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Abstract: The large-scale generation of
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gates the preparation and performance ‘
optimization of a limestone-calcined
coal gangue cement (LCC) system under
CO, mineralization curing. Experimental
methods—including X-ray diffraction
(XRD) and mercury intrusion porosime- -
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dynamics (MD) simulations  were
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ment. Results showed that moderate incorporation of Ca(OH), (10-20 wt% relative to gangue) under CO, curing enhanced 28-
day compressive strength by up to 14.9%, owing to the formation of CaCO; which densifies the matrix and reduces porosity.
However, excessive Ca(OH), caused micropores and strength loss. MIP revealed that refined pore structure, particularly
increased gel pores (< 10 nm), was correlated with strength gains. MD simulations further demonstrated that larger pore sizes
(e.g., 24 A) promoted CO, diffusion and adsorption, while nanoscale confinement hindered transport due to structured water lay-
ers. Overall, the LCC system with optimized Ca(OH), content and pore architecture not only matches the strength of ordinary
Portland cement but also enables CO, sequestration. This research offers a low-carbon strategy for coal gangue valorization

and provides multiscale insights for designing sustainable cementitious materials.
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1. Introduction

Coal has long been a pivotal energy source in China, occupy-
ing a central position in the national energy structure for
decades. By 2020, China produced an estimated 3.8 billion
tons of coal, accounting for nearly 47% of the world’s total out-
putl'l, However, the mining, washing, and processing of coal
generate substantial amounts of solid waste, among which
coal gangue is the primary by-product. According to statis-
tics, the production of one ton of coal generates 100-150 kg
of coal gangue?3l, Typically, these coal gangue wastes are
stored directly without effective treatment, leading to severe
environmental pollution. Therefore, recycling and utilization
of coal gangue have become prominent research topics
across various fields. Despite significant advancements in the
comprehensive utilization of coal gangue in recent years,
between 200 million and 400 million tons of coal gangue
remain untreated annually, continually exacerbating environ-
mental stress. Hence, there is an urgent need for efficient and
feasible utilization technologies to mitigate ecological pres-
suret4l,

In recent years, significant advances have been made in
the valorization of coal gangue. For instance, Zhang et al.l%!
found that coal gangue contains substantial amounts of clay
minerals, specifically kaolinite, which, after high-temperature
thermal activation, transforms into metakaolin exhibiting poz-
zolanic activity. This transformation allows its use as a supple-
mentary cementitious material in cement production. Wu et
al.lé! further noted that such conversion not only aids in con-
suming large quantities of discharged coal gangue but also
effectively reduces carbon emissions and environmental pollu-
tion associated with cement production. With ongoing
research, studies on the incorporation of calcined and acti-
vated coal gangue powder into cement have increased.
Cheng et al.”l demonstrated that the auxiliary cementitious
material prepared from coal gangue activated at 700 °C by
microwave for 50 min showed the highest compressive
strength at 7 d, representing a 23.63% increase compared to
that prepared from unactivated coal gangue. Additionally,
Sui et al.l® found that the reactivity of coal gangue increased
initially and then decreased with rising calcination tempera-
ture, with an optimal range between 700 °C and 800 °C.
Within this temperature range, kaolinite transforms into
metakaolin, providing abundant reactive SiO,, significantly pro-
moting cement hydration reactions and strength enhance-
ment. This implies that carefully controlling calcination temper-
ature and duration can induce beneficial phase transforma-
tions in coal gangue minerals, thereby improving their reacti-
vity and enhancing cement performance. Moreover, stud-
ies®13lindicated that incorporating calcined coal gangue pow-
der into cement in appropriate proportions can enhance
both early strength and long-term durability of the cement.

Currently, research into the CO, mineralization of coal
gangue-based cement remains in preliminary stages, lacking
systematic outcomes. Nevertheless, CO, mineralization cur-
ing technology has gained considerable attention as a sustain-
able and environmentally friendly curing method in recent
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yearsl'4-16], For example, Zuo et al.'”l argued that CO, minera-
lization curing of cement-based materials not only perma-
nently stores CO, but also enhances mechanical strength and
durability due to the filler and nucleation effects of mineraliza-
tion products. Lin et al.l'8! proposed an evaluation method
for carbon fixation rates applicable to CO, mineralization-
cured concrete, emphasizing the technology’s capability to
enhance mechanical properties and durability through minera-
lization reactions. Gu et al."¥ also found that CO, mineraliza-
tion significantly improves the compressive strength and car-
bon fixation rates of aerated concrete while enhancing its dura-
bility. In summary, calcium hydroxide (Ca(OH),) within
cement-based materials reacts with CO, to form calcium car-
bonate (CaCOs), which improves density and strength. This cur-
ing method not only facilitates CO, sequestration but also sig-
nificantly enhances the mechanical properties and durability
of cement-based materials, providing a novel approach for
their sustainable development.

Previous studies have demonstrated that CO, curing can
enhance the compressive strength and durability of concrete
to some extent. However, the effect of CO, curing on the prop-
erties of a novel ternary material—limestone-calcined coal
gangue cement (LCC)—has not been specifically investi-
gated. Therefore, a key challenge to address is how to inte-
grate early-age CO, curing technology with the LCC to pro-
mote the application of coal gangue as a substitute for Port-
land cement, while simultaneously reducing fossil fuel con-
sumption and the carbon footprint of cement production.

The calcined coal gangue-limestone composite cement,
as a ternary cementitious system, achieves comparable
mechanical strength to ordinary Portland cement while signifi-
cantly enhancing concrete durability through the synergistic
utilization of limestone and calcined clay in replacing conven-
tional clinker. This study aims to investigate the mechanical
properties and microstructure of cement-based materials pre-
pared with calcined coal gangue and limestone as partial
replacements for cement clinker, exploring the effects of CO,
mineralization curing on cement-based materials. Addition-
ally, Ca(OH), is incorporated to enhance the performance of
cementitious materials. Specifically, calcined coal gangue and
limestone powder mixed at a ratio of 2:1 were used to par-
tially replace cement. The study investigated the enhance-
ment effect of Ca(OH), on the mechanical properties of cal-
cined coal gangue and identified optimal mixing ratios. X-ray
diffraction (XRD) was used to characterize the hydration prod-
ucts of different admixtures, while mercury intrusion porosime-
try (MIP) was employed to analyze the internal pore struc-
ture evolution under varying material compositions. More-
over, this study integrated experimental research with molecu-
lar dynamics simulations to thoroughly explore the prepara-
tion processes, performance optimization, and impacts of
CO, mineralization curing on coal gangue-limestone cement.
Through systematic experimental analyses and theoretical
discussions, the study aims to provide scientific evidence
and technical support for efficient coal gangue utilization
and sustainable, low-carbon development of cement-based
materials.
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2. Materials and methods

2.1. Experimental materials

The coal gangue powder used in this study was sourced from
the Huafeng Coal Mine located in Shandong Province, China.
The cement utilized was P-1 52.5 cement due to its enhanced
corrosion resistance and optimized particle size distribution.
The limestone powder, produced by manufacturers in
Beichen District, Tianjin, China, consisted of ultra-white heavy
calcium carbonate. Their chemical compositions are detailed
in Table 1.

2.2, Activation treatment of coal gangue

Thermogravimetric analysis was performed on the coal
gangue powder. Fig. 1 shows the derivative thermogravimet-
ric (DTG) curve, indicating a significant mass loss within the
temperature range of 400-750 °C. This weight reduction is pri-
marily attributed to the dehydroxylation of kaolinite (400-
700 °C) and illite (700-800 °C). Thus, activation involved heat-
ing coal gangue powder (with particle sizes less than 45 um)
in a furnace at 700 °C for 1 h. From the XRD patterns of coal
gangue powder in Fig. 2, the primary mineral phases identi-
fied are quartz, kaolinite, and illite. Post-calcination, the XRD
peaks of kaolinite disappeared, and the crystallinity signifi-
cantly decreased.

Based on the mass loss in the temperature range of
400-700 °C, the content of kaolinite in the coal gangue was
quantitatively determined to be 10.31% using the tangent
method2%, This method can be briefly summarized as fol-
lows: coal gangue samples of known mass were heated in
the TGA instrument from ambient temperature to 700 °C,
with continuous recording of mass loss. A tangent baseline
was drawn on the TGA curve (Fig. 1) to analyze the signifi-
cant mass loss between 400 °C and 700 °C, primarily due to
the dehydroxylation of kaolinite, which corresponds to the the-
oretical mass change of undecomposed kaolinite. The actual
mass loss attributed to kaolinite was determined by subtract-
ing the baseline thermal mass loss from the total observed
loss within the relevant temperature range. Based on the stoi-
chiometry of kaolinite dehydroxylation, the corrected mass
loss was subsequently converted to the corresponding kaolin-
ite content.

2.3. Preparation and curing of specimens

Based on existing research on limestone-calcined coal
gangue cement", a calcined coal gangue to limestone pow-
der ratio of 2:1 was adopted for this study. The limestone-
calcined coal gangue cement is denoted as LCC-X, where X rep-
resents the cement clinker content in the cementitious mate-
rial; the specific proportions are listed in Table 2.

To prepare the specimens, the raw materials were mixed
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thoroughly in a mixer, followed by the gradual addition of
water and continued mixing for an additional 3 min. The result-
ing mixture was then cast into molds measuring 40 mm X
40mm x 40 mm and cured in a standard curing chamber
(20 £ 2 °C, relative humidity > 95%) for 24 h prior to demold-
ing. After demolding, the specimens were cured in a carbona-
tion chamber for 3, 7, and 28 d (temperature of 23 °C, rela-
tive humidity of 60%, and CO, concentration of 10%) for subse-
quent compressive strength and microstructural testing. The
preparation process is illustrated in Fig. 3. In the experimen-
tal design, the thermal treatment of coal gangue was con-
ducted at nearly 700 °C using an SX2 intelligent muffle fur-
nace, with a heating rate of 11.25 °C min~, followed by a
one-hourisothermal hold. Subsequently, the ambient tempera-
ture cooling method was employed to achieve temperature
reduction. Throughout the process, strict adherence to prede-
fined mixing ratios was maintained to ensure consistency
and accuracy. Initially, all powder materials were thoroughly
dry-mixed to achieve homogeneity, followed by the controlled
addition of water in accordance with standardized protocols.

3. Molecular dynamics simulation study

3.1. Simulation methods

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) was used to investigate CO, diffusion in three differ-
ent calcium hydroxide (Ca(OH),) structures. The crystal struc-
tures were obtained from the Inorganic Crystal Structure
Database. Based on this structure, the unit cell was expanded
into a supercell measuring 65 A x 35 A x 15 A, as illustrated
in Fig. 4. The pore sizes were set at 8 A, 16 A, and 24 A, with a
water density at 0.60 g cm~3, resembling humid conditions
with intermediate characteristics between liquid and gas. Addi-
tionally, two CO, reservoirs, each measuring 35 A x 35 A x 40 A,
were used. CO, molecule density was set at 567 kg cm~3, corre-
sponding to the conditions of 25 °C (298.15 K) and 1 MPa (10
bar). Fig. 5 shows the simulation model.

Given the broad applicability of Ca(OH), in clay and
cement-based materials, an interface force field (IFF) was
employed to simulate Ca(OH), surface behavior and surface
charges?2l, The SMART (Simultaneous Minimization and Reac-
tion Tuning) method, combining steepest descent, conju-
gate gradient, and Newton-Raphson methods, was used for
system optimization. Dynamic simulations were conducted in
the NVT ensemble (constant number of particles, volume,
and temperature) at 298 K for 1 ns. The system stabilized
after 300 ps, and the reported results were based on data
after this period. A time step of 0.1 fs and periodic boundary
conditions were employed to minimize boundary effects. CO,
adsorption and diffusion behavior were evaluated based on
pore sizes and the presence of internal water.

Table 1. Chemical composition of cement, coal gangue powder, and limestone (%).

Material Ca0 SiO, Al,O5 Fe,03 MgO Na,O K,O SO; TiO, CaCOs3
Cement 69.58 16.42 4.77 3.10 1.72 0.20 0.60 2.64 0.47 -
Coal gangue powder 3.9 50.5 29.1 6.6 13 13 0.8 - - -
Limestone - 0.3 0.012 0.02 1.6 - - - - 95.3
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Fig. 2. XRD spectra of raw coal gangue and calcined ones at 700 °C.

2. Interface force field

In molecular dynamics, the interface force field (IFF) describes
interactions at various material interfaces (such as liquid-
solid, liquid-gas, or solid-gas). IFF specifies potential energy

Preparation process of calcined coal gangue

Grlnder

L PN

at 700 °C Calcin for 1 hour
Coal gangue powder

Coal gangue
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Table 2. Proportion of mixed cementitious materials (%).

Number Cement Calcined coal  Limestone Water
gangue powder
LCC-30 30 47 23 45
LCC-35 35 43 22 45
LCC-40 40 40 20 45
LCC-45 45 37 18 45
LCC-50 50 33 17 45
LCC-55 55 30 15 45
LCC-60 60 27 13 45
LCC-70 70 20 10 45
LCC-75 75 17 8 45
LCC-80 80 13 7 45
LCC-85 85 10 5 45
PC 100 0 0 45

Box furnace

Carbonization box

for atom or molecule interactions, specifically addressing inter-
facial heterogeneities. The interface region typically involves
interactions between multiple materials or phases, requiring
IFF to account for van der Waals forces, electrostatic interac-
tions, hydrogen bonds, and other interactions. IFF must con-
sider atomic force field parameters of each phase and inter-
phase effects, including molecular adsorption, interfacial ten-
sion, and dissolution phenomenal23!,

3.3. Adsorption-induced polymerization degree

Statistics on under- and over-coordination of atoms are foun-
dational for polymerization reaction studies. The coordina-
tion number refers to the relative position relationships
between atoms and neighboring atoms, typically describing
atomic coordination environments. Specifically, it represents
the number of bonds formed by an atom within a given
radius.

Radial distribution function (RDF) was employed to deter-
mine the cutoff radius for statistical under- and over-coordina-

Casting process for test
sample molds

7 Temperature of 20 °C \
\ _relative humidity>95%>/

e ——
o

v Curing box
IE ‘ g
-. “

Curing for a day

66 5 Temperature of23 = \ e grocnner sty
\ relatlve humidity of 60%, : 1. o

i (I - I mip XRD

Compressive
strength test

Various performance tests

Fig. 3. Experimental procedure for preparing limestone-calcined coal gangue cement.
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Fig. 4. Cellular structure of portlandite.

tion of atom pairs. RDF is critical in molecular dynamics stud-
ies, reflecting the probability of finding other atoms around a
target atom within a specific region as a function of radial dis-
tance, g(r). The RDF is related to functions obtained from X-
ray small-angle diffraction experiments via Fourier trans-
forms, as shown in Equation (1)(24:

n(r) — n(rp

9l =5y = aPs(p (1)
where r is the radial distance, n(r) is the number of atoms
within the spherical shell, p is the crystal density, and &(r) is
the shell thickness. RDF curve analysis identified the first local
minimum after the initial peak as the cutoff radius for atom
pair bonding distances, with detailed RDF results provided in
Section 4.4.

4, Results and discussion

4.1. Effect of calcined coal gangue content on the
compressive strength of coal gangue-based
cement

Fig. 6 illustrates the compressive strength of the limestone-cal-
cined coal gangue cement cured under CO, mineralization
and ordinary Portland cement (PC) at different curing ages (3,
7, and 28 d). As the cement content decreases from LCC-85
to LCC-30, the compressive strength progressively declines.
This decline is primarily attributed to the increased relative pro-
portions of calcined coal gangue and limestone powder,
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which possess lower reactivity and thus negatively impact
strength development at all ages.

Studies indicate that incorporating 30% calcined coal
gangue as a supplementary cementitious material results in
an approximately 16% reduction in the 28-day compressive
strength of concrete under identical mix proportions[2'l, Never-
theless, at 28 days, both LCC-85 and LCC-70 in this trial exhi-
bited excellent compressive strengths of 50.3 MPa and 47.6
MPa, respectively, which were close to the 28-day strength of
PC (51.9 MPa). This outcome can be explained by the reac-
tion between Ca(OH), and CO,. During cement hydration,
approximately 0.25 kg of Ca(OH), is produced per kg of
cement?3, In the CO, mineralization curing process, Ca(OH),
reacts with CO, to form CaCO; and H,0, as described by the
following chemical equation:

Ca(OH), + CO, - CaCO; | +H,0 )

The formation of CaCO; enhances material densification
by filling internal pores, significantly increasing compressive
strength. Therefore, the carbonation of Ca(OH), plays a cru-
cial role in improving the strength of limestone-calcined coal
gangue cement composites. This finding suggests that optimiz-
ing the Ca(OH), content may further enhance the mechani-
cal performance. The subsequent section explores the influ-
ence of Ca(OH), admixture on the microstructure and mechani-
cal properties of these composites to provide theoretical and
technical support for practical optimization.

4.2. Influence of calcium hydroxide admixture on
mechanical properties of coal gangue-based
cement

Based on the aforementioned research, among all LCC mix pro-
portions, when the cement clinker content decreased from
100% to 70%, the 28-day compressive strength decreased
from 51.9 MPa to 47.6 MPa—a reduction of 8.3%, which is
below the 10% threshold. This meets the requirement speci-
fied in GB/T 12957-2005, Test method for activity of indus-

Fig. 5. Three-dimensional view of the three models: (a—c) Portlandite with varied pore sizes, (d) Molecular and ionic building blocks of porous port-

landite, (e) Crystal structure of portlandite.
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Fig. 6. Compressive strength of limestone-calcined coal gangue
cementat 3,7,and 28 d.

trial waste slag used as addition to cement, that the activity
index should be = 90%. Therefore, LCC-70 is confirmed as
the critical mix proportion that maintains the strength grade
even under high substitution rates.

To investigate the impact of additional Ca(OH), on com-
pressive strength, various amounts of Ca(OH), were intro-
duced into the LCC system (denoted as LCC-PX, where X is
the percentage of Ca(OH), relative to calcined coal gangue).
Table 3 details the mix design. It should be noted that the pro-
portion of Ca(OH), content was determined based on the mix
design reported by Kong et al.28, with the aim of using the
28-day uncarbonated curing strength data from their study
as a blank control.

Fig. 7 presents the effect of different Ca(OH), additions
on the compressive strength of LCC-70 mixtures at curing
ages of 3, 7, and 28 d. It can be observed that an appropriate
dosage of Ca(OH), (e.g., LCC-70-P10 and LCC-70-P20) signifi-
cantly enhances the compressive strength of the mixtures.

Table 3. Mixture proportion of limestone—calcined coal gangue
cement with Ca(OH), (%).
Calcined
Number  Cement coal Limestone Ca(OH), Water
gangue
LCC-70 70 20 10 0 45
LCC-70-P10 68.63 19.61 9.80 1.96 45
LCC-70-P20 67.30 19.23 9.62 3.85 45
LCC-70-P30 66.04 18.87 943 5.66 45
LCC-70-P40 64.81 18.52 9.26 741 45

LCC-70-P40

o
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Fig. 7. Compressive strength development of limestone-calcined
coal gangue cement mixtures with and without Ca(OH), at 3, 7, and
28 d.

Specifically, the 28-day compressive strength of LCC-70-P10
was 51.2 MPa, representing an increase of approximately
7.6% compared to LCC-70. Meanwhile, LCC-70-P20 achieved
a strength of 54.7 MPa, corresponding to an enhancement of
about 14.9% relative to LCC-70. This improvement can be
attributed to the reaction between Ca(OH), and CO, during
the carbonation process, which generates CaCOs. The formed
CaCo; fills the micropores within the concrete, reduces inter-
nal defects, and leads to a denser microstructure. This densi-
fied structure effectively contributes to the increased compres-
sive strength of the concrete.

However, when the dosage of Ca(OH), exceeds a certain
threshold (e.g., LCC-70-P30 and LCC-70-P40), the compres-
sive strength shows a decrease. For instance, the 28-day com-
pressive strength of LCC-70-P30 was 47.2 MPa, approxi-
mately 0.8% lower than that of LCC-70. In contrast, LCC-70-
P40 exhibited a strength of 43.8 MPa, representing a more sig-
nificant reduction of about 8.0% compared to LCC-70. This
decline is likely attributable to the excessive Ca(OH),, which
may promote an excessive formation of CaCO3 within the con-
crete. The generation of excessive CaCO; could induce local
expansion, leading to the formation of micropores. These
micropores compromise the compactness of the concrete,
thereby reducing its compressive strength. As observed in
the scanning electron microscopy (SEM) images in Fig. 8, the
LCC-70-P40 group displays a relatively cracked microstruc-

LCC-70-P20 =

Fig. 8. Scanning electron microscopy images of different mixtures.



Materials Reports: Solidwaste and Ecomaterials 2(2026) 9520024

ture with pore sizes around 3-4 pm. In contrast, the LCC-70-
P20 group shows substantial precipitation of CaCO; on the sur-
faces of C-S-H gels, with pores nearly completely filled, result-
ing in a significantly denser microstructure. This observation
aligns with the compressive strength analysis, indicating that
LCC-70-P20 facilitated the formation of well-crystallized and
appropriately distributed CaCO; during CO, curing. This
demonstrates that an appropriate additional amount of
Ca(OH), plays a crucial role in enhancing both early-age and
later-age strength. The presence of Ca(OH), not only pro-
motes the formation of more hydration products but also
reduces porosity through the mineralization reaction that gen-
erates CaCOs, thereby improving the mechanical properties
of the cementitious material, as evidenced by the XRD pat-
terns in Fig. 9.

XRD analysis confirmed the presence of Ca(OH), in all mix-
tures at both 3 and 7 d. At 3 d, distinct peaks corresponding
to monocarboaluminate (MC) and residual Ca(OH), were
observed. In these systems, tricalcium aluminate (C3A) reacts
with CaCO; derived from limestone to form monocarbonate
phases. Additionally, in the limestone-calcined coal gangue
cement system, reactive alumina released from calcined
gangue further participates in the reactions with limestone
and Ca(OH),, contributing to the formation of additional mono-
carbonatel?’l, Notably, the absence of significant ettringite
peaks in Fig. 9 can be attributed to the dissolution of cal-
cined coal gangue, which releases reactive ions such as
SiO,*~ and AlO, 128, These ions interact with Ca2+ and OH- in
the solution to form hydration products such as calcium sili-
cate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-
A-S-H). Consequently, the substantial consumption of CaZ*
and OH-~ in the pozzolanic reaction of calcined coal gangue
limits the availability of these ions for ettringite formation,
resulting in its diminished presencel29],

Based on the XRD analysis, the characteristic Ca(OH),
peaks in LCC-70 and LCC-70-P10 completely disappear after
28 d of coupled hydration and carbonation reactions, which
can be explained by two concurrent mechanisms: the com-

— 28d
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Fig. 9. XRD patterns of LCC-70 mixtures with different Ca(OH), con-
tents at 3, 7, and 28 d, showing the presence of major hydration prod-
ucts such as calcium hydroxide (CH), calcite (CA), calcite (E), quartz
(Q), and monocarboaluminate (MC).
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plete consumption of portlandite through pozzolanic reac-
tions involving calcined coal gangue, and its additional deple-
tion via carbonation processes. In contrast, the LCC-70-P30
and LCC-70-P40 systems retain detectable Ca(OH), residues
at 28 days due to their excessive initial addition, in which the
unreacted surplus not only fails to contribute to strength deve-
lopment but may also negatively impact the microstructure,
ultimately leading to the observed reduction in compressive
strength. This phenomenon further confirms that an optimal
Ca(OH), dosage is crucial for balancing reaction kinetics and
mechanical performance in this cementitious system.

4.3. Effect of calcium hydroxide on the pore structure
of coal gangue-based cement

The pore structures of LCC-70 and LCC-70-P20 samples after
28 d of hydration were characterized using MIP (Fig. 10). As
shown in Fig. 10a, the LCC-70 sample exhibits prominent
peaks around 20 nm and 50 nm, indicating a higher specific
volume of larger pores. In contrast, the LCC-70-P20 sample dis-
plays distinct peaks near 10 nm and 20 nm, suggesting an
increased specific volume within this size range compared to
LCC-70. The presence of smaller pores likely contributes to a
lower total porosity, which is further confirmed by the cumula-
tive porosity data in Fig. 10b. Quantitative analysis reveals
that LCC-70 has a total porosity of 24.8%, while LCC-70-P20
demonstrates a reduced porosity of 21.9%. This reduction sug-
gests that the addition of Ca(OH), enhances carbonation reac-
tions, leading to the formation of additional CaCO; and conse-
quent refinement of the pore structure. This interpretation is
further supported by Fig. 10c, which reveals that LCC-70-P20
contains a higher proportion of pores in the 0-10 nm range
compared to LCC-70.

Investigating the influence of different pore types on car-
bonation reactions is crucial for gaining fundamental insights
into the compressive strength and long-term performance of
cementitious materials. Distinct pore categories exhibit
markedly different effects on carbonation mechanisms. Specifi-
cally, gel pores (< 10 nm) significantly enhance the reaction
kinetics by providing increased specific surface area for CO,
adsorption and subsequent reaction interfaces, thereby acceler-
ating carbonation progressB9. Transition pores (10-50 nm),
located primarily in the interfacial transition zones, facilitate
CO, penetration through interconnected channels, enabling
progressive carbonation advancement despite their rela-
tively slower reaction rates!3'. Capillary pores (50-1000 nm)
serve as primary pathways for both moisture and CO, trans-
port, effectively promoting carbonation propagation through-
out the matrix32. While macropores (> 1000 nm) do not
directly participate in carbonation reactions, they critically influ-
ence the mechanical integrity and structural stability of the
cementitious system. Under environmental stressors such as
freeze-thaw cycles or wet-dry alternations, these larger voids
may exacerbate material degradation, indirectly facilitating car-
bonation penetration3l, This comprehensive pore structure
analysis provides a mechanistic explanation for the superior
compressive strength of LCC-70-P20 compared to LCC-70 at
3,7,and 28 d, as demonstrated in Fig. 7.

In mercury intrusion porosimetry (MIP), technological limi-
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Fig. 10. Pore structure analysis of limestone-calcined coal gangue cement mixtures with different Ca(OH), contents: (a) different pore size distri-
butions; (b) porosity distributions; and (c) pore size classification of LCC-70 and LCC-70-P20 at 28 d.

tations prevent accurate measurement of pore structures
below 5 nm in concrete, particularly when evaluating CO,
sequestration effects. To address this fundamental gap, molec-
ular dynamics (MD) simulations were employed in the follow-
ing section to complement experimental data. This computa-
tional approach provides atomic-scale resolution for investigat-
ing pore structure effects on carbonation processes, espe-
cially within the critical sub-nanometer range. Specifically,
the simulation examined pore diameters of 8 A, 16 A, and 24 A
(corresponding to 0.8 nm, 1.6 nm, and 2.4 nm, respectively)
to systematically evaluate their influence on the reaction
between Ca(OH), and CO,. These simulations establish a theo-
retical framework for understanding how concrete pore archi-
tecture governs carbonation efficiency. The subsequent discus-
sion will first address the experimental observations of the
impact of Ca(OH), on concrete pore structure, followed by
mechanistic interpretations from the MD simulations regard-
ing pore-size-dependent carbonation pathways.

4.4. Molecular dynamics insight into the effect of pore
size on carbonation curing

The evolution of computational algorithms and hardware capa-
bilities has positioned numerical simulation as a feasible
approach to complement or substitute experimental studies.
In this context, molecular dynamics simulation has garnered
considerable interest due to its ability to serve as a high-
fidelity computational tool for probing CO, carbonation mech-
anisms at the atomic level. For example, Qin et al.B4 utilized

molecular dynamics simulations to examine how the silicon-
to-aluminum ratio influences the carbonation kinetics in
cementitious systems. The work of Mutisya and Kalinichev(3%],
employing molecular dynamics simulations, indicated that
cement-water interactions facilitate the formation of an interfa-
cial water film on solid surfaces, which subsequently restricts
CO, diffusion. Similarly, through reactive and classical molecu-
lar dynamics simulations, Qin et al.B% investigated the nucle-
ation mechanism of CaCO; during the carbonation process.
While these simulation studies offer reliable insights for captur-
ing and reconstructing critical stages of CO, carbonation, a
comprehensive understanding of the atomic-scale mecha-
nisms governing CO, diffusion, adsorption, and reaction
within concrete pores remains a significant knowledge gap.
To address this gap, the present study was initiated with the
objective of elucidating the mechanisms of CO, diffusion
within nanoporous environments. It should be emphasized
that the 1 ns timeframe of the molecular dynamics simula-
tion cannot be directly correlated with the 28-day carbona-
tion process in the experiments; therefore, this simulation
serves solely for comparative trend analysis.

Molecular dynamics simulations revealed that the trans-
port of CO, molecules through the porous cementitious
matrix constitutes the fundamental process underlying carbon-
ation curingB’. For the carbonation reaction to initiate, the
migrating CO, must first establish contact with and adsorb
onto the silicate surfaces within the cement matrix pores. Fig.
11a presents a representative simulation model combining
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one reservoir with a portlandite (Ca(OH),) cavity, illustrating
this interfacial interaction.

During CO, injection, the concentration distribution of
CO, molecules within water-saturated pores is illustrated in
Fig. 11¢, e, and g. The simulations reveal distinct CO, reser-
voirs forming in the 0-35 A and 100-135 A regions, while the
intermediate pore zone (35-100 A) remains predominantly
occupied by the portlandite (Ca(OH),) model and water
molecules. Initial conditions show zero CO, concentration, con-
firming the absence of pre-existing carbon dioxide in the
pore system prior to injection. As the injection progresses, a
gradual increase in CO, concentration is observed through-
out the pore network.

The study reveals a pore-size-dependent evolution of
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CO, concentration distribution. In confined pores of 8 A and
16 A diameters, CO, exhibits relatively lower concentration
with characteristic high-low-high axial distribution profiles,
indicating significant molecular water blocking effects—a phe-
nomenon consistent with Wang et al.'s findings!38. Con-
versely, the 24 A cavity demonstrates substantially enhanced
CO, concentration. Particularly in narrower pores, structured
water layers markedly reduce CO, diffusion and exchange
efficiency through modification of interfacial hydration
structures.

The molecular dynamics simulations reveal distinct con-
finement effects on water structure and CO, diffusion behav-
jor in portlandite (Ca(OH),) cavities. In the 8 A and 16 A cavi-
ties, water molecules form a densely packed network that

(b) 20 10
+8
S 154 _
B &
<] < L 9
38 6 g%
%2 101 s
2 o
g*® 4 &2
v . g
& 5 :
,,..-/ §
0 : ‘ ‘ 0
8 16 24
Aperture (A)
(d) 5 o Before
S Aperture: 8A mltratio"
ONE 41 inﬁletrralion
T ]
28 3
=
2 27
g8 ]
(o]
)
0 r—opa it PP ap Ay,
0 10 20 30 40 50 60 70 80 90 100110120130
Distance (A)
(f) 5 o Before
s Aperture: 16A infiraton
ONE 41 inﬁietrration
T
v 2 ]
=20
B2 21
[
-
5]
v
0 B LB B e e S e e B
0 10 20 30 40 50 60 70 80 90 100110120130
Distance (A)
(h) 5
g Aperture: 24A infitraton
QE 4 ] ?nféletrraiion
T
9 2 1
=0
BE 21
28]
(o]
)
0 i o i S ae i ae e e e ma

0 10 20 30 40 50 60 70 80 90 100110120130
Distance (A)

Fig. 11. (a) CO, molecule and portlandite wet cavity models; (b) CO, adsorption and transfer rates between hydrotalcite layers; (c-h) relative CO,
and H,0 concentrations in three models with pore sizes of 8, 16, and 24 A, respectively.
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effectively occupies the available pore space. This ordered
structure, stabilized by extensive hydrogen bonding between
water molecules and surface hydroxyl groups of portlandite,
creates a significant diffusion barrier for CO, moleculesB9., As
illustrated in Fig. 11d, f, and h, the compact water arrange-
ment leaves minimal free volume for CO, migration, substan-
tially impairing its transport efficiency through the silicate
matrix. In contrast, while the 24 A cavity contains more water
molecules, the increased pore volume results in weaker inter-
molecular interactions that prevent the formation of a continu-
ous blocking network0l. Fig. 12 quantitatively demonstrates
how the larger pore diameter provides alternative diffusion
pathways, enabling CO, molecules to circumvent aqueous
obstacles and diffuse more efficiently through the port-
landite structure. This size-dependent behavior explains the
observed enhancement in carbonation efficiency with increas-
ing pore dimensions.

Fig. 11b demonstrates the pore-size-dependent CO,
adsorption and transport behavior. The CO, adsorption capa-
city shows a progressive enhancement as the cavity height
increases from 8 A to 24 A, indicating that larger cavities pro-
vide more available space and additional adsorption sites for
CO, molecules!#, Particularly in the 24 A cavity, the reduced
confinement effect significantly diminishes the obstructive
influence of water molecules on CO,, resulting in optimal
adsorption and transport efficiency. Complementing these find-
ings, Fig. 13 reveals a remarkable intensification of Ca?+-C inter-
action peaks at 2.7 A and 3.2 A with increasing pore size from
8 A to 24 A. The strongest peaks occur in the 24 A cavity,
demonstrating that expanded pore dimensions facilitate
more frequent and effective interactions between calcium
and carbon atoms. This atomic-scale evidence directly corre-
lates with the macroscopic observations of enhanced CO,
adsorption and transport efficiency in larger pores, providing
a coherent multiscale understanding of the pore-size-depen-
dent carbonation mechanism.

In summary, pore height emerges as a critical factor gov-
erning CO, adsorption and transport behavior in hydrated sili-
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cate cavities. Larger cavities not only enhance CO, adsorp-
tion capacity but also significantly improve its diffusion and
transport characteristics within the pore network. As the cav-
ity height increases, the obstructive effect of water molecules
progressively diminishes, thereby amplifying the carbona-
tion and solidification efficiency of CO, within the silicate
matrix. These fundamental insights suggest that strategic opti-
mization of pore architecture, particularly through controlled
pore height engineering, could substantially improve CO,
sequestration efficiency in practical applications.

The findings of this study suggest that CO, curing can be
an effective strategy to accelerate early-age densification and
strength development of limestone-calcined coal gangue-Port-
land cement binders when an appropriate Ca(OH), dosage is
provided, indicating potential applicability for precast ele-
ments where curing conditions can be tightly controlled. Nev-
ertheless, several limitations should be acknowledged. First,
the CO,-curing performance is sensitive to the boundary condi-
tions (CO, concentration/pressure, relative humidity, and cur-
ing duration), and scale-up may introduce non-uniform CO,
penetration and carbonation gradients in larger components.
Second, implementation requires sealed curing chambers
and operational safety measures, which may affect cost and
feasibility depending on the production line. Third, the net car-
bon benefit depends on the CO, source and the energy
demand of gas supply and chamber operation; a full life-
cycle assessment was beyond the scope of this work and will
be addressed in future studies. Finally, variability in calcined
coal gangue may influence hydration/carbonation kinetics,
and the long-term durability under service environments
needs further systematic evaluation.

5. Conclusions

This study highlights the essential role of CO, curing in acceler-
ating strength development and improving microstructural
refinement in coal gangue-based low-carbon cementitious
materials. Through a combined experimental and simulation
framework, the feasibility of utilizing calcined coal gangue as
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a sustainable clinker alternative is systematically verified. The
key findings and conclusions of this study can be summa-
rized as follows:

(1) Calcined coal gangue can be effectively incorporated
into cementitious systems as a sustainable partial replace-
ment for clinker, achieving improved mechanical perfor-
mance and refined microstructure when optimized with lime-
stone powder and mix design.

(2) CO, curing markedly enhances the early compressive
strength of limestone-calcined coal gangue cement, demon-
strating strong potential for low-carbon and performance-
enhanced cement manufacturing.

(3) The addition of Ca(OH), plays a crucial role in strength-
ening the composite system; an appropriate dosage pro-
motes CaCO; precipitation during carbonation, filling microp-
ores, reducing porosity, and increasing matrix compactness.
However, excessive Ca(OH), may trigger localized expansion
and the formation of micropores.

(4) MIP analyses and molecular dynamics simulations
reveal that pore size distribution strongly governs CO, trans-
port and mineralization efficiency. Ultra-fine pores (8-16 Iy
restrict CO, mobility due to confined water structure,
whereas larger pores (~24 A) facilitate gas diffusion and
adsorption, accelerating carbonation reactions.

(5) CO, curing provides dual environmental and mechani-
cal benefits by simultaneously improving material strength
and permanently storing CO, within reaction products, signifi-
cantly reducing the carbon footprint of the cement system.

Overall, integrating CO, curing into the limestone-cal-
cined coal gangue-Portland cement system offers a practi-
cally relevant pathway to simultaneously promote early-age
densification and carbonation-assisted hydration, thereby
enabling higher clinker substitution with an improved
strength-durability balance under controlled curing condi-
tions. The results indicate that a moderate Ca(OH), dosage win-
dow is preferable to maximize the benefit of CO, curing
while avoiding diminishing returns associated with excessive
portlandite and transport hindrance, and the observed
improvements can be rationalized by the coupled experimen-
tal evidence together with the pore-size-dependent CO, diffu-
sion trends revealed by molecular simulations. However, for
engineering deployment, potential scale-up constraints
should be recognized, including CO, penetration gradients

X. Zang et al.

and carbonation non-uniformity in larger components, the
requirement for sealed curing chambers and safety control,
and the dependence of net carbon benefit on CO, source
purity and the energy demand of the curing process. There-
fore, future work should focus on validating performance at
larger scales and under realistic curing atmospheres, establish-
ing robust process windows, and conducting systematic
long-term durability assessments together with comprehen-
sive life-cycle sustainability evaluation to confirm the field
applicability of this low-carbon binder technology.
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