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ARTICLE INFO ABSTRACT

Keywords: Low-kaolinite clays represent a globally abundant resource for reducing clinker content, yet their durability
Low-kaolinite remains poorly understood. This study examines the carbonation behavior of a clay blended binder incorporating
Carbonation

30 wt% of a thermally-mechanochemically activated 2:1 mixed-layer clay, with emphasis on hydrate assemblage
evolution, C-A-S-H chemistry, and pore structure. Drying was decoupled from CO: exposure to distinguish
physical conditioning from chemically driven carbonation damage, and curing duration was varied to access
different hydrate states in this slow-reacting system. Carbonation proceeds through CH depletion, AFm/AFt
destabilisation, and C-A-S-H decalcification; however, the extent of degradation depends strongly on the
chemical maturity of the gel at the time of exposure. Binders carbonated after extended curing show markedly
reduced decalcification (Ld ~ 34% versus 92% in short-cured samples) and limited pore coarsening. Drying
induces gel contraction and pore restructuring, but severe degradation occurs only when carbonation chemically
decalcifies the gel. These results demonstrate that carbonation resistance in low-kaolinite binders is governed by
hydrate assemblage evolution and chemical maturity of C-A-S-H, reflecting carbonation pathways distinct from
those assumed for OPC and LCS systems.

Hydrate phase assemblage
C-A-S-H decalcification
Pore structure evolution

1. Introduction

The growing focus on sustainable construction has driven increased
interest in the use of supplementary cementitious materials (SCMs) as
partial clinker replacements [1] offering a practical way to lower
emissions while maintaining comparable performance. As traditional
SCMs such as fly ash and slag become increasingly scarce, attention has
shifted toward more abundant resources, particularly clays and lime-
stone, which can be sourced worldwide and activated through calcina-
tion to provide significant pozzolanic reactivity. This shift has driven the
development of limestone-calcined clay systems (LC®), which combine
calcined clay and limestone to achieve high reactivity and reduce clinker

* Corresponding author.

content by up to 50% while maintaining mechanical and durability
performance [2]. Much of the early LC® research has centered on
calcined clays containing at least 40% kaolinite, as kaolinite readily
transforms into highly reactive metakaolin upon calcination and pro-
motes the formation of carboaluminate phases that enhance strength
and durability [3,4]. The hydration and durability of the traditional
SCMs as well as kaolinitic clays is well studied [3-6]. However, such
high-kaolinite clays are not representative of the majority of naturally
occurring clay deposits worldwide. Most global clay resources contain
less than 40% kaolinite and are instead dominated by a mix of less
reactive 2:1 clay minerals (e.g., illite and smectite) and other non-clay
minerals often considered impurities [7]. These types of clays are
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widely distributed across different geographical regions, including
Northern and Central Europe [8,9], the United Kingdom [10], as well as
in several regions of Southern Europe and parts of Africa [11,12], where
kaolinite contents are often significantly lower, typically below 25%.
The widespread occurrence of these clays makes them promising can-
didates for future SCMs, but their full potential pertaining to durability
is not yet explored. Several studies have investigated the activation and
hydration of 2:1 clays [13-15] while only a few have focused on their
durability aspects [10,12]. This gap between commonly studied clays
and those abundant worldwide highlights the need to broaden research
toward lower-kaolinite, less reactive clays, ensuring durability and
realistic global applicability in future standards and cement-
replacement strategies.

Importantly, low-kaolinite 2:1 activated clays are not expected to
simply reproduce the hydrate assemblages characteristic of kaolinite-
rich LG® systems. Owing to their limited kaolinite content, these
activated-clays supply substantially less reactive aluminum, which
constrains the formation of AFm phases and alters the distribution of
aluminum among hydration products. Previous work on the same binder
system investigated in this study has demonstrated that, rather than
forming discrete AFm phases, a large fraction of the available aluminum
is incorporated directly into the C-A-S-H gel [16]. Consequently, the
hydrate assemblage differs from both OPC and LC® systems, combining
lower portlandite availability than OPC with a substantially reduced
AFm buffering capacity relative to LC3. The resulting C-A-S-H is also
chemically distinct, with its structure and composition evolving gradu-
ally over extended curing periods. Such differences in hydrate chemistry
suggest that carbonation in low-kaolinite 2:1 activated-clay binders may
proceed through mechanisms that differ fundamentally from those
established for OPC and LC3 systems.

Carbonation is a degradation mechanism that occurs across all
exposure classes and often governs the long-term performance of
cementitious materials. While it has been extensively studied in the
context of reinforcement depassivation, its influence on the hydrated
cementitious matrix, particularly phase assemblage, C-A-S-H stability,
and pore structure, remains insufficiently explored in modern low-
clinker and activated-clay-based binders.

Carbonation in cementitious materials is one of the most influential
physicochemical processes affecting both the phase assemblage and
pore structure of hydrated binders. When atmospheric CO: diffuses
through the pore network, it reacts with calcium-bearing phases such as
portlandite (CH), calcium silicate hydrate (C-S-H), unhydrated clinker
(CsS and C2S), and hydrated aluminate phases including AFm and AFt
[17-19]. These reactions predominantly produce calcite [20,21], with
minor occurrences of other calcium carbonate polymorphs such as
aragonite and vaterite [22-26]. The mechanisms governing carbonation
are strongly influenced by binder chemistry. These mechanisms,
although reasonably well-understood for OPC, become even more
intricate in blended binders. In ordinary Portland cement (OPC),
carbonation is governed primarily by the reaction of CO: with por-
tlandite [18]. In kaolinite-rich LC> systems, the formation of AFm phases
provides an important intermediate CO2-buffering capacity once por-
tlandite is depleted. However, in low-kaolinite 2:1 activated-clay
binders, where AFm formation is limited, carbonation is expected to
progress more rapidly toward C-A-S-H decalcification, placing greater
importance on the chemical stability of the gel itself.

The carbonation of low-Ca/Si C-S-H leads to the formation of
amorphous silica gel, where the extent of shrinkage or densification
depends on the Ca/Si ratio and the amount of bound water within the gel
structure [17,27]. The loss of bound water during carbonation can
trigger local shrinkage, resulting in pore coarsening instead of refine-
ment [28]. In systems forming chemically distinct C-A-S-H with signif-
icant aluminum incorporation, such as those based on low-kaolinite 2:1
activated-clays, the resistance of the gel to decalcification and structural
collapse is therefore expected to play a decisive role in governing
carbonation damage.
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Beyond changes in hydrate phase assemblage, carbonation drives
dissolution-precipitation processes that modify microstructure and
transport properties. In OPC systems, carbonation of CH commonly
leads to pore refinement due to the larger molar volume of CaCOs
[17,19,20]. However, carbonation of C-S-H follows a more complex
decalcification-polymerization pathway that forms amorphous silica gel
[5,20,29] and the resulting molar volume change depends strongly on
the initial Ca/Si ratio, the water content of the silica gel, and the degree
of hydration [30,31]. Consequently, carbonation can both refine or
coarsen the microstructure depending on the initial Ca/Si ratio, water
content in the silica gel, and the degree of hydration [17].

In addition to binder composition, the moisture state of the material
is equally decisive in determining carbonation behavior, yet it is often
overlooked. Even in the absence of CO2, exposure to moderate relative
humidity can significantly alter cement paste microstructure. Studies
have shown that drying at 55-70% RH leads to gradual coarsening of the
pore network due to collapse of fine pores, while the overall porosity
remains relatively constant [32,33]. These microstructural changes in-
fluence transport properties [26,30,34,35] and therefore affect how
carbonation proceeds. In binders with limited chemical buffering ca-
pacity, such as low-kaolinite clay-based systems, distinguishing between
transport-driven pore structure changes induced by drying and chemical
degradation driven by carbonation becomes particularly important.

Considering the global abundance of low-kaolinite clays, the limited
durability data for these binders, and the critical role of carbonation in
governing long-term performance, this study investigates how acceler-
ated carbonation affects their fundamental properties. Specifically, we
examine (i) changes in hydrate phase assemblage, (ii) the structure and
chemistry of C-A-S-H, and (iii) the evolution of pore size distribution. To
isolate chemically driven carbonation effects, drying-induced micro-
structural changes are explicitly decoupled from CO: exposure, and the
influence of curing duration is assessed as a proxy for hydrate chemical
maturity.

Building on our earlier work on the activation and hydration
behavior of low-kaolinite 2:1 activated-clays [16,36], the present study
examines how these binders respond to carbonation. The binder system
used here was developed within our team, where Hazarika et al.
investigated the activation and reaction mechanisms of locally sourced
low-kaolinite clays subjected to a combined thermal-mechanochemical
activation route, followed by a detailed assessment of their hydration
behavior, strength development, and pore structure evolution. Together,
these studies demonstrated that such clays can be effectively activated
and used as SCMs despite their modest kaolinite content. Notably, the
most recent work [16] showed that even at substitution levels up to
40%, these binders can achieve strengths comparable to OPC while
forming pore structures broadly consistent with LC® systems. However,
despite these encouraging mechanical and microstructural outcomes,
the hydrate assemblage produced by low-kaolinite 2:1 activated-clays
differs fundamentally from that of LC3,

Carbonation in cementitious materials is commonly simulated under
controlled laboratory conditions to accelerate the reaction and evaluate
long-term behavior within a practical timeframe. The key parameters
influencing the rate and extent of carbonation are relative humidity
(RH), temperature, and CO: concentration, as these govern the rate of
CO: diffusion and its reaction with hydration products. In addition to
these exposure-related parameters, the chemical state of the hydrate
assemblage at the time of exposure plays a decisive role, particularly in
low-kaolinite activated-clay binders. An additional factor that plays a
decisive role in low-kaolinite activated-clay binders is the curing dura-
tion prior to exposure, not simply because it increases the degree of
hydration, but because it governs the chemical evolution of the hydrate
phases, including the structure and aluminum incorporation within C-A-
S-H. Although often overlooked, the time to exposure directly affects
CO: uptake and reaction pathways, particularly in systems containing
slow-reacting clays, where the composition and connectivity of C-A-S-H
continue to evolve well beyond early ages, rather than remaining
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chemically stable once formed. For consistency and simplicity, the
present study adopts EN 12390-12:2020 [51], which prescribes 28 days
of curing before carbonation exposure. However, in the case of low-
kaolinite 2:1 activated-clays, such a curing duration may correspond
to a chemically immature hydrate assemblage, in which aluminum
incorporation and silicate polymerization in C-A-S-H are still devel-
oping. Given the prolonged hydration characteristic of low-kaolinite 2:1
activated-clays, this study explicitly examines the influence of extended
curing on carbonation response, treating curing time as a parameter
controlling hydrate chemistry and gel stability, rather than solely pore
refinement or hydrate quantity.

To translate these research objectives into measurable outcomes, a
multi-technique approach was adopted to study both chemical and
microstructural changes during carbonation. X-ray diffraction (XRD)
was used to identify the evolution of the hydrate phase assemblage,
while thermo gravimetric analysis (TGA) provided quantitative insight
into carbonate formation and portlandite consumption. 2°Si and 27Al
solid-state nuclear magnetic resonance (NMR) analyses were employed
to examine changes in the C-A-S-H structure, including silicate poly-
merization and aluminum incorporation. Mercury intrusion porosimetry
(MIP) was performed to assess the pore structure and its refinement or
coarsening under both drying and carbonation conditions.

2. Materials and sample preparation methods
2.1. Materials

The materials used in this study are Ordinary Portland Cement
(OPC), CEM I (52.5 R) supplied by Heidelberg Materials, and a clay
sourced from Norrkoping, Sweden. The chemical composition obtained
from inductively coupled plasma atomic emission spectroscopy (ICP-
AES) of OPC and raw clay is given in Table 1. The clay is a heteroge-
neous low-kaolinite clay composed primarily of illite (33%), smectite
(28%), and kaolinite (21%), with mineralogical characterization addi-
tionally indicating the presence of interstratified illite-smectite mixed-
layer phases. The raw clay exhibited a median particle size (D50) of
approximately 50 pm. Following the combined thermal-
-mechanochemical activation route employed in this study, the
activated-clay achieved a cumulative Modified R® heat release of
approximately 350-355 J/g SCM, indicative of moderate pozzolanic
reactivity. Further details regarding the activation procedure and
physicochemical characterization are available in [36].

2.2. Activation of clay

In a previous study by our research group, various activation
methods were investigated for the clay used in this work, and its reac-
tivity was systematically evaluated [36]. Based on those findings, a
combined thermal and mechanochemical activation approach was
adopted in the present study. The clay was first thermally activated
using a Nabertherm laboratory furnace. Approximately 500 g of raw
clay was heated from ambient temperature to 800 °C and maintained at
this temperature for 60 min.
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2.3. Binder design

The primary blend investigated in this study incorporates 30%
activated-clay as a replacement for OPC. Although previous study
showed that replacement levels of up to 50% can achieve compressive
strengths comparable to OPC [16], while forming pore structures
broadly consistent with LC® systems. However, despite these encour-
aging mechanical and microstructural properties, the hydrate assem-
blage produced by low-kaolinite 2:1 activated-clay differs substantially
from that of LC3. Owing to their limited kaolinite content, these
activated-clays supply less reactive aluminum, resulting in lower AFm
formation. Instead, most of the aluminum becomes incorporated into the
C-A-S-H gel. Consequently, the hydrate assemblage is characterized by
reduced portlandite (CH), lower AFm CO, buffering capacity, and a
chemically distinct C-A-S-H structure. Since carbonation resistance in
blended systems is strongly influenced by the availability of calcium,
particularly in the form of portlandite which acts as a primary buffer
against CO: ingress, increasing levels of clinker substitution can signif-
icantly influence carbonation behavior. In activated-clay-blended
binders, higher replacement levels reduce the amount of CH formed
during hydration, while the reactive aluminosilicate phases of the
activated-clay further consume CH through pozzolanic reactions. As a
result, the overall calcium availability in the system progressively de-
creases with increasing activated-clay replacement. Therefore, to bal-
ance clinker substitution with sufficient calcium availability while
capturing the distinctive hydrate chemistry of these binders, a binder
containing 30% clay replacement (30C) was selected in the present
study for carbonation investigation.

2.4. Casting of specimens and sample preparation for characterization

Mortars were cast in 50 mL tubes to study pore structure evolution
and pastes were cast in 25 mL tubes for phase assemblage and C-S-H
modifications. The binder-to-aggregate ratio was kept at 1:3, and the
water-to-cement ratio was 0.50. The paste samples were rotated for 24 h
after casting to minimize the risk of segregation between the binders and
water. OPC samples were cured for 28 days, whereas activated-clay-
blended binder was subjected to two curing regimes of 28 days (30C)
and 100 days (30CLC) in order to investigate the effect of curing time on
evolution of carbonation. The binder compositions and curing durations
are summarized in Table 2. The schematic illustration for better un-
derstanding of sample preparation and conditioning is given in Fig. 1 for
mortars and Fig. 2 for pastes. After curing the samples were cut into 4
equal sections (height 2 cm). The samples were coated with epoxy on all
sides, except top to ensure unidirectional carbonation and drying. The
samples were then subjected to pre-treatment conditioning at a tem-
perature of (20 &+ 2)°C and a relative humidity of (57 + 3)% for 14 days.
Following this, the samples were exposed to carbon dioxide in a
carbonation chamber with a carbon dioxide concentration of (3.0 +
0.5)%, also maintained at (20 + 2)°C temperature and (57 + 3)%

Table 2
Binder composition and curing durations.

Following thermal treatment, mechanochemical activation (MCA) Sample Designation SCM Curing
was performed using a planetary ball mill (Retsch PM 100). Milling was oPC ~ 28 days
carried out in a 500 mL grinding jar using 12 mm steel balls, with a ball- 30C 30% Activated-clay 28 days
to-powder (B/P) mass ratio of 25. The milling process was conducted at 30CLC 30% Activated-clay 100 days
a rotational speed of 500 rpm for 20 min.

Table 1

Chemical composition of ordinary Portland cement and raw clay.
wt% Si0, Al,O3 Fe,03 CaO MgO Na,O K20 TiOy SO3 MnO P,0s5 SrO BaO LOI Total
OPC 19.60 4.50 3.00 62.20 3.50 0.27 1.01 - 3.50 - - - - 2.50 100.08
C 51.80 18.35 9.55 1.32 3.34 1.70 4.42 0.87 - 0.11 0.15 0.01 0.08 8.15 99.86
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Fig. 1. Schematic illustration of the mortar sample preparation, and conditioning.
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Fig. 2. Schematic illustration of the paste sample preparation, and conditioning.

relative humidity, in accordance with EN 12390-12:2020 [37]. To
decouple drying effects from carbonation, companion samples of each
mix were kept under identical temperature and relative humidity con-
ditions i.e. (20 + 2) °C and (57 + 3) % RH without CO: exposure.
Sample designations are defined as follows: MR refers to month-dried
reference samples, MC refers to month-carbonated samples.

Table 3 gives conditioning details of samples under pre-treatment,
drying and carbonation.

The planned carbonation durations were 1, 2, 4, and 6 months. At
each interval, samples were removed from the carbonation chamber.
Mortar specimens were then saw-cut into pieces of approximately 1 x 2
cm (for OPC and 30C), 1 x 3 cm (for 30CLC) and phenolphthalein pH
indicator were sprayed onto the freshly cut surfaces to distinguish be-
tween carbonated and uncarbonated regions. The carbonated portions
were subsequently separated and used for further analysis. Details of the

Table 3
Conditioning of samples.

Condition Pre-treatment (for Drying (MR Carbonation (MC
MR & MC) samples) samples)
All samples (OPC, 20 £2)°C& (20 £ 2)°C& (20 + 2)°C,

30G, 30CLC) (57 &+ 3)% RH (57 £3)% RH (57 £3)% RH &

3% CO,

carbonation depth measurements are provided in supplementary ma-
terial S1. Companion samples subjected only to drying were taken at the
same durations. Following this, the samples underwent a combined
solvent exchange and vacuum oven drying procedure. The samples were
immersed in isopropanol for 5 days, with the solvent replaced daily to
ensure complete water removal. Subsequently, the samples were dried
in vacuum oven at 30 °C for 2 days. Once these steps were completed,
the samples were prepared for specific pore structure analysis, C-S-H
structure evolution and hydrate phase assemblage experiments. For
Nuclear Magnetic Resonance (NMR), Thermogravimetric Analysis
(TGA) and X-ray Diffraction (XRD), the paste samples (whole 2 cm piece
as shown in Fig. 2) are manually ground in a mortal and then sieved to
achieve a particle size of less than 75 pm. For Mercury Intrusion
Porosimetry (MIP), specimens were extracted from the top (carbonated)
region, as shown in Fig. 1. For drying-only samples, material was taken
from the same depth to ensure comparability and isolate the effect of
carbonation. The samples were then crushed into fragments of 2-8 mm
for MIP testing. MIP measurements were performed on duplicate spec-
imens, and the reported values represent the average of two
measurements.

Exposure to atmospheric COz during sample preparation cannot be
completely avoided; however, all samples were handled under identical
conditions and stored in a vacuum desiccator containing silica gel to
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minimize moisture ingress and ensure consistency in the comparative
analysis.

The raw data for undried, uncarbonated samples were taken from
[16], and are used here solely as a reference for hydrate phase assem-
blage and C-A-S-H evolution under hydration conditions. That study
focused exclusively on hydration behavior and did not include drying or
carbonation. In [16], OPC and 30C samples were cured for 28 days,
while 30CLC samples were monitored up to 56 days, which represents
the latest reported hydration state for this system prior to any subse-
quent conditioning.

In the present study, 30CLC specimens used for carbonation experi-
ments were cured for 100 days to account for the slower pozzolanic
reactivity of low-kaolinite 2:1 activated-clay. While hydration data
beyond 56 days are not available from [16], the 56-day state is
considered representative of a late-age hydrate assemblage, as that study
showed continued but gradual hydrate evolution beyond early ages,
without abrupt changes in phase identity. Accordingly, the 56-day data
are used here as a baseline reference for the chemically matured,
uncarbonated system, against which carbonation-induced changes are
assessed.

3. Characterization methods
3.1. X-ray diffraction

XRD was conducted on carbonated as well as uncarbonated pastes, to
study the effect of carbonation on hydrate phase assemblage of OPC and
30C blends. Bruker D8 Discover was used with 2 theta ranges 5° - 60°
with step size 0.02°, time per step 0.8 s. To identify the phases DIFFRAC.
EVA V5.2 software was used. XRD was employed for phase identification
and qualitative tracking of phase evolution. Quantitative phase analysis
(e.g., Rietveld refinement) was not performed, as quantitative assess-
ment was primarily obtained from thermogravimetric analysis (TGA).

3.2. Thermogravimetric analysis

Thermogravimetric analyses were performed on a Mettler Toledo
TGA/DSC 3+ under nitrogen purge (flow 50 mL min~1). Approximately
8-10 mg of powdered sample was loaded into alumina pans and heated
from 20 to 1000 °C at a constant heating rate of 10 K min~. Using
STARe v20 mass losses were evaluated over 40-520 °C (hydrate water),
400-500 °C (CH), and 520-820 °C (CaCOs). CH and CaCOs contents
were calculated from respective mass losses using stoichiometric factors
and expressed as % weight relative to the mass at 520 °C.

Thermogravimetric analysis (TGA) data of cementitious materials
often exhibit overlapping mass-loss events due to the simultaneous
decomposition of multiple hydrated phases within similar temperature
ranges. To resolve these contributions, a deconvolution of the derivative
thermogravimetric (DTG) curves was performed using the OriginPro®
2023 peak analyzer. The experimental DTG signal was fitted as a sum of
individual peaks, each corresponding to a distinct thermal event,
enabling separation and quantification of the contributions of especially
ettringite and AFm phases, which were otherwise difficult to distinguish
due to their overlapping decomposition behavior. For the deconvolu-
tion, Gaussian peak functions were employed to simplify the fitting
procedure and to ensure a consistent representation of the overlapping
processes. Prior to peak fitting, the derivative curve was corrected using
a straight-line reference over the selected temperature range. The
amounts of ettringite and AFm were quantified by integrating the area
under the corresponding mass-loss peaks; a representative example of
the deconvolution procedure is provided in the Supplementary material
S2. Ettringite was evaluated using the center-of-gravity region between
80 and 90 °C, while AFm was quantified from the 110-140 °C and
230-260 °C interval. In the clay-blended systems, monocarbonate is the
predominant AFm phase with a minor contribution from hemi-
carboaluminate, as indicated by XRD. Due to overlapping
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decomposition ranges, AFm phases cannot be distinguished by TGA and
are therefore reported collectively.

Unless stated otherwise, all characterization results reported in this
study correspond to single measurements. Repeat analyses were not
performed due to the comparative nature of the work and the large
experimental matrix investigated, with emphasis placed on relative
trends rather than absolute values. For reference, a previous study has
reported a standard deviation of approximately 0.2 wt% for CH deter-
mination based on thermogravimetric analysis on triplicate measure-
ments using a comparable methodology [38].

3.3. %°Si and %Al nuclear magnetic resonance (NMR)

The modifications in C-S-H structure due to carbonation were stud-
ied by magic angle spinning (MAS) Nuclear Magnetic Resonance (NMR).
All 2°Si and %Al MAS NMR experiments were conducted at 298 K using a
Bruker 4 mm MAS BB/1H probe. Powdered samples (~0.09-0.12 g)
were packed into 4 mm zirconia rotors for analysis. The 2°Si MAS NMR
spectra was acquired using high-powered proton decoupling (HPDEC)
with a spinning rate of 7.5 kHz. A total of 2500 scans were accumulated
using a 3 ps pulse (~45° flip angle) and a relaxation delay of 30 s. The
27A1 HPDEC MAS NMR spectra was obtained at a spinning rate of 11
kHz with 2048 scans, using a 4 ps pulse (~65° flip angle) and a relax-
ation delay of 0.8 s. For both nuclei SPINAL64 proton decoupling was
employed with a 1H-field strength of 50 kHz [39].

Peak deconvolution was performed using the Interactive Peak Fitting
(IPF) software, version 13.2.0.0 [40], which operates within the MAT-
LAB environment (version 2024b). A combination of Lorentzian and
Gaussian functions was used for curve fitting. The software automati-
cally determined the optimal mixing ratio between the two profiles
during the fitting process based on the number of peaks manually
selected by the user. The relative intensities of Q" species and structural
characteristics of C-S-H phase were evaluated from the deconvoluted
295i MAS NMR spectra. The structural parameters of C-S-H average
chain length (CL), silicate chain length (CL_Si) and Al/Si molar ratio for
Al are incorporated into silicate chains of the C-S-H structure using
following equations adapted from [41].

2|Q" + Q% +2Q%*(1A])

CL= o @
1 2 2

CL Si— 2[Q' + Q%+ Q*(1A1) ] @
Q' +Q*(1A])

Al Q?*(1Al) @

Si 2[Q' + QX(1Al) + Q7]
The level of decalcification (Ly) was evaluated by comparing the
relative intensities related to C-S-H (Q} and Q}) before and after

carbonation respectively using the following equation and is given in
Fig. 7(e) [42]:

[, QutQ:
Lq= <1 Q4 rQ x 100 4

Semi quantitative degree of silicate polymerization is simply calcu-
lated by using the following equation adopted from [42] and is given in
Fig. 7(f).

B (Q@+Q*
i (ore) ©

3.4. Mercury intrusion porosimetry

Mercury intrusion porosimetry was performed using a Micromeritics
AutoPore V 9620 instrument. The instrument is capable of applying
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pressures in the range of 0.001-414 MPa, corresponding to a calculated
pore diameter range of approximately 0.003-800 pm. The pore diameter
was calculated using the Washburn equation.
2ycosf

r=-——a— 6)
where r is the pore radius, y is the surface tension of mercury (0.485
N-m™1), 6 is the contact angle (130°), and P is the applied pressure. The
calculation assumes cylindrical pore geometry and non-wetting condi-
tions, meaning that smaller pores require higher intrusion pressures.
High-resolution data were collected with intrusion and extrusion vol-
ume precision better than 0.1 pL.

4. Results and discussion

The following sections present and discuss the results in relation to
the research objectives, aiming to provide a coherent and logically
structured interpretation of the findings.

4.1. Effect of carbonation on hydrate phase assemblage

The combined XRD-TGA analysis provides insight into how carbon-
ation alters the hydrate phase assemblage. XRD patterns of OPC, 30C,
and 30CLC pastes are shown in Fig. 3(a, b & ¢). For each system, samples
carbonated for 1, 2, 4, and 6 months are included alongside their
respective uncarbonated reference samples at equivalent ages. Fig. 4
illustrates the complementary TGA based quantification of CH (Fig. 4a),
hydrate water (Fig. 4b), and calcite contents (Fig. 4c) in OPC, 30C, and
30CLC pastes, comparing undried, reference (MR), and carbonated (MC)
samples. In addition, Fig. 5(a) illustrates how ettringite evolves under
carbonation, whereas Fig. 5(b) depicts the corresponding evolution of
AFm.

4.1.1. Hydrate phase assemblage prior to carbonation

In Undried hydrated state OPC, 30C and 30CLC the major crystalline
phases identified include portlandite (CH) at 20 18° 28.6° and 34°
[43,44], corresponding to the (001) and (002) crystallographic planes,
respectively. Ettringite (E) appeared at 20 9.1° [43] and Afm phases
were identified at 20 11.2° - 11.6° [43]. These peak positions confirm the
presence of CH, AFt, and AFm in all three systems, and are consistent
with hydrate assemblages reported for OPC [45] and LC® binders
[3,46,47]. In the previous study on hydration of the same 2:1 mixed-
layer activated-clay systems, the AFm assemblage is expected to be
dominated by carbonate-bearing phases (hemicarboaluminate and
monocarbonate), rather than monosulfoaluminate, owing to the avail-
ability of carbonate and the relatively slower release of aluminate spe-
cies [16].

TGA provides complementary quantitative information about the
phase assemblage. In undried hydrated state, OPC showed highest
portlandite content in comparison to 30C and 30CLC [48]. This reduced
portlandite content in activated-clay blended binders is attributed
mainly to two factors. First, the dilution effect reduces the absolute
amount of clinker in these blended systems, limiting the potential for
portlandite formation. Second, the activated mixed-layer clay exhibits
significant pozzolanic reactivity, the reactive aluminosilicates consume
CH as they react to form additional C-A-S-H gels [5,49]. The CH contents
of 30C and 30CLC are very similar, with only a slightly higher CH
content observed in 30C. This small reduction in CH for 30CLC can be
attributed to continued, but limited, pozzolanic reaction during the
extended curing period, resulting in minor additional consumption of
portlandite [36,50]. This indicates that the majority of the pozzolanic
reaction is already completed by 28 days of curing, such that prolonged
curing does not lead to substantial further reductions in CH content.

As noted in previous studies, activated 2:1 layered aluminosilicates
such as smectite and illite react with water and portlandite to form
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additional C-A-S-H with a lower Ca/Si ratio [20,51,52]. Although these
activated-clays exhibit slower pozzolanic kinetics than kaolinite [4,53],
their reactivity persists over time. Consequently, extended curing in
30CLC primarily enhances the degree of hydration and promotes
continued hydrate evolution and microstructural refinement, rather
than significant additional CH consumption. The reduced formation of
AFm phases is therefore attributed to the preferential incorporation of Al
into the C-A-S-H gel during ongoing hydration [16].

Hydrate water also varies among the systems, reflecting differences
in their degree of hydration and enabling direct comparison between the
binders. OPC exhibits the highest bound water, consistent with its higher
degree of hydration. The 30C binder shows lower hydrate water,
reflecting the limited hydration achievable after 28 days, whereas
30CLC contains a higher hydrate water content than 30C, approaching
that of OPC and demonstrating the influence of prolonged curing.

The deconvoluted DTG signals reveal clear differences in aluminate
hydrate distribution among the three systems. The largest ettringite
(AFt) peak area is observed in 30C, consistent with active early-age
aluminate hydrate formation. In contrast, 30CLC exhibits the highest
AFm peak area, reflecting the expected progression of hydration due to
prolonged curing, where part of the AFt has converted to AFm and
additional aluminum has been incorporated into the C-A-S-H gel. OPC
shows intermediate amounts of both AFt and AFm. These distinctions
highlight how curing duration and pozzolanic reactions govern the
evolution of aluminate hydrates even prior to drying or carbonation.

4.1.2. Effect of drying de-coupled from carbonation on hydrate phase
assemblage

In the dried state, the XRD patterns of OPC, 30C, and 30CLC show
that the characteristic reflections of the main hydrate phases including
portlandite (CH), ettringite (AFt), and AFm appear at the same 20 po-
sitions as in the undried samples. Drying does not introduce any new
crystalline phases, indicating that the primary hydration products
formed under sealed curing conditions remain stable and structurally
preserved. Consistent with this observation, TGA analysis shows no
measurable change in CH content upon drying, confirming that por-
tlandite is not significantly affected by exposure to 20 °C and 57% RH.
When exposed to drying, a slight reduction in hydrate water is observed
at IMR across all binders. This initial decrease is attributed to the
removal of physically bound and weakly held gel water. It is well
established that when the relative humidity drops below approximately
75-80%, hydration reactions effectively halt, limiting further bound-
water development and influencing the measurable degree of hydra-
tion [33]. Beyond 1MR, the hydrate water content remains relatively
stable at 2MR, 4MR, and 6MR, indicating that the remaining bound
water is structurally incorporated within the C-A-S-H and other hydrates
and is therefore less sensitive to drying at the applied relative humidity.

4.1.3. Effect of carbonation coupled with drying on hydrate phase
assemblage

Carbonation of OPC pastes leads to significant changes in the
mineralogical composition, as reflected in the XRD patterns of the MC
samples (Fig. 3a). In carbonated OPC the main type of carbonation
product formed is calcite at 26 = 29.4°. Upon exposure to carbon di-
oxide for 1 to 6 months the Fig. 3(a), gradual calcite formation and CH
depletion particularly in 4MC and 6MC can be observed. Although
calcite is the major representative peak, weak shoulders or broad peaks
appear in the 20 range of 26.6° to 27.2°, which can be attributed to the
formation of vaterite (110) and aragonite (111,021) [54] in 4MC and
6MC samples suggesting that prolonged exposure to COz is facilitating
the formation of polymorphs of calcite. Calcium carbonate is the prin-
cipal reaction product of carbonation which can precipitate in three
calcite polymorphs including calcite, aragonite and vaterite. Among
these calcite is the most stable one whereas aragonite and vaterite are
metastable phases that may gradually transform into calcite over time
[20].



S. Iftikhar et al.

Cement and Concrete Research 208 (2026) 108322

a

w b5 P
Q

OPC 6MC

A
OPC 6MR ‘ A
L I
S et — ——— | \—
OPC 4MC

OPC 4MR ‘

~-Aragonite

OPC 2MR

OPC 2MC AA‘

OPC 1IMR

7

v

CH-(002)

5 10 15

20

30

30C 4MC

30C 4MR

30C 2MC P

o
30C 1IMC

30C 1IMR i ﬂ

= U

25 35
26 (°)
b I o i I ~
! | —~ s —
4 %z =8 = ¢
g g5 32 3 £3
‘ 2 %S 2 & £ §8
1 * £ e 57 = €z
w 2 5 s 282 856 2 ¢
o - O — : { |
30C 6MC 7 8T
| | <<
o 4-*.‘ it et 1 ~—
[-30C 6MR o ‘ i
~—— A i I

5 10 15 20 25
26 (°)

30

Fig. 3. XRD hydrate phase evolution under carbonation and drying over one four and six months (a) OPC, (b) 30C, & (c) 30CLC. Panel (c) is presented on the

following page.

In comparison with OPC, the blended binder 30C exhibits a modified
carbonation behavior as shown in Fig. 3b, majorly because of lower

initial CH content available and pozzolanic activity of activated-clay.
The primary CH peak at 26 = 18° progressively becomes less intense
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with carbonation exposure from 1 to 6 months. The major calcite peak
appears at 26 = 29.4% also secondary peaks emerge in the 24-30° 20
range, which can be attributed to the formation of vaterite (e.g., 24.9° &
27.2°) and aragonite (e.g., 26.2° & 33.1°) simultaneously. Similar to
30C, carbonation exposure of 30CLC (Fig. 3c) leads to a substantial
attenuation of the portlandite (CH) reflections at 20 18.0° and 34.1°,
with these peaks becoming barely distinguishable by 4MC and nearly
absent at 6MC. On the other hand, in the case of OPC, CH peak is still
visible even in 6-month carbonated sample. In addition to that, besides
calcite 30CLC shows more prominent aragonite and vaterite peaks.

In case of 30C CH peak is nearly disappeared by 4 months of
carbonation, indicating rapid portlandite consumption. This behavior is
attributed to lesser initial CH, insufficient hydration, a rather coarse
pore structure which facilitated CO, ingress and accelerated carbon-
ation. In contrast the 30CLC system retained CH at 4 months. In the 30C
and 30CLC systems, ettringite disappears after six months of carbon-
ation, coinciding with the complete consumption of portlandite (CH).
This simultaneous loss indicates that the pore solution pH has dropped
below approximately 10, the threshold at which ettringite becomes
unstable and decomposes under these conditions [20,55].

TGA results corroborate the XRD results and show the evolution of
portlandite (CH) content during carbonation in the two binder systems
investigated (Fig. 4a). While CH consumption is observed in both sys-
tems, the carbonation kinetics differ substantially. In OPC, a significant
reduction in CH is evident at 1MC; however, CH levels remain
comparatively stable between 1MC and 4MC, indicating a sustained
buffering capacity against carbonation. A further decrease in CH content
is observed at 6MC. In contrast, the activated-clay binder exhibits a more
progressive and continuous reduction in CH with increasing carbonation
duration. CH depletion occurs earlier in 30C, whereas prolonged curing
in 30CLC delays, but does not prevent CH consumption, with complete
depletion observed by 4MC in 30C and by 6MC in 30CLC. The earlier
loss of CH in the activated-clay systems results in a more rapid decline in

pore solution alkalinity, thereby promoting earlier destabilisation of AFt
and AFm phases and advancing C-A-S-H decalcification relative to OPC.

With carbonation (1MC to 6MC), a gradual decrease in hydrate water
(Fig. 4b) was observed in all binders. This reduction results from the
decalcification and destabilisation of hydrates during carbonation,
where bound water is released as hydrates convert into carbonate pha-
ses. The decrease was more pronounced in the activated-clay systems,
particularly 30C, which had lower overall hydrate stability compared to
OPC. Part of this water loss can also be attributed to the decomposition
of ettringite, which becomes unstable under the lower pH conditions
associated with carbonation.

The evolution of ettringite and AFm after six months of carbonation
exposure is quantified in Fig. 5a, and Fig. 5b, respectively. After six
months of carbonation (6MC), however, both AFt and AFm decrease
sharply in all systems. In 30C and 30CLC, ettringite is almost completely
consumed, and AFm is reduced to a minor fraction of its original
quantity. The XRD patterns show that AFt reflections disappear almost
entirely in these binders, and only OPC retains a faint ettringite signal
after prolonged exposure. These observations are consistent with the
known carbonation pathways of sulfoaluminate hydrates: ettringite
carbonates to aragonite and an amorphous alumina-silica gel, AFm
phases decalcify to calcite with an alumina-rich residue, and carbon-
ation of C-A-S-H produces a mixture of aragonite and vaterite [56].
Accordingly, the emergence and intensification of aragonite and vaterite
peaks in the 4MC and 6MC XRD patterns of the activated-clay-blended
binders reflect the progressive decomposition of AFt and AFm and the
onset of C-A-S-H carbonation. The extent to which these phases
decompose differs markedly between OPC and the activated-clay
binders. The much stronger depletion of AFt and AFm in 30C and
30CLC can be attributed to their lower initial CH content, which limits
their pH-buffering capacity during carbonation. As CH is consumed
earlier in these systems, the pore solution pH drops more rapidly,
accelerating the destabilisation of sulfoaluminate hydrates and exposing
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C-A-S-H to carbonation sooner than in OPC. However, following the
carbonation sequence described in RILEM TC 281-CCC, AFm and AFt
carbonate after CH but before deep C-S-H decalcification [20]. Thus,
the higher initial AFmand AFt contents in the activated-clay binders
especially in the more matured 30CLC system provide an intermediate
carbonation ‘“sink,” allowing these phases to react first and thereby
delaying the onset of aggressive C-A-S-H decalcification. This mecha-
nistic CO, buffering effect is consistent with the NMR results presented
in the next section, where earlier signatures of Si and Al polymerization
appear in 30C than in 30CLGC, indicating that the richer sulfoaluminate
content in 30CLC affords temporary protection to the C-A-S-H gel during
the early stages of carbonation.

In both binder systems, calcite formation shows an increasing trend
with carbonation ages (Fig. 4c). At 1, 2, and 4 months of carbonation,
calcite formation in 30C is consistently higher than in both OPC and
30CLC. In contrast, 30CLC exhibits the lowest calcite content across
almost all ages, which can be attributed to its denser pore structure and
the reduced availability of CH for carbonation. By 6 months, however,
OPC shows the highest calcite formation, reflecting its greater CO2 up-
take capacity at later ages due to the initially higher CH availability.

4.2. Carbonation induced structural modifications of C-A-S-H

The structural modification of C-A-S-H was investigated using 2°Si
MAS NMR spectra of OPC, 30C and 30CLC are shown in Fig. 6 (a, b & c).
To facilitate interpretation of the spectral changes, key structural pa-
rameters of the C-S-H were quantified, including the chain length
(Fig. 7b), silicate chain length (SiCL; Fig. 7d) and Al/Si molar ratio
(Fig. 7c), which reflects the degree of Al incorporation into the silicate
chains of the C-S-H structure. The degree of decalcification (Lg) is
presented in Fig. 7(e), while a semi-quantitative evaluation of silicate
polymerization, expressed as the bridging-to-paired tetrahedra ratio (B/
A), is shown in Fig. 7(f).

4.2.1. C-A-S-H structure prior to carbonation stage

In the undried OPC sample (Fig. 6a), the dominant resonance at
—78.5 ppm corresponds to Q, representing silicon atoms in the C-S-H
chain-end sites [58], while the shoulder around —84.5 ppm corresponds
to QZ, associated with chain-middle groups [59]. A resonance centered
at —81.5 ppm is attributed to Q2(1Al), reflecting partial substitution of Si
by Al in the silicate framework [60]. The relative Q" intensities are given
in Fig. 7(a). For both 30C (Fig. 6b) and 30CLC (Fig. 6¢) binders, Q1
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uncarbonated and carbonated samples.

appears near —78.7 ppm, Q2 between —84.0 and — 84.4 ppm, and
Q?(1Al) around —81.5 ppm. However, notable differences in peak in-
tensities indicate changes in the relative abundance of local silicate
environments within the C-(A)-S-H structure. The 30C sample, cured
for 28 days, displays a Q'/Q2(1Al) distribution similar to OPC, sug-
gesting a C-A-S-H structure with limited early Al incorporation. In
contrast, the 30CLC system, with prolonged curing, exhibits reduced Q'
intensity and a marked increase in Q%(1Al), indicating enhanced sub-
stitution of Si by Al and greater silicate chain connectivity. These ob-
servations suggest that extended curing promotes further development
and polymerization of the C-A-S-H gel network in the presence of low-
reactivity activated-clay. C-A-S-H at zero carbonation stage. At zero
carbonation stage, for the undried samples, distinct differences in the C-
A-S-H nanostructure are observed between OPC, 30C, and 30CLC. OPC-

11

Undried exhibits a chain length (CL = 4.4), silicate chain length (SiCL ~
2.7), and a low Al/Si ratio (~ 0.12), characteristic of Ca-rich C-S—-H with
limited silicate polymerization and minimal Al incorporation. Notably,
CL values for OPC-Undried and 30C-Undried are essentially identical,
indicating that 28 days of curing is insufficient for the activated-clay
system to significantly modify the C-S-H chain structure. This sug-
gests that pozzolanic reaction and Al incorporation in 30C are still
limited at this early age. In contrast, 30CLC-Undried shows a markedly
higher CL (~ 7.9), nearly double that of OPC, together with the highest
Al/Si ratio (= 0.21). This indicates substantially enhanced Al incorpo-
ration into the silicate chains and the formation of a more polymerized
C-A-S-H structure, attributable to prolonged curing and sustained
pozzolanic reaction. Despite these differences in chain length and Al
substitution, the SiCL values remain similar across all three systems,
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suggesting that the primary structural distinction arises from Al incor-
poration and chain extension rather than changes in silicate chain
topology.

4.2.2. Effect of drying de-coupled from carbonation on C-A-S-H

Upon transitioning from the undried to the 4MR (dried) condition,
the influence of drying becomes evident and appears to vary depending
on the system as shown in Fig. 7 and Fig. 6. In OPC, drying results in a
clear increase in Q' intensity (from 51% to 57%) alongside a reduction
in both Q? and Q?(1Al) components. This shift is indicative of partial
depolymerization of silicate chains, possibly due to drying-induced

12

reorganization. In the 30C system, the changes are more modest as Q!
slightly increases while Q2 decreases, yet the Q2(1Al) contribution re-
mains relatively stable. This suggests that Al substitution within the
silicate network is retained even after drying. Interestingly, in the 30CLC
system, drying leads to an increase in Q' and a corresponding decrease
in Q%(1Al). This evolution may reflect a more polymerized and stable C-
A-S-H structure, likely resulting from the extended curing duration
compared to the 30C sample. These observations suggest that longer
curing enhances structural development and mitigates drying induced
depolymerization, particularly in activated-clay-containing binders.
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4.2.3. Effect of carbonation coupled with drying on hydrate phase
assemblage

In the carbonated OPC sample, the Q' peak is significantly reduced in
intensity, while the sharp Q? peak observed in the uncarbonated state
becomes noticeably broader upon carbonation. In 30C the Q' peak
completely disappeared after carbonation indicating the polymerization
of silicate chains and transformations of C-S-H into more polymerized
structure. However, in case of 30CLC Q! is retained even after 4 months
of carbonation exposure, which means that longer curing has been
proven beneficial in providing resistance to carbonation.

In the carbonated 30C and 30CLC samples, two new resonances
emerge at —93.4 ppm and — 103.0 ppm for 30C, and at —93.5 ppm and
— 102.5 ppm for 30CLC, corresponding to Q> and Q* environments,
respectively [58]. The appearance of these Q% and Q* resonances in-
dicates the formation of more highly polymerized silicate structures
during carbonation. Q2 species reflect silicate units with three bridging
oxygens, while Q* species represent fully polymerized silica networks.

To provide an integrated perspective, and to enhance interpretation
these spectral changes, we evaluated key structural parameters of the
C-S-H including: chain length (CL) in Fig. 7(b); silicate chain length
(SiCL) in Fig. 7(d); and Al/Si molar ratio for Al are incorporated into
silicate chains of the C-S-H structure in Fig. 7(c). Drying does not appear
to substantially influence the chain length for any of the binders, as
moderate drying alone does not significantly reorganize the silicate
network. After carbonation, the OPC system shows a notable increase in
CL, consistent with the earlier observation of enhanced Q? connectivity.
In the 30C system, CL could not be calculated for the 30C4MC sample
because extensive decalcification of the C-A-S-H leads to the complete
loss of the Q' environment. For 30CLC, chain length increases after
carbonation, again reflecting the development of more polymerized
silicate structures. For OPC and 30C, carbonation results in an increase
in the Al/Si ratio, suggesting greater incorporation of Al into the silicate
chains. In contrast, 30CLC shows a reduction in Al/Si after carbonation,
pointing to a different carbonation pathway and possibly a more selec-
tive decalcification process. Silicate chain length (SiCL) increases after
carbonation across all binders; however, the increase is most pro-
nounced for the 30CLC system, in line with its greater structural poly-
merization observed in the 2°Si spectra.

To complement the structural interpretation from the NMR spectra,
the level of decalcification (Ly) was quantified and given in Fig. 7(e).
OPC 4MC exhibited Lg of 9%, indicating moderate decalcification in
comparison to 30C which reached Ly of 92%, confirming that the C-S-H
in 30C is highly vulnerable to Ca depletion, leading to extensive
restructuring of the silicate network. 30CLC however, showed a L; of
34% and thus much lower than 30C, despite being higher than OPC,
reflecting the protective effect of extended curing. [56].

A semi-quantitative evaluation of silicate polymerization is pre-
sented in Fig. 7(f). The 30C binder shows a B/A ratio of 9.29, reflecting
an extensive increase in silicate polymerization that aligns with its very
high level of decalcification. In contrast, 30CLC exhibits a much lower
B/A ratio of 1.32, indicating only limited polymerization, which is
consistent with its substantially reduced degree of decalcification.

4.3. Effect of structural changes of C-A-S—H on re-distribution of Al

The ?7Al MAS NMR of the undried, 4MR and 4MC samples for OPC,
30C and 30CLC samples are shown in Fig. 8, Fig. 9 and Fig. 10. As ex-
pected, aluminum in octahedral coordination (AIYY) is observed in the
chemical shift range of 0-20 ppm, while tetrahedrally coordinated
aluminum (A1'Y) appears between 50 and 90 ppm [61]. In all samples,
sharp resonances at ~10 ppm and ~ 15 ppm are attributed to AFm [62]
and AFt phases, respectively.

4.3.1. AFm and AFt at prior to carbonation stage
The undried OPC sample displays broad A"V peak centered at 60 and
71 ppm (Fig. 8a) reflects moderate Al incorporation into the C-A-S-H gel.
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Also, it displays a strong Al"! signal (Fig. 8b), consistent with the pres-
ence of AFm and AFt phases at early hydration. In the undried 30C
(Fig. 8a) sample, the Al'! intensity is even higher than in OPC, reflecting
rapid formation of AFm/AFt from the reactive fraction of activated-clay
[76]. This aligns with the high early Al/Si ratio (0.16) and the dominant
Q2(1Al) contribution in the 2°Si spectrum. In contrast, the undried
30CLC sample exhibits a more balanced distribution between Al'! and
AlY, suggesting that extended hydration promotes gradual trans-
formation of AFm into Al-incorporated C-A-S-H.

4.3.2. Effect of drying on AFm and AFt de-coupled from carbonation

In the 4MR condition, both binders largely preserve the aluminum
coordination environments observed in the undried state, indicating
that drying at 57% RH introduces only limited structural alteration. OPC
remains dominated by AlY] reflecting the continued presence of AFm
and AFt phases, while the broad Al'Y signal around 60-70 ppm shows
only minor changes.

The 30C sample similarly retains its strong AlY' contribution,
consistent with the continued influence of activated-clay on AFm for-
mation. The AI" region becomes marginally more defined, but the
overall balance between AI'! and Al' remains close to that of the
undried state. This is in line with the small drop in Al/Si ratio and the
largely unchanged chain length, confirming that moderate drying does
not significantly disturb Al incorporation in 30C.

For 30CLC the A1V (Fig. 10b) and AlY (Fig. 9b) distribution remains
more even, reflecting the more mature hydrate assemblage produced by
extended curing. Only subtle reductions in Al"! intensity appear after
drying, accompanied by minimal changes in the Al'Y envelope. These
trends are consistent with the very stable Al/Si ratio and chain length
derived from the 2°Si spectra.

4.3.3. Effect of carbonation on AFm and AFt coupled with drying

Upon carbonation, both binders show a clear shift in Al coordination
as the intensity of octahedral A1"! is markedly reduced, and in the case of
30C it disappears entirely. The complete loss of Al'! in 30C indicates that
the remaining AFm/AFt phases are fully destabilized, which is consis-
tent with the expected breakdown of ettringite once the pore solution pH
falls below 10 [20]. This interpretation is supported by the accompa-
nying XRD and TGA results, both of which show the disappearance of
AFt after carbonation. The depletion of AI'" and the simultaneous rise in
tetrahedral A" is in line with earlier observations by Skibsted et al.
[63], who reported that carbonation drives the conversion of AV to
A1, promoting Al incorporation into the silicate chains of G-A-S-Hor the
formation of poorly crystalline aluminosilicate gels.

Carbonation also produces a modest but systematic shift of the Al'Y
resonances toward lower chemical shifts appearing at ~58 and 68 ppm
in OPC (Fig. 8a), ~58 ppm in 30C (Fig. 9a), and ~ 59, 68, and 74 ppm in
30CLC (Fig. 9b). Such shifts are typically associated with changes in
local Al environments toward more disordered, gel-like aluminosilicate
structures [56,64]. The increased Al intensity after carbonation,
observed consistently in all systems, further indicates that tetrahedrally
coordinated Al becomes increasingly integrated into the reorganized
silicate framework as decalcification progresses.

This evolution in the 2”Al spectra mirrors the trends seen in the 2°Si
MAS NMR data, where carbonation enhances chain polymerization and
promotes the formation of Q% and Q* environments. Together, the Si and
Al NMR signatures point to a coupled decalcification-repolymerization
process in which the loss of Ca not only collapses AFm/AFt phases but
also redistributes Al into the silicate network, giving rise to more poly-
merized C-A-S-H or secondary aluminosilicate gels.

Owing to relatively lower availability of aluminum content in low
kaolinite mix layer activated-clays, the 30C and 30CLC systems, have
limited formation of AFm phases, which are known to act as an initial
carbonation buffer by preferentially reacting with CO2. The lower
abundance of AFm consequently accelerates the exposure of the C-A-S-H
phase to carbonation [5,63]. This reduced CO» buffering capacity allows
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Fig. 9. 27Al MAS NMR spectra (a) Al'Y for 30C undried, uncarbonated and carbonated samples (b) A"V for 30CLC undried, uncarbonated and carbonated samples.

carbonation to proceed more rapidly toward the decalcification and
structural reorganization of the silicate chains, as confirmed by the
evolution of Q% and Q* species in the 2°Si NMR spectra and the increase
in tetrahedrally coordinated Al in 2’Al NMR. It is also important to take
into consideration the role of curing duration for the activated-clay
blended binder in carbonation resistance. 30C (28 days cured sam-
ples) exhibited a sharper decline in A1 and more pronounced silicate
chain reorganization compared to 30CLC. The extended curing period
allowed better hydration of activated-clay and formation of C-A-S-H and
Afm phases, which improved the ability of matrix to resist carbonation.
This contrasts with kaolinitic (1:1) activated clays, such as metakaolin,
which release substantially higher amounts of reactive Si and Al during
hydration-up to four times more silicon and twelve times more
aluminum than montmorillonite [65]. The higher Al availability in such
systems promotes AFm formation and Al'"Y incorporation into C-A-S-H,
leading to greater silicate chain polymerization and a more cross-linked
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aluminosilicate network that enhances resistance to carbonation [3,66].

4.4. Effect of carbonation on re-distribution of pore structure

Fig. 11 gives normalized mercury intrusion porosimetry (MIP) re-
sults showing the relative pore size distribution within each sample and
Fig. 12, shows differential pore volumes across different exposure du-
rations (1, 4, and 6 months).

4.4.1. Effect of drying de-coupled from carbonation on re-distribution of
pore structure

Under drying conditions, in OPC, the fraction of small capillary pores
(0.01-0.1 pm) gradually increases from 1 to 6 months, while the gel pore
fraction with range < 0.01 pm slightly decreases. This indicates a slight
coarsening of the pore structure during prolonged drying, likely caused
by shrinkage of the C-S-H gel. As moisture is lost, part of the gel porosity
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may transform into slightly larger capillary pores due to microstructural
rearrangement and partial pore merging. The proportion of pores larger
than 1 pm remains very small throughout.

In the case of 30C, the overall pattern resembles that of OPC, though
the system generally contains a higher share of capillary pores,
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reflecting its coarser and more open microstructure at 28 days of curing.

For 30CLC, the fraction of gel pores is slightly higher, and capillary
pores are less prominent compared to OPC and 30C. This reflects that
extended curing resulted in continued pozzolanic activity leading to a
denser pore structure, and more cohesive gel network that better resists
coarsening.

4.4.2. Effect of carbonation coupled with drying on re-distribution of pore
structure

A clear reduction in total porosity is observed in OPC after carbon-
ation in comparison with reference samples in the same temperature and
RH conditions as shown in Fig. 11d. The reduction in porosity is
attributed to carbonation of portlandite, as the molar volume of calcium
carbonated is higher than that of portlandite, irrespective of the type of
polymorph of calcium carbonate precipitate [67]. Therefore, the addi-
tional solid volume fills the empty pore volume in the microstructure
which results in reduction of overall porosity. In contrast, the 30C sys-
tem the carbonated sample exhibits a slightly higher cumulative pore
volume than the reference. This supports the idea that the limited
availability of portlandite in activated-clay systems shifts carbonation
toward the decalcification of C-S-H, potentially coarsening the pore
structure instead of refining it [27,68-70]. For 30CLC, the difference in
total pore volume between 6MR and 6MC is minimal. This reflects the
fact that prolonged curing has already resulted in a relatively dense
microstructure through continued hydration and pore filling, thereby
limiting the extent of further densification induced by carbonation.

In the case of OPC, carbonation causes a clear shift toward finer
pores. The fraction of gel pore volume (Fig. 11a) increases after
carbonation while the proportion of small capillary pores (0.01-0.1 pm)
decreases [71]. This trend is consistent throughout all exposure dura-
tions i.e. 1, 4, and 6 months. The reduction observed in small capillary
pore range corresponds to partial clogging of pores corresponding to
medium capillary pores, which are associated with outer C-S-H clusters
[34,72] as reported in literature [73]. The increase in gel pores after
carbonation can be attributed to the release of chemically bound water
during carbonation, which, along with moisture available at the
carbonation front, may facilitate continued hydration of unreacted
clinker phases. As a result, the formation of additional C-S-H could
contribute to the observed rise in gel porosity.

Moreover, as portlandite dissolves during carbonation, it leaves
voids that can locally merge into slightly larger pores, while carbonation
products preferentially precipitate within the finer pore ranges [17].
This simultaneous formation and filling process explains the appearance
of new pores around 0.1-0.2 pm and the reduction in those near 0.03
pm, as also seen in the differential intrusion curves in Fig. 12.

In comparison with OPC, the activated-clay blended binders
exhibited somewhat different responses. Although, in case of both 30C
and 30CLC the volume of small capillary pores (0.01-0.1 ym) decreases
consistently after carbonation across all exposure durations, yet the
proportion of medium capillary pores (0.1-1 pm) increases, which re-
flects coarsening of porosity. Although the total porosity in 30CLC re-
mains almost the same between the 30CLC 6MR and 30CLC 6MC
samples, the internal pore size distribution still indicates coarsening.
Previous studies have reported that carbonation can lead to coarsening
of mesopores, mainly due to the formation of porous silica gel, micro-
cracking in the CaCOs layer around portlandite, and shrinkage-induced
cracking. This effect is particularly evident in binders with low Ca/Si
ratios, such as those containing fly ash, slag, or silica fume, where
limited portlandite and the decalcification of C-A-S-H promote higher
porosity and a shift toward larger pores [28,74].

As confirmed by the TGA results, carbonation in 30C and 30CLC
proceeds beyond portlandite consumption and involves the carbonation
of sulfoaluminate hydrates (AFt and AFm) [20,55]. Following the early
exhaustion of CH in these systems, the destabilisation and decomposi-
tion of these pore-filling phases contribute directly to the observed pore
coarsening. In addition to C-A-S-H decalcification, carbonation of
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Fig. 11. Mercury intrusion porosimetry — Pore structure evolution under drying and carbonation (a) OPC over 1, 4 and 6 months of age (b) 30C over 1, 4 and 6
months of age (c) 30CLC over 1, 4 and 6 months of age (d) Total porosity of OPC, 30C and 30CLC. Values represent the average of two measurements.

ettringite (AFt) plays an important role in microstructural evolution.
Ettringite is a highly voluminous, pore-filling hydrate, and its destabi-
lisation during carbonation leads to dissolution and partial replacement
by calcite, gypsum, and Al-rich amorphous phases [55]. The dissolution
of AFt locally increases pore volume and pore connectivity, particularly
within the capillary and mesopore ranges.

Similarly, carbonation of AFm phases reduces their pore-filling effi-
ciency through progressive decalcification and transformation into
carbonate-bearing or Al-rich residual phases. Although some carbon-
ation products may precipitate within finer pores, the net effect of AFt
and AFm decomposition is a redistribution of porosity toward the me-
dium capillary pore range (0.1-1 pm), consistent with the MIP results for
both 30C (Fig. 11b) and 30CLC (Fig. 11c¢) [55]. This mechanism is
particularly relevant in systems with limited portlandite availability,
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where early CH exhaustion accelerates sulfoaluminate carbonation and
promotes pore coarsening even when changes in total porosity are small,
as observed for 30CLC. The involvement of AFt and AFm carbonation is
further supported by the NMR results, which showed structural changes
associated with aluminate-bearing hydrates during carbonation.

In 30C, the gel-pore fraction (<0.01 pm) remains almost unchanged,
which leads to the idea that no later hydration is going on in 30C. On the
other hand, 30CLC shows a slight increase in gel pores, especially in the
6-month carbonated sample. This could be related to secondary hydra-
tion supported by the moisture available during carbonation. Studies
have reported that the decrease in micro-pores is attributed to clogging
by CaCOg3 from C-S-H carbonation, while the reduction of macro-pores
is mainly attributed to pore clogging by CaCOs; from portlandite
carbonation [17,20,68,75].
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Further insight into microstructural evolution is provided by the
differential intrusion curves shown in Fig. 12. In the reference (MR)
samples, two distinct peaks appear within the 0.01-0.1 pm range, which
correspond to the medium capillary pores typically associated with
outer C-S-H clusters [76]. Upon carbonation, the intensity of these
peaks decreases in all three binder systems, indicating partial blockage
and densification of the capillary network. In some cases, the main peak
shifts slightly toward smaller diameters, suggesting mild pore refine-
ment [77].

5. Mechanistic reflections and implications for carbonation in
low-kaolinite 2:1 activated-clay binders

The results presented above show that carbonation behavior in low-
kaolinite 2:1 activated-clay blended binders cannot be fully rationalised
using durability concepts established for OPC or kaolinite-rich LC® sys-
tems. This section therefore integrates the experimental observations to
elucidate the governing mechanisms, with particular emphasis on the
carbonation buffering sequence, the role of C-A-S-H chemistry, and the
influence of moisture-induced microstructural conditioning. The aim is
not to restate individual findings, but to provide a coherent mechanistic
interpretation of the observed carbonation response.

In OPC systems, carbonation resistance is primarily governed by
portlandite buffering, whereas in LC3 binders a substantial fraction of
reactive aluminum promotes the formation of carboaluminate (AFm)
phases that provide sustained intermediate CO: buffering once CH is
depleted. In contrast, the low-kaolinite 2:1 activated-clay binder
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investigated here contains limited amounts of both CH and AFm. As a
result, carbonation proceeds through a distinct buffering sequence:
initial consumption of the available portlandite, followed by a brief and
limited AFm contribution, before progressing relatively early toward
interaction with the C-A-S-H gel. This altered buffering hierarchy im-
plies that carbonation damage is controlled less by the quantity of
classical buffering phases and more by the behavior of the gel once these
phases are exhausted.

The comparison between the short-cured (30C) and extended-cured
(30CLC) systems illustrates this shift clearly. Extended curing does not
increase portlandite content, which remains similar or slightly reduced
due to continued pozzolanic consumption. Nevertheless, carbonation
damage differs markedly. In 30C, carbonation of a chemically immature
C-A-S-H leads to extensive decalcification, strong silicate reorganization
toward Q3/Q4 environments, and pronounced pore coarsening (Ld =~
92%). In contrast, 30CLC exhibits substantially reduced decalcification
(Ld ~ 34%), consistent with greater aluminum incorporation and higher
silicate connectivity within the gel. These differences demonstrate that
curing primarily alters the chemical state of C-A-S-H rather than the
overall buffering capacity of the binder.

Drying experiments provide essential context for interpreting these
effects. Exposure to 57% RH produces measurable changes in pore
structure, including contraction of the gel and redistribution of fine
pores toward slightly larger sizes. These changes indicate loss of inter-
layer and gel water and partial physical rearrangement of the C-A-S-H
structure. Importantly, however, drying alone does not induce sub-
stantial decalcification or the extensive silicate reorganization observed
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under carbonation. This shows that physical pore restructuring and gel
contraction can occur without chemical degradation of the hydrate
assemblage.

At the same time, the drying results demonstrate that the micro-
structure and internal state of the gel prior to carbonation are not static.
Drying modifies pore connectivity and gel packing, thereby influencing
transport properties and the local moisture conditions under which
carbonation occurs. Carbonation then acts on this conditioned micro-
structure: chemical decalcification of C-A-S-H amplifies and stabilises
pore coarsening that would otherwise remain limited or potentially
reversible under drying alone. In this sense, carbonation does not simply
reproduce drying-induced changes but builds upon them through irre-
versible chemical transformation of the gel.

This coupling between moisture state and carbonation is particularly
important for low-buffer systems such as low-kaolinite activated-clay
binders. Because classical buffering phases are limited, variations in
internal relative humidity influence not only CO: transport but also the
physical condition of the C-A-S-H at the onset of carbonation. Changes in
exposure RH may therefore modulate carbonation damage by control-
ling the extent of drying-induced gel contraction prior to chemical
attack. This highlights moisture history as a relevant parameter along-
side binder chemistry in assessing carbonation resistance.

Within this combined framework, C-A-S-H emerges as the central
phase governing carbonation behavior in low-kaolinite systems. Once
CH and AFm phases are depleted, the degree of aluminum incorporation
and silicate connectivity determines whether carbonation results in
limited restructuring or extensive gel collapse. Curing duration in-
fluences this response by enabling gradual chemical evolution of the gel,
while drying controls its physical conditioning. The selected activated-
clay replacement level (30%) allows these interactions to be observed
clearly; at higher replacement levels, carbonation would likely proceed
directly to gel decalcification, further increasing the importance of gel
chemistry and moisture state.

6. Conclusions

This study investigated carbonation in low kaolinite mixed layer
activated-clay blended binders, focusing on hydrate phase evolution, C-
A-S-H structure, and pore characteristics, while separating the in-
fluences of curing, drying, and carbonation. The following conclusions
are drawn:

1. Carbonation in low kaolinite 2:1 activated-clay binders follows a
mechanism distinct from OPC and kaolinite rich LC® systems: limited
portlandite and AFm availability lead to an altered carbonation
buffering sequence, with early interaction between CO: and the C-A-
S-H gel. As a result, carbonation resistance cannot be assessed based
on portlandite content alone.

2. The chemical state of C-A-S-H governs the severity of carbonation
damage once buffering phases are depleted: chemically immature
gels exhibit extensive decalcification, silicate reorganization Q%
Q4), and severe pore coarsening (Ld ~ 92%), whereas gels with
higher aluminum incorporation and greater silicate connectivity
show substantially reduced decalcification and improved micro-
structural stability (Ld ~ 34%).

3. Drying induces physical pore restructuring and gel contraction
without causing deep chemical degradation: exposure to 57% RH
leads to redistribution of fine pores and limited silicate rearrange-
ment, demonstrating that C-A-S-H can accommodate physical
changes associated with moisture loss without structural collapse.

4. Carbonation acts as a chemical magnifier of prior microstructural
conditioning rather than a simple extension of drying effects: severe
pore coarsening observed under carbonation arises from chemically
driven decalcification of C-A-S-H and cannot be explained by drying
alone. Carbonation stabilises and amplifies pore changes that are
otherwise limited under drying conditions.
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5. Curing duration and moisture history jointly influence carbonation
response in low kaolinite activated-clay binders: curing governs the
chemical evolution of C-A-S-H, while drying controls its physical
state and pore structure prior to carbonation. Both factors condition
the subsequent carbonation pathway and extent of damage.

Taken together, these conclusions clarify the governing mechanisms
of carbonation in low-kaolinite activated-clay binders; however, their
broader applicability and practical implementation require further
consideration. This study is limited to a single natural low-kaolinite 2:1
mixed-layer activated-clay and therefore represents one manifestation
of a broader class of low-Al activated-clay-based binder systems. While
such systems inherently form modest amounts of AFm and a chemically
distinct C-A-S-H that governs carbonation buffering, future work should
explore whether binder design strategies can deliberately alter hydrate
assemblage development, for example by promoting greater AFm for-
mation or modifying aluminum partitioning between AFm and C-A-S-H-
rather than relying on extended curing alone. In parallel, the coupled
effect of relative humidity and carbonation requires further investiga-
tion, as moisture-induced conditioning of the hydrate assemblage and
pore structure is expected to interact strongly with subsequent carbon-
ation reactions and damage evolution in low-buffer activated-clay-based
binders. It should also be noted that, in this study, AFm phases are
treated as a combined group, whereas in more detailed or follow-up
studies, characterizing the specific carbonation pathways involving in-
dividual AFm phases can provide valuable insight.
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