four types of slag aggregates were used in this study: Rockport slag,
skim slag, blast furnace slag, and basic oxygen furnace slag. The Rockport slag was
procured from Rockport Ready Mix, Cleveland, OH, USA while the other three types
were obtained from Cleveland-Cliffs Steel, Cleveland, OH, USA. All slag materials were
oven-dried at 105 ± 5 ◦C and sieved to a target fine-aggregate envelope of 0.075–4.75 mm
to ensure consistency and appropriate particle size distribution. These slag aggregates

https://doi.org/10.3390/su18052296

https://doi.org/10.3390/su18052296


Sustainability 2026, 18, 2296 4 of 24

were used as replacements for natural sand in mortar mixes. The chemical composition of
the slag aggregates was characterized using Energy-Dispersive X-ray Spectroscopy joined
with a Thermo Scientific Apreo 2 Scanning Electron Microscope, Thermo Fisher Scientific,
Waltham, MA, USA.

DI water was used for all mixing, curing, and testing procedures to remove irregularity
caused by mineral impurities. The bone-dry grade CO2 gas used for the carbonation
treatment was supplied in compressed cylinders (BD200, Airgas, OH, USA).

XRF analysis was conducted to determine the bulk oxide composition of the slag
materials used in this study. XRF provides a representative assessment of the overall
chemical makeup of heterogeneous industrial by-products and is therefore well-suited for
characterizing slag chemistry before carbonation and mortar preparation. The analysis
was performed on Rockport slag, BOF slag, blast furnace slag, and skim slag, and the
resulting oxide compositions are shown in Figure 1. The measured oxides include major
constituents such as CaO, SiO2, Al2O3, MgO, and Fe2O3, as well as minor alkali and trace
oxides. These XRF results establish the baseline chemical differences among the slag types,
which govern their basicity, reactivity with CO2, and expected behavior during carbonation
and subsequent incorporation into mortar systems.

Figure 1. Bulk oxide composition of Rockport slag, BOF Slag, BFS, and skim slag determined by XRF.

2.2. Chemical Soundness

The chemical soundness of carbonated and uncarbonated slag aggregates was evalu-
ated by ASTM C88/C88M using a sodium sulfate solution procured from Sigma-Aldrich
(USA). Sodium sulfate solution was prepared by dissolving 215 g of sodium sulfate in
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one liter of DI water. Each aggregate sample was fully soaked in this solution for 16–18 h.
After soaking, the samples were drained and dried in an oven at 110 ± 5 ◦C for 4–6 h [25].
This cycle of absorption and drying was repeated for a total of five cycles for all slag types
and sieve fractions.

After five cycles, the samples were washed over their respective sieves to remove
broken material, then dried in oven to obtain the final mass. The percentage of mass loss
for each sample was calculated using the formula:

Loss(%) =
wi − w f

wi
× 100

where wi is the initial dry weight of aggregates and w f is the final dry weight of aggregates
after five cycles of sulfate soaking and drying. These values were used to evaluate the
chemical durability of each slag type. According to ASTM C88, a total loss of less than 12%
is acceptable [26].

2.3. Slag Carbonation

Figure 2 shows the carbonation procedure used in this study. Slag aggregates were
initially mixed with 8% water by weight. CO2 was supplied from bone-dry grade cylinders.
Relative humidity inside the vessel was not instrumented; instead, a fixed aggregate mois-
ture content of 8 wt% was applied before carbonation to provide a controlled and uniform
source of water for CO2 dissolution and ionic transport. This approach was selected to
ensure reproducible carbonation conditions across all slag types and to minimize variability
associated with gas-phase humidity fluctuations. Because all aggregates were treated using
the same moisture content, pressure, temperature, and exposure time, comparisons of
carbonation extent and resulting material performance among slag types remain internally
consistent. Moisture was added to enhance CO2 diffusivity and promote more effective
carbonation reactions by facilitating ion transport within the pore structure. The moist slag
was mixed thoroughly in a laboratory mixer to ensure consistency and uniform distribution
of moisture.

Figure 2. Experimental Setup for Carbonation of Slag Aggregates and Casting of Mortar Samples.

The prepared aggregates were then transferred to a modified air-tight, thick-walled
pressure vessel. A Concrete Pressure Meter (Humboldt Mfg. Co., Elgin, IL, USA) designed
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for ASTM C231 was modified for this purpose. The reactor was sealed and connected to a
CO2 gas cylinder, and CO2 was supplied at a pressure of 2–3 bars absolute for a duration
of 6 h to ensure adequate exposure and carbonation of the slag aggregates. Carbonation
was conducted in a sealed batch-pressurized system. After initial pressurization, the vessel
pressure was monitored and periodically replenished with CO2 to maintain near-saturation
conditions throughout the 6 h reaction period. The monitored pressure ranged between
2–3 bar absolute, reflecting minor fluctuations associated with CO2 dissolution and mineral
uptake during carbonation, rather than uncontrolled pressure variation.

The selected carbonation temperature of 25 ± 2 ◦C represents ambient conditions and
avoids thermal acceleration that could influence hydration behavior during subsequent
mortar preparation. A moderate CO2 pressure in the 2–3 bar absolute range was chosen
to enhance gas diffusion and carbonation kinetics while maintaining safe operation and
scalability for aggregate treatment. The 6 h exposure duration was selected based on prior
studies and preliminary observations indicating rapid carbonation plateaus for calcium-rich
alkaline materials under moisture-assisted conditions.

After carbonation, the aggregates were oven-dried to remove residual moisture. The
extent of carbonation was quantified using TGA. The analysis was conducted using a
Discovery TGA 55 (TA Instruments, New Castle, DE, USA), which features a sensitive
vertical thermo-balance and a horizontal gas purge system. The test involved a ramp
heating protocol from 25 ◦C to 1000 ◦C at a rate of 10 ◦C per minute, and N2 gas was
used during the experiment. The contents of calcium carbonate and the total CO2 uptake
were calculated from the TGA data using Equations (1) and (2), assuming CaCO3 as the
primary carbonation product formed under the experimental conditions. This assumption
is consistent with the high CaO content of the slags and the dominant mass loss observed
in the CaCO3 decomposition temperature range. While partial carbonation of magnesium-
bearing phases may occur, their contribution to the overall CO2 uptake was not explicitly
quantified and is expected to be minor relative to calcium carbonate formation [27,28].

CaCO3 (
g/

100g) =
M500 − M900

M105
× 2.27 × 100 (1)

CO2uptake(%) =
MCO2−Carbonated(wt%)

100 − MCO2−Carbonated(wt%)
× 100 (2)

In these equations, M105, M500, and M900 represent the mass of the sample at the
corresponding temperatures. The value 2.27 is the molar mass ratio of CaCO3 to CO2. The
term MCO2−Carbonated refers to the mass loss percentage from the decomposition of CaCO3

relative to the dry mass of the sample at 105 ◦C [29].
Moisture-assisted CO2 at 2–3 bar absolute was selected to model accelerated mineral

carbonation under lab conditions while maintaining safe operation and reproducible
uptake. A small added moisture fraction increases CO2 dissolution and ionic transport in
near-surface pores, promoting bicarbonate/carbonate formation and penetration depth.
Pressures in the 2–3 bar absolute range reduce gas-phase diffusion limits without inducing
equipment-driven artifacts or the need for thermal input, and the 6 h duration reflects the
observed uptake plateau for the tested slags under fixed grading [30,31]. These settings
provide a controlled baseline to compare slag types while keeping parameters practical for
scale-up in drum or silo treatments.

2.4. Preparation and Testing of Mortar Samples

Each type of slag was tested in both uncarbonated and carbonated conditions. For
the uncarbonated samples, slag aggregates were sieved and oven-dried before use. For
carbonated samples, aggregates were first carbonated and subsequently dried in the oven
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before mixing. For the control group, regular sand was used. All slag aggregates were
oven-dried to 105 ± 5 ◦C, then sieved to a target fine-aggregate envelope of 0.075–4.75 mm

Mortar mixes were prepared using a binder-to-aggregate ratio of 1:2 and a water-to-
cement ratio of 0.45. Deionized water was used throughout to ensure consistency and
prevent mineral contamination [32]. MasterGlenium 315C (BASF Corporation, Florham
Park, NJ, USA) plasticizer was added to enhance workability. All components were mixed
uniformly using a mechanical mixer (Hobart Manufacturing Company, Troy, OH, USA).
Samples were cast per ASTM C109 using molds designed to accommodate three 50 mm
cubes. For each mixture and curing age, three specimens were tested, and the reported
compressive strength values represent the average of three measurements (n = 3). The
standard deviation was calculated to assess experimental variability. For non-destructive
and durability tests, measurements were performed on at least three specimens per mixture
where applicable.

After casting, the specimens were left in the molds for 24 h, demolded, and then
cured in a lime-saturated water tank for the remainder of the curing period [33,34] as
shown in Figure 3c. Compressive strength tests were conducted using an MTS universal
testing machine (MTS Systems Corporation, Eden Prairie, MN, USA), shown in Figure 3a.
Compressive strength values are reported in pounds per square inch (psi), corresponding
to the calibrated output of the testing system. For reference, the SI equivalent can be
obtained using the conversion factor 1 MPa = 145 psi. Non-destructive evaluation shown
in Figure 3d was performed using the C369N UPV tester (James Instruments Inc., Chicago,
IL, USA). The UPV device measures the time taken by ultrasonic pulses to travel through
the specimen, providing insight into material homogeneity and indicative strength.

Figure 3. Summary of experimental procedures and materials. (a) Compressive strength testing of
mortar samples using MTS. (b) Standard water curing of mortar cubes at 7, 14, and 28 days. (c) Visual
representation of the four slag types used as aggregates: (1) Rockport slag, (2) Skim slag, (3) BOF slag,
and (4) Blast furnace slag. (d) UPV Testing.

After 28 days of curing, the freeze-thaw resistance of mortar samples was assessed
following ASTM C666 Procedure A, which specifies rapid freezing and thawing in water.
Before testing, prismatic mortar specimens were fully saturated to ensure consistent mois-
ture conditions. The specimens were then placed in a freeze-thaw chamber where they
remained completely immersed in water throughout the test duration. Each cycle consisted
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of lowering the temperature to −18 ± 2 ◦C and subsequently rising it to +4 ± 2 ◦C, with
the full cycle lasting approximately four hours. A total of 100 cycles were applied, as
recommended by the standard. To monitor internal deterioration, Ultrasonic Pulse Velocity
measurements were taken at every 10 cycles using a C369N UPV tester in compliance with
ASTM C597 and EN 12504-4.

3. Results and Discussion
To facilitate interpretation of the experimental results, a mechanistic framework linking

slag chemistry, carbonation behavior, and mortar performance is introduced and subse-
quently elaborated in Section 3.7. This framework is referenced throughout the following
sections to synthesize the observed trends across CO2 uptake, mechanical performance,
durability, and microstructural evolution. Across all mixtures, carbonation-induced perfor-
mance changes are primarily governed by microstructural densification through CaCO3

precipitation within aggregate pores and at the interfacial transition zone. This densification
mechanism consistently influences compressive strength, ultrasonic pulse velocity, and
durability indicators. Therefore, subsequent sections focus not on reiterating this common
mechanism, but on highlighting how differences in slag chemistry and phase composition
govern the magnitude and direction of the observed effects.

3.1. Chemical Durability Under Sulfate Exposure

The chemical soundness results shown in the Figure 4 demonstrate a clear improve-
ment in durability across all slag types following carbonation. In the uncarbonated state,
Rockport Slag exhibited the highest mass loss, increasing from 5.5% to 7.9% across the
sieve sizes, followed by BOF Slag (3.8–6.2%), Skim Slag (1.2–2.8%), and Blast Furnace Slag
(0.5–1.8%). After carbonation, these values decreased noticeably: 3.9–6.0% for Rockport
Slag, 2.8–4.6% for BOF Slag, 0.9–2.2% for Skim Slag, and 0.3–1.3% for BFS. The consistent
reduction in mass loss indicates enhanced chemical resistance due to carbonation across all
four types of slag and their size fractions.

Figure 4. Mass loss of uncarbonated slag aggregates and carbonated slag aggregates during the
chemical soundness test.
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This improvement is primarily due to the formation of stable carbonate phases such
as CaCO3, which result from the reaction of CO2 with free calcium and other reactive
oxides present in the slag matrix. The carbonation process leads to pore refinement, surface
densification, and passivation of reactive sites, thereby limiting the ingress of aggressive
ions and reducing dissolution during the chemical soundness test. Slags with higher
contents of free lime and periclase, such as Rockport (CaO: 35.25%, MgO: 9.24%) and Blast
Furnace (CaO: 54.8%, MgO: 3.56%) Slag, show greater reductions in mass loss, highlighting
the more pronounced effect of carbonation in reactive materials.

Finer particles benefit even more due to their larger surface area, which facilitates faster
and deeper carbonation. This contributes to a denser outer shell that resists chemical attack
more effectively. The reduction in mass loss not only confirms improved resistance to chem-
ical degradation but also suggests greater long-term performance in environments exposed
to sulfates or acidic conditions. Overall, carbonation enhances the chemical stability of slag
aggregates while also offering environmental benefits through CO2 uptake, making it a
promising approach for developing more durable and sustainable construction materials.

3.2. Quantification of CO2 Uptake

The TGA results shown in Figure 5 clearly show a significant weight loss between
500 ◦C and 900 ◦C in the carbonated slag samples, corresponding to the decomposition
of calcium carbonate [35]. The uncarbonated slags remain thermally stable across the
entire temperature range, confirming the absence of pre-existing carbonate phases. In
contrast, carbonated samples exhibit distinct weight reductions, reflecting the amount of
CO2 chemically bound during the carbonation process.

Figure 5. TGA Analysis of Slag Aggregates before and after Carbonation.
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Under the specific moisture-assisted pre-carbonation conditions employed in this
study. BOF Slag exhibits the highest weight loss in the carbonate decomposition range,
indicating the greatest CO2 uptake. This is followed by Skim Slag, then Rockport slag,
while Blast Furnace Slag shows the least weight reduction. This ranking reflects relative
carbonation efficiency under the controlled laboratory conditions used here and should not
be directly extrapolated to other carbonation regimes or processing configurations. This
order highlights variations in carbonation efficiency based on slag type and composition.

The thermogravimetric behavior observed in the carbonated slag samples reveals the
extent of CO2 uptake through the formation of carbonate phases. The dominant mass
loss occurring between 500 ◦C and 900 ◦C is associated with the thermal decomposition
of CaCO3 into CaO and CO2. The uncarbonated slags show negligible weight change,
confirming that carbonation was induced during treatment and not present initially.

BOF Slag demonstrates the highest CO2 absorption due to its elevated content of
free lime and other basic oxides, which actively participate in carbonation reactions. Its
relatively crystalline structure also facilitates faster reaction kinetics compared to more
vitrified materials [36,37]. Skim Slag and Rockport slag also contain reactive phases, but to
a lesser extent, resulting in moderate CO2 uptake. Blast Furnace Slag, being predominantly
amorphous and low in free lime, exhibits the least carbonation reactivity, consistent with its
minimal mass loss on heating. Table 1 shows the calculated calcium carbonate and carbon
dioxide uptake using Equations (1) and (2).

Table 1. Calculated CaCO3 Content and CO2 Uptake from TGA.

Sample CaCO3 (g/100 g) CO2 Uptake (%)

Regular Slag 27.83 13.97
Skim Slag 28.87 14.57
BOF Slag 32.91 16.96

Blast Furnace Slag 26.13 13.01

This trend emphasizes that chemical composition and mineralogy play a critical role
in determining the carbonation potential of slag. Slags rich in CaO and MgO offer more
reactive sites for carbonate formation, while amorphous, glassy slags limit CO2 uptake.
The formation of carbonate compounds not only allows for permanent CO2 sequestration
but also enhances the durability and chemical resistance of the material by refining the
pore structure and blocking reactive sites.

While TGA quantifies CO2 uptake relative to the dry mass of slag aggregates, it is
useful to translate this value into the corresponding carbon storage in mortar mixtures. In
this study, slag aggregates replaced natural sand at a binder-to-aggregate ratio of 1:2. Based
on the measured CO2 uptake values, the corresponding CO2 sequestration per kilogram
of mortar can be estimated by considering the mass fraction of slag within the mixture.
For example, assuming approximately 65–70% aggregate content by mass in mortar, and
full replacement with carbonated slag, the effective CO2 stored in mortar corresponds to
approximately 9–12% of total mortar mass, depending on slag type. This translates to
roughly 90–120 kg of permanently bound CO2 per metric ton of carbonated mortar under
the present laboratory conditions. These values represent chemically bound CO2 within
stable carbonate phases and therefore constitute permanent mineral sequestration rather
than temporary storage.

3.3. Compressive Strength Analysis

Figure 6 summarizes the compressive strength of mortar made of regular sand, Rock-
port slag, and Carbonated Rockport Slag at different curing ages. The results showed that
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mortar specimens made with both Rockport slag and Carbonated Rockport Slag achieved
higher strength than the control group at all curing ages. It is noted that for one contrast
group, Rockport slag was first alkali-activated using NaOH before carbonation (referred to
in the manuscript as ‘NaOH Carbonated Slag’) to evaluate the effect of enhanced chemical
activation on CO2 uptake and mechanical performance. Although NaOH activation of slag
aggregates increased CO2 uptake, the corresponding mortar exhibited reduced compres-
sive strength compared to those using non-activated carbonated slag. Alkali activation
may accelerate dissolution of calcium phases, promoting rapid carbonate formation at the
aggregate surface. However, excessive alkali exposure can also modify surface chemistry,
create unstable reaction layers, or disrupt the balance between carbonation and subsequent
cement hydration. Literature on alkali-activated systems indicates that high alkalinity may
alter C-S-H structure, increase porosity under certain curing regimes, or induce microcrack-
ing due to rapid precipitation [38,39]. In the present study, the improved CO2 uptake by
slag aggregates yet reduced mechanical performance of mortar suggests that while chemi-
cal activation enhanced carbonation kinetics, it may have compromised interfacial bonding
between C-S-H and aggregate or hydration compatibility within the cementitious matrix.

Figure 6. Compressive Strength of Control Group and Different Mortar Samples from Rockport
Slag Aggregates.

Mortars made of Carbonated Slag achieved the highest average strength at 28 days
(8552.13 psi ≈ 59.0 MPa), indicative that carbonation helped to improve the long-term
strength of mortar.

This improvement is attributed to the combined effects of slag hydration and
carbonation-induced reactions. The inherent hydraulic activity of slag contributes to
the formation of calcium silicate hydrate, while carbonation promotes the precipitation of
calcium carbonate that refines pore structure and enhances matrix densification. Based
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on the current experimental evidence, including compressive strength, UPV, and SEM
observations, the individual contributions of hydration and carbonation cannot be quan-
titatively separated. Accordingly, the mechanistic interpretation presented here remains
qualitative, reflecting the coupled nature of hydration and carbonation processes under
the conditions investigated. The control group, lacking pozzolanic or carbonation-driven
reactions, showed the lowest strength, reflecting its reliance solely on cement hydration.
In contrast, NaOH Carbonated Slag consistently displayed the lowest strengths among
slag mixes, suggesting that the high alkalinity may have disrupted early hydration or
inhibited stable C-S-H development. Although it showed strength gain over time, the
overall performance remained limited, indicating that excessive chemical activation may
compromise mechanical integrity under CO2 curing conditions.

The stress-strain curves of mortar samples made with different types of slag show how
their strength and ductility change over time with curing and carbonation, as shown in
Figure 7. Compared to samples without carbonation, the carbonated ones showed higher
maximum strength and were also larger strain at peak stress, which mitigates the potential
to crack under pressure.

Figure 7. Stress-strain behavior of mortar specimens from slag aggregates at different curing ages.
(a) Blast Furnace Slag (uncarbonated), (b) Carbonated Blast Furnace Slag, (c) BOF Slag (uncarbonated),
and (d) Carbonated BOF Slag.
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The compressive strength results demonstrate that the effectiveness of carbonation
varies significantly with slag type, largely influenced by chemical composition and miner-
alogical reactivity. Carbonated BFS achieved the highest strength among all mixes, reaching
8842.42 psi at 28 days, reflecting a 19% increase over its uncarbonated form. This gain is
primarily due to the carbonation of calcium-bearing phases and the precipitation of CaCO3

within pores, which densifies the microstructure and enhances load-bearing capacity. The
vitrified nature of BFS allows for controlled carbonation without disrupting early hydration,
promoting simultaneous strength gain and CO2 sequestration [40].

BOF Slag also showed considerable strength enhancement upon carbonation, increas-
ing from 4991.21 to 7396.98 psi at 28 days. This can be attributed to its higher content
of free CaO and MgO, which readily react with CO2 to form stable carbonate products.
These reactions reduce porosity and refine the pore size distribution, improving mechanical
performance. Moreover, the crystalline phases in BOF Slag facilitate carbonation without
significantly hindering the hydration of clinker phases, enabling a synergistic contribution
from both hydration and carbonation products.

Skim Slag displayed a reduction in compressive strength after carbonation at all curing
intervals, as shown in Figure 8. The carbonated mix peaked at only 4421.40 psi at 28 days,
compared to 5328.41 psi in the uncarbonated sample. This reduction may result from
the limited availability of reactive calcium phases in Skim Slag or premature carbonation
of hydration products, which can impede further C-S-H development. Additionally, the
formation of surface carbonates may block moisture ingress, reduce internal hydration, and
lead to weaker, less cohesive binding phases.

Figure 8. Stress-strain behavior of mortar specimens made from Skim slag aggregates (a) Skim Slag
(uncarbonated), (b) Carbonated Skim Slag.

These findings underscore that carbonation is most effective in slags with a balanced
mineral composition, specifically those with sufficient free lime and latent hydraulic phases.

The graph in Figure 9 summarizes the relative gain of compressive strength of mortar
using carbonated slag versus uncarbonated slag. It shows that relative strength gain
with carbonated slag is highest at 7 days for all slag types except Rockport slag, where the
strength gain increases slightly with curing time. For BOF Slag, the gain is most pronounced,
reaching over 75% at 7 days, but gradually declining to below 50% at 28 days. Blast Furnace
Slag follows a similar pattern with moderate early gain (~27%) and a steady reduction over
time. Skim Slag exhibits negative strength gain throughout, with the greatest reduction
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observed at 14 days. Rockport slag is the only material showing a marginal increase in
strength benefit from carbonation with time, albeit remaining near neutral.

Figure 9. Carbonation-Induced Compressive Strength Gain Over Time using the strength of mortar
made with uncarbonated slag and at corresponding curing age as the comparison base.

These trends are explained by the interplay between carbonation kinetics, slag reactiv-
ity, and hydration progression. In highly reactive slags like BOF and BFS, early carbonation
leads to rapid formation of CaCO3, which fills pores and enhances early strength. How-
ever, this early densification can restrict moisture transport, limiting further hydration
and secondary gel formation, thereby slowing down the marginal strength gain at later
stages. The decline over time suggests that initial benefits of carbonation are not sustained
unless supported by ongoing hydration, which becomes increasingly hindered, possibly as
carbonation products block pore continuity for moisture transfer.

Skim slag exhibited lower carbonation efficiency and reduced mechanical performance
after carbonation compared to other slag types. XRF results indicate that skim slag contains
comparatively lower free CaO and a higher fraction of secondary phases relative to BOF
and blast furnace slag. Lower availability of reactive calcium-bearing phases limits CaCO3

precipitation during carbonation, reducing pore-filling efficiency. In addition, skim slags
produced during secondary refining processes may contain elevated sulfur-bearing phases
and complex oxides that can influence hydration and carbonation pathways. Previous
studies have shown that slags with reduced basicity or higher sulfate-related phases may
exhibit less efficient carbonation and altered hydration kinetics, which can negatively
influence strength development [41,42].

3.4. Non-Destructive Testing

The UPV results shown in Figure 10 reflect the differences in the internal quality and
densification of mortar samples based on slag type and curing condition. In general, higher
ultrasonic wave velocities correlate with improved material compactness, continuity, and
mechanical performance.
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Figure 10. UPV Results of Different Mortar Samples.

It is noted that for three out of four types of slags studied, mortar made of carbonated
slags improved the UPV of mortar at different curing ages compared with the use of the
corresponding raw slag. This clearly demonstrates the benefits of carbonation to improve
microstructure compactness, continuity, and mechanical performance. Mortar made of
carbonated Skim Slag showed lower UPV compared with that made of raw Skim Slag,
consistent with the lower compressive strength observed on this type of slag.

Among all samples, mortar made of Carbonated BFS showed the highest wave velocity
across all curing periods, reaching 5291.67 m/s at 28 days, indicating a highly dense and
uniform microstructure. This can be attributed to the formation of calcium carbonate
within pore spaces during carbonation, which enhances stiffness and reduces voids. The
steadily increasing values from 7 to 28 days further confirm progressive microstructural
development and reduced porosity over time.

The mortar specimens made of Carbonated BOF Slag and Carbonated Skim Slag
samples demonstrated moderate UPV values, indicating partial densification through
carbonation. These values remained slightly lower than their uncarbonated counterparts,
possibly due to incomplete carbonation or differences in mineral composition affecting
CO2 uptake efficiency.

For reference, the Rockport Slag and Carbonated Slag groups also maintained high
velocities, showing that slag-rich systems develop compact matrices over time even without
specialized curing protocols.

The UPV trends confirm that carbonation improves microstructural integrity, particu-
larly in slags with high CaO content. The effectiveness, however, varies with slag type, as
mineralogy and reactivity govern the extent of CaCO3 formation and the resulting wave
propagation characteristics. The findings align well with compressive strength results,
reinforcing the reliability of UPV as a nondestructive indicator of mechanical performance
in carbonated cementitious materials.

3.5. Effect of Freeze and Thaw Cycles on UPV

The freeze-thaw resistance of mortar samples was assessed by measuring UPV over
100 cycles. Figure 11a,b capture the degradation patterns across various slag-based mixes.
The UPV reduction with increasing cycles reflects progressive internal damage and microc-
racking induced by thermal stress and freeze-thaw action.
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Figure 11. Variation in ultrasonic wave speed of mortar samples incorporating different slag
types over freeze-thaw cycles. (a) Comparison of Rockport slag with carbonated, NaOH-activated.
(b) Performance of Skim, Blast Furnace, and BOF slags, including their carbonated counterparts.

In Figure 11a, mortar specimens made of Rockport Slag and NaOH Carbonated Slag
exhibited the most significant UPV deterioration. UPV of mortar made of NaOH-activated
slags declined from 3762.96 m/s to 3085.63 m/s after 100 cycles, highlighting their lower
durability due to potential pore disruption from alkali activation. This indicates enhanced
freeze-thaw durability due to the pore refinement effect and denser microstructure induced
by carbonation, suggesting carbonation helped to improve long-term durability under
cyclic freeze-thaw environmental loading.

Figure 11b further confirms this trend. Among the six types of mortar, mortar made of
Carbonated Blast Furnace Slag and Carbonated BOF Slag retained the highest UPV values
after 100 cycles. These specimens made of carbonated slag displayed minimal losses of
UPV compared to their uncarbonated counterparts. Mortar made of BOF Slag showed a
rapid decline of UPV from 4064 m/s to 3373.12 m/s, whereas mortar made of carbonated
BOF slag experienced a more gradual drop. Similarly, mortar made of Carbonated Skim
Slag outperformed that by Skim Slag, underscoring the role of carbonation in enhancing
matrix stability under freeze-thaw cycles.

All results show a consistent pattern, indicating that carbonation leads to better
freeze-thaw stability under the present test conditions by reducing porosity, increasing
matrix cohesion, and limiting moisture ingress. Carbonated samples across all slag types
consistently demonstrated improved retention of UPV, indicative of higher durability under
freeze-thaw cycles.

3.6. Microstructure Analyses

It is important to note that SEM observations presented in this study are qualitative and
primarily morphological in nature. Phase identification is inferred based on characteristic
morphology, known reaction pathways, and consistency with TGA and compositional data.

The SEM analysis shown in Figure 12 provides direct insight into the morphological
changes induced by carbonation in slag mortar systems. The microstructure of the un-
carbonated slag mortar displays a porous, discontinuous matrix characterized by layered
calcium silicate hydrate (C-S-H) formations, angular unreacted slag particles, and a net-
work of microcracks and capillary voids. These features suggest a relatively early stage of
hydration, with poor matrix densification and weak interparticle bonding. The abundance
of open pores and microcracks compromises the continuity of the load-bearing network,
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which is consistent with the lower compressive strength observed in the corresponding
mechanical tests.

Figure 12. Microstructure Analysis of Mortar Samples from Uncarbonated and Carbonated
Slag Aggregates.

The carbonated slag mortar exhibits a refined and compact microstructure, marked by
the formation of dense calcium carbonate (CaCO3) deposits that occupy void spaces and
line the surfaces of hydration products. These carbonate formations result from the reaction
between CO2 and calcium hydroxide (Ca(OH)2), as well as other reactive alkaline phases in
the slag. The precipitated CaCO3 contributes to pore filling and improves microstructural
integrity by reducing capillary porosity and minimizing the presence of microcracks. The
SEM image reveals a uniform matrix with fewer voids and smoother interfaces, suggesting
enhanced particle packing and matrix continuity.

The observed microstructural differences align with the mechanical performance
trends in the study. The carbonated sample’s densified microstructure explains the higher
early-age compressive strength, as reduced porosity and better contact between particles
promote more effective load transfer. Additionally, carbonation enhances dimensional sta-
bility and restricts crack propagation by sealing microstructural discontinuities. However,
the formation of a dense carbonate layer may limit further hydration by impeding moisture
ingress, particularly in low water-to-cement ratio systems. This can result in a plateau in
strength development at later ages if internal hydration is not sustained.

The SEM analysis of the carbonated BFS mortar shown in Figure 13 reveals a markedly
denser and more refined microstructure compared to the uncarbonated sample. The
matrix appears more compact, with visible calcium carbonate crystals deposited within
former pore spaces and along hydration product surfaces. These formations result from
the reaction of CO2 with calcium hydroxide and other alkaline species in the slag ma-
trix. Several pores appear partially or are filled with carbonates, indicating effective
carbonation-induced densification.

In contrast, the uncarbonated BFS mortar displayed a more porous microstructure,
with unreacted slag grains, irregular C-S-H gels, and open voids, reflecting slower hydration
and less microstructural cohesion. The lack of carbonate formation in this sample leaves
the pore network more interconnected, contributing to lower mechanical strength.

The enhanced microstructural development in the carbonated BFS sample correlates
with improved compressive strength performance observed experimentally. The densifica-
tion due to carbonate precipitation not only improves load distribution but also restricts
microcrack formation. However, it is important to balance this with sufficient internal
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moisture to maintain long-term hydration. These findings confirm that carbonation can
significantly enhance the early-age microstructure and strength of BFS mortars.

Figure 13. Microstructure Analysis of Mortar Samples from Uncarbonated and Carbonated BFS
Slag Aggregates.

The SEM analysis of the uncarbonated BOF slag mortar shown in Figure 14 reveals
a heterogeneous microstructure with loosely packed hydration products and unreacted
BOF particles embedded in a relatively porous matrix. The C-S-H gel appears irregular and
poorly developed, indicating limited activation of the BOF slag. The presence of numerous
open pores and interfacial gaps further reflects incomplete hydration and a discontinuous
binder network, which contributes to the lower mechanical performance observed in the
corresponding compressive strength tests.

Figure 14. Microstructure Analysis of Mortar Samples from Uncarbonated and Carbonated BOF
Slag Aggregates.

In contrast, the carbonated BOF slag mortar exhibits a denser and more homogeneous
microstructure, marked by the presence of a continuous carbonate layer formed through
the reaction of CO2 with available calcium-bearing phases. These carbonate formations,
visible as fine crystalline deposits, fill capillary pores and refine the matrix, resulting in
fewer voids and a compact binder structure. The densified matrix supports the improved
compressive strength seen in the carbonated sample, especially at early curing stages.

The improved microstructure in the carbonated sample can be attributed to the high
reactivity of BOF slag, which contains abundant free CaO and MgO. These components
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rapidly react with CO2 to form stable carbonates, effectively sealing the pore network and
enhancing particle bonding. This densification leads to enhanced mechanical performance
and potentially improved durability.

The microstructural analysis of skim slag mortar samples, shown in Figure 15, provides
insight into the unexpected drop in strength observed after carbonation. In the carbonated
sample, a large amount of needle-like ettringite crystals was seen, which typically form
in the early stages of hydration. While some ettringite can help fill pores and improve
strength, excessive formation can be harmful. It may block further hydration, create internal
stresses, or lead to weak bonding within the matrix. This seems to be the case here, where
carbonation promoted surface reactions but limited deeper hydration, resulting in a less
dense structure and lower compressive strength.

Figure 15. Microstructure Analysis of Mortar Samples from Uncarbonated and Carbonated Skim
Slag Aggregates.

In contrast, the uncarbonated sample showed a more uniform microstructure with
well-developed C-S-H gel and fewer ettringite crystals. This balanced hydration led to a
denser and stronger matrix. These observations suggest that carbonation did not benefit
skim slag as it did for other types of slag used in this study. Instead, it caused premature
reactions that negatively impacted the mortar’s mechanical performance.

The SEM observations presented in this study are intended to provide qualitative
insight into carbonation-induced microstructural changes, including pore filling, matrix
densification, and interfacial transition zone refinement. Quantitative image-based metrics
such as porosity or pore size distribution were not extracted from the SEM images, as the
analyzed fields of view are not statistically representative of the bulk material. Instead,
microstructural refinement is supported by independent quantitative indicators, including
increases in compressive strength, ultrasonic pulse velocity, and improved durability
performance, which collectively reflect reduced porosity and enhanced matrix continuity.
Future studies incorporating quantitative image analysis or three-dimensional techniques
could further refine pore-scale characterization.

3.7. Mechanistic Framework Linking Slag Chemistry, Carbonation, and Mortar Performance

The collective results of this study support a unified framework linking slag com-
position, carbonation behavior, microstructural evolution, engineering performance, and
carbon sequestration potential. This framework explains why carbonation improves per-
formance in some slags while offering limited or adverse effects in others. Slag chemistry
controls the initial carbonation response. Slags rich in calcium oxide and magnesium
oxide provide readily available alkaline phases that react efficiently with carbon dioxide.
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In contrast, slags with lower basicity or high sulfate content show limited carbonation
efficiency or undesirable secondary reactions. The balance between reactive phases and
inert glassy components, therefore, controls the extent and rate of carbonation. Carbona-
tion kinetics are strongly influenced by phase accessibility and pore connectivity within
the slag particles. Slags with open pore networks and accessible calcium bearing phases
allow deeper penetration of carbon dioxide and more uniform carbonate formation. The
moisture assisted carbonation conditions used in this study promote ion transport and
gas diffusion without disrupting subsequent cement hydration, allowing carbonation to
proceed primarily within aggregate pores and near the aggregate surface. The morphology
and distribution of carbonate products play a critical role in microstructural development.
In BOF and blast furnace slags, carbonation leads to finely distributed calcium carbonate
that fills internal pores and coats aggregate surface. These carbonate deposits refine the
pore structure and improve particle packing without forming a continuous barrier that
would inhibit hydration. In contrast, skim slag shows evidence of less favorable reaction
pathways, including excessive formation of sulfate related phases, which limit beneficial
carbonate precipitation and disrupt matrix continuity. Interfacial transition zone densi-
fication emerges as a key outcome of aggregate pre carbonation. Carbonate formation
within aggregate pores and at the aggregate paste interface enhances mechanical interlock
and reduces microstructural discontinuities. This improved interface facilitates more effi-
cient stress transfer and reduces pathways for moisture ingress, directly contributing to
higher compressive strength, improved ultrasonic pulse velocity, and enhanced resistance
to chemical and freeze thaw damage. These structure driven improvements translate into
measurable gains in strength and durability while simultaneously enabling permanent
carbon storage. The carbon dioxide consumed during aggregate carbonation is chemically
bound as stable carbonate phases, ensuring long term sequestration. Importantly, these
performance benefits are achieved without altering curing conditions or compromising
cement hydration, distinguishing aggregate pre carbonation from conventional carbonation
curing approaches.

Mineralogical changes associated with carbonation were evaluated using comple-
mentary characterization techniques. Thermogravimetric analysis quantified carbonate
formation through characteristic mass loss in the CaCO3 decomposition temperature range,
while scanning electron microscopy revealed pore filling and interfacial densification consis-
tent with carbonate precipitation within slag particles and at the aggregate paste interface.
When combined with systematic trends in compressive strength, ultrasonic pulse velocity,
and durability indicators, these observations provide coherent support for the proposed
carbonation mechanisms governing performance enhancement. Further phase-level refine-
ment using diffraction-based techniques could complement these findings in future studies,
but the evidence presented here is sufficient to support the comparative assessment and
main conclusions of this work.

The proposed framework demonstrates that aggregate pre carbonation functions as
an upstream material engineering strategy in which slag chemistry dictates carbonation
behavior, carbonation controls microstructure, and microstructure governs both mechanical
performance and carbon sequestration efficiency. This integrated understanding provides a
clear basis for selecting suitable slag types and tailoring carbonation protocols to maximize
both structural and environmental benefits.

4. General Discussion and Implications
The findings of this study indicate that aggregate pre-carbonation offers a practical

route to combine material performance enhancement with permanent carbon storage. By
localizing carbonation within slag aggregates before mixing, the process improves pore
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structure and interfacial bonding without interfering with cement hydration or conven-
tional curing practices. This distinguishes aggregate pre-carbonation from carbonation
curing of finished elements, where strength development and durability can be sensitive to
curing conditions.

Beyond laboratory performance, the approach is well suited for scale-up because it can
be implemented at the aggregate processing stage using short treatment times, moderate
pressures, and ambient temperatures. Slag aggregates are already handled in bulk form,
making carbonation compatible with existing material logistics and quality control practices.
These features aggregate pre-carbonation as a realistic upstream strategy for carbon capture
and utilization within the construction materials supply chain.

On a larger scale of implementation, the potential benefits are significant. The global
steel industry produces about 500 million tons of slag each year. Based on our experimental
findings, carbonated slag aggregates can sequester approximately 14–19% CO2 of their
weight, as determined by TGA analysis. If 25% of slag produced annually is used in concrete
and subjected to the proposed carbonation treatment, an estimated 17.5–23.75 million tons
of CO2 could be stored each year. This amount is equivalent to removing over 5 million cars
from the road or planting more than one billion trees annually, highlighting the significant
carbon mitigation potential of this approach in the construction sector.

This method is also environmentally friendly. The carbonation process doesn’t need
extra heat or energy, and it avoids the environmental and financial burden of disposing of
slag in landfills. The amount of CO2 captured is much more than what’s emitted during
processing, making it a highly efficient solution.

From a policy and business angle, this technology fits well with green building pro-
grams, carbon credit systems, and sustainability standards. Carbonated slag can be tested
for compliance with industry norms like ASTM and CEN, making it ready for use in real
construction projects. With proper verification, it may even qualify for carbon credits.

It is noted that the success of carbonation depends on the type of slag. Three of the four
slags studied in this program showed improved engineering performance with carbonation.
Skim Slag, however, showed less improvement. While the high content of sulfate in Skim
Slag might cause the observed behaviors, detailed mechanisms require further investigation.
Also, it is desirable to assess the long-term performance of carbonated slag in real-world
conditions, such as freeze-thaw resistance or environmental durability. Future research on
full life cycle assessment and larger-scale testing will also be helpful for carbonated slag to
realize the dual benefits of carbon sequestration and durable construction materials.

From a practical perspective, the translation of aggregate pre-carbonation to industrial
scale presents several challenges. These include achieving uniform moisture distribution
in large aggregate volumes, ensuring consistent CO2 exposure and reaction uniformity,
managing pressure and residence time in continuous or semi-continuous reactors, and inte-
grating carbonation steps into existing aggregate processing workflows. Energy demand
associated with gas handling and material drying also requires careful optimization to
ensure net environmental benefit. Addressing these challenges will be critical for scaling
aggregate carbonation beyond laboratory conditions.

In terms of carbon utilization efficiency, aggregate pre-carbonation should be viewed
as a complementary strategy within the broader portfolio of CO2 management approaches.
While the absolute CO2 uptake per unit mass may be lower than that of some chemi-
cal conversion or geological storage pathways, mineral carbonation offers a permanent,
leakage-resistant sink embedded directly within construction materials. Compared with
utilization routes that rely on long-term product stability or downstream processing, aggre-
gate carbonation provides durable sequestration coupled with tangible improvements in
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material performance, highlighting its value as a dual-function decarbonization strategy
rather than a stand-alone CO2 mitigation solution.

5. Conclusions
This study demonstrates that pre-carbonation of steel slag aggregates can enable simul-

taneous CO2 sequestration and performance enhancement in mortar under the laboratory-
scale conditions investigated; however, the effectiveness of this synergy is strongly gov-
erned by slag chemical composition. Slags rich in reactive calcium-bearing phases, such
as BOF and blast furnace slag, exhibit higher carbonation uptake and corresponding im-
provements in strength, durability indicators, and microstructural densification, whereas
slags with lower reactivity, such as skim slag, show limited or adverse responses. These
findings highlight that aggregate pre-carbonation is not a universally applicable treatment
but a composition-dependent material engineering strategy. Understanding slag chemistry
is therefore critical for designing carbonation protocols that maximize both carbon storage
potential and engineering performance in sustainable cementitious systems.

While the present findings establish the feasibility of aggregate pre-carbonation under
controlled laboratory conditions, several aspects require further investigation before large-
scale implementation. In particular, the mechanistic response of skim slag warrants deeper
phase-level characterization to clarify the role of sulfate-bearing or low-basicity phases
in governing its limited carbonation benefit. In addition, long-term durability under
coupled environmental exposures and sustained service conditions should be evaluated
to confirm structural reliability beyond laboratory testing. Future research should also
focus on optimizing carbonation parameters, such as moisture content, pressure, and
exposure time, tailored to specific slag chemistries to maximize both CO2 uptake and
engineering performance.
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