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A B S T R A C T

This research investigates the impact of accelerated carbonation treatment on the pozzolanic reactivity of high-
calcium fly ash (HFA) by monitoring the reaction heat of HFA/carbonated HFA (CFA)-calcium hydroxide (CH)
blends, and elucidates the underlying factors influencing the pozzolanic reactivity. The results indicate that in
HFA/CFA-CH blends, CFA exhibits a comparable pozzolanic reactivity to that of HFA. This is attributed to the
carbonation products accelerating the formation of monocarboaluminate (main) and C-S-H, compensating for the
reduced heat resulting from the diminished highly reactive components after the carbonation treatment. Addi-
tionally, the increased surface area due to carbonation treatment is favorable for the pozzolanic reaction of CFA.
However, in the HFA/CFA-CH blends with gypsum, the carbonation treatment adversely affects the pozzolanic
reactivity of HFA since gypsum limits the monocarboaluminate formation. Overall, these findings suggest that
when proportioned and used properly, CFA can retain comparable pozzolanic reactivity to that of the untreated
HFA, while storing CO2 permanently.

1. Introduction

Despite cement constituting less than 15% of the total concrete mass,
it contributes to over 85% of concrete’s carbon footprint [1]. Annually,
the production of more than 4 gigatonnes (Gt) of cement leads to 7% of
the world’s total anthropogenic CO2 emissions [2–4]. To address the
carbon footprint challenge within the cement industry, the utilization of
industrial byproducts such as fly ash (FA) as supplementary cementi-
tious materials (SCMs) has developed as a cost-effective approach to
partially replace, and, thus, reduce the demand for traditional cement in
concrete production [5,6].
FA is a finely powdered material derived from the residual inorganic

matter produced during the combustion of pulverized coal in coal-fired
power plants. Based on its calcium content, FA can be classified into low-

calcium FA (LFA), typically containing less than 10% calcium oxide
(CaO), and high-calcium FA (HFA) [5]. LFA is commonly used in the
construction industry as an SCM in concrete mixtures due to its capa-
bility to enhance workability, increase long-term strength, and improve
durability [7]. Conversely, the application of HFA can be less preferred
because it contains free-CaO, which could negatively affect the sound-
ness and durability of concrete due to potential volume expansion [8].
In recent years, carbonation techniques have gained prominence as

innovative methods for counteracting anthropogenic CO2 emissions [9].
This technique involves utilizing disposal or waste materials to capture
and sequester CO2 [10–12]. The accelerated carbonation treatment of
HFA has gained interest, as it not only rapidly sequesters CO2 but also
eliminates free-CaO, thereby ensuring its secure utilization in con-
struction materials [8,13]. Siriruang et al. [8] and Pei et al. [14] studied
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the expansion of cement paste containing FA with and without
carbonation treatment. Results showed that carbonation treatment of FA
significantly improved the stability of cement pastes due to the reduc-
tion of free-CaO after the carbonation reaction. Chen et al. [15] applied
carbonation curing and carbonated fly ash (CFA) to improve the per-
formance of mortar samples and found that the freeze-thaw and sulfate
attack resistance was improved. This improvement was associated with
the consumption of free-CaO and calcium hydroxide (CH) during the
carbonation curing. Additionally, they noted that the carbonation
treatment of FA could increase the particle size and reduce the specific
surface area due to the reaction products adhering to the surface [13],
which was hypothesized to reduce the reactive contact area and affect
the pozzolanic reactivity [16]. The pozzolanic reactivity of particular
pozzolanic materials relies on chemistry or mineralogy mainly referring
to active phases and physical characteristics such as specific surface
area, particle size and surface morphology [17–19]. FA generally con-
sists of three different components: a vitreous/amorphous phase
(mainly), a certain amount of crystalline phases, and few unburned
carbon [20,21]. The quantity of reactive crystalline phases has been
suggested to determine the reactivity of FA [20]. And FA with a higher
amorphous content is expected to enhance the pozzolanic reaction more
effectively [21]. This reaction involves a chemical reaction between the
active silica and alumina present in FA and CH to form calcium sili-
coaluminate hydrate, typically found in Portland cement-SCMs systems
[22,23]. Carbonation treatment is expected to significantly affect the
phases composition HFA, particularly the carbonation-active phases
such as lime and calcium silicate/aluminate, and notably alters the
surface properties of HFA, which inevitably influences the ion dissolu-
tion and reaction characteristics. This highlights the importance of
studying the impact of carbonation treatment on the physical and
chemical properties as well as the pozzolanic reactivity of HFA, which,
however, has been barely studied.
Furthermore, the carbonation treatment of HFA alters the phase

distribution of cement pastes substituted with partial CFA, particularly
in the aluminate hydration products of CFA-blended cementitious ma-
terials. The presence of CaCO3 in CFA resulting from carbonation
treatment can react with aluminate phases to formmonocarboaluminate
(Mc) and hemicarboaluminate (Hc), resulting in the stabilization of

ettringite [24–26]. This change in the phase assemblage may signifi-
cantly affect the micro/macro mechanical properties and transport
properties of concrete, impacting the durability and service life of
cement-based materials [27,28]. Therefore, deeply understanding the
characteristics and properties of CFA is essential for achieving the
desired performance of CFA-incorporated carbon-efficient materials.
Various direct and indirect test methods have been developed to

determine the pozzolanic reactivity of pozzolans. These methods include
the strength activity index (SAI) test, the Chapelle test, the Frattini test,
the saturated lime test, the isothermal calorimetry-based tests, and the
‘rapid, reproducible, and reliable pozzolanic reactivity test’ (R3 test)
[17,18,29–33]. The R3 test can evaluate the pozzolanic reactivity of
SCMs (e.g., calcined clay) by testing heat release using an isothermal
calorimeter and analyzing the bound water of the SCMs in a specially
designed chemical mixture. A modified R3 test has also been developed
to measure the heat evolution of SCMs-CH mixtures with 0.5M potas-
sium hydroxide at 50◦C for 240 h through an isothermal calorimeter.
This modified test allows the assessment of pozzolanic reactivity of
SCMs by analyzing the heat release and CH consumption [32,33], which
was supposed to better mimic the chemical environment in
cement-based materials and evaluate the potential of pozzolanic
reaction.
In this research, the modified R3 method was adopted to assess the

pozzolanic reactivity of CFA. The higher temperature of 50◦C acceler-
ates the pozzolanic reaction, enabling the prediction of the reaction
degree in long-term pozzolanic reaction. At the same time, the CFA-CH
mixture can be used to simulate the pozzolanic reaction of CFA in
cement systems. This study is structured into two main sections. Firstly,
the physical and chemical characteristics of HFA before and after
carbonation treatment were investigated using XRD, TGA, FTIR, XPS,
and 27Al and 29Si MAS NMR techniques. This section aimed to under-
stand how CFA affects the pozzolanic reactivity of HFA. Building on the
insights gained from the first section, the second part investigated the
pozzolanic reactivity of CFA and its reaction products. Furthermore, 5%
gypsum was added to study the potential competing effects of carbon-
ates and sulfates on aluminates, along with the impact of sulfate on
pozzolanic reaction characteristics of CFA.

Table 1
Chemical compositions of HFA.

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O Mn2O3 K2O P2O5

HFA 26.16 38.82 19.52 6.22 3.65 1.07 1.22 0.44 0.77 0.90

Fig. 1. Particle size distribution of HFA and CFA with different carbonation durations.
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2. Experimental program

2.1. Raw materials and samples preparation

A high calcium fly ash (HFA) was used in this study, and its chemical
composition was measured by X-ray fluorescence (XRF) as presented in
Table 1. It is worth noting that the high CaO content (26.16%) of the
HFA is attributed to several different phases, such as hatrurite, ettrin-
gite, brownmillerite, and calcite, as will be discussed in Section 3.1.1.
Free lime was not detected, perhaps because the free lime was carbon-
ated during the storage in the air. Apart from the HFA, reagent-grade
potassium hydroxide and calcium hydroxide were used in the pozzo-
lanic reactivity test.
Carbonated FA (CFA) was prepared through a gas-solid accelerated

carbonation treatment of HFA. In this process, HFA was thoroughly
mixed with 15% of deionized water (by mass of HFA) and evenly spread
on a 45 µm sieve in a thin layer, around 2–3mm, to ensure a homoge-
neous carbonation. The mixture was then exposed to pure CO2 (99.9%)
at room temperature of 23±2◦C and a pressure of 0.2MPa. Carbonation
durations of 1 h and 12 h were employed, and the corresponding CFA
samples were labeled as CFA1 and CFA12, respectively. After the
carbonation treatment, the samples were dried in a vacuum oven at 40◦C
for 24 h. Subsequently, they were ground using a Retsch RS200 vibra-
tory disc mill for 6 s since FA particles were adhered together after
carbonation treatment. The ground CFA was then sieved through a
75 µm mesh to achieve a particle size distribution as close as possible to
that of HFA. The particle size distribution comparison in Fig. 1 indicates
slight difference in the particle size distribution of HFA and CFA, mainly
in the 0.6-to-4 µm and 10-to-40 µm particle sizes, attributed to the
carbonation products formed on the surface of HFA particles, which will
be elaborated on later.
The pozzolanic reactivity of HFA, CFA1 and CFA12 was investigated.

As sulfates commonly exist in cement and can influence hydration
products and accelerate the pozzolanic reaction, the impact of sulfate on
the pozzolanic reaction of CFA was also studied by adding an additional
5 % gypsum (by mass of CH and FA). Pozzolanic reaction test was pre-
pared by mixing a 3-to-1 mass ratio of CH and HFA/CFA in a 0.5 M
potassium hydroxide solution with a liquid/solid ratio of 0.9, following
established methodologies [32,33]. The potassium hydroxide solution
was pre-prepared and maintained at around 20◦C before use. Around
40 g of paste was mixed for 2 min using a handheld electric mixer.
Subsequently, 15 g of paste was used for the heat release test using an
8-channel isothermal calorimeter (TAM Air, TA instruments), while the
remaining pastes were sealed in tubes and cured for specific ages. These
tests were performed at temperatures of 20◦C and 50◦C. The samples,
with or without gypsum, cured at 50◦C, were labeled as R0G, R1G,
R12G, R0, R1, R12. Those cured at 20◦C were labeled as 20R0, 20R1,
and 20R12. Heat flow data were collected for 240 h, after which the
samples were removed from the ampoule and their hydration was
stopped using pure isopropanol for 7d and then dried in a vacuum oven
at 40◦C for 2d.
To investigate the ions evolution during the pozzolanic reaction of

HFA and CFA, a slurry of HFA/CFA-CH was prepared. The mix pro-
portion of the slurry was similar to that of the pozzolanic activity test,
except that the liquid/solid ratio was adjusted from 0.9 to 5. 100 g of
slurry was prepared for each mixture. These samples were then placed in
HDPE bottles and agitated on a shaker at 200 rpm and at a temperature
of 50◦C for specified durations. At designated time points, a small
portion of the suspension was collected using a syringe and filtered
through a 0.22 µm filter in preparation for ion measurements.

2.2. Testing methods

The specific surface area of HFA and CFA was determined using a
multi-station BET surface area analyzer (Nova 600 BET). Samples were
fully dried in a vacuum oven at 40◦C before the test. For each

measurement, around 4 g of samples were added into the testing tube
and then analyzed automatically following the SARM 2005 test
program.
X-ray diffraction (XRD) patterns were collected using a Philips X-Pert

diffractometer equipped with a Cu target operating at 45 kV and 40 mA.
The scanning rate was set at 5◦/min for general XRD patterns, while
quantitative XRD (QXRD) patterns were scanned at a rate of 2◦/min. For
QXRD, the XRD-Rietveld refinement method was employed, utilizing
10 wt% α-Al2O3 powder as the internal standard.
The thermal gravimetric analysis (TGA) was conducted using a TA

Instrument (SDT Q600). Samples were tested from 40◦C to 1000◦C at a
heating rate of 10 ◦C/min under a N2 atmosphere. Prior to the thermal
test, powder samples were dried in a vacuum oven at 40◦C for 24 h.
According to previous works [34,35], the temperature ranges of
410–500◦C and 500–850◦C can be identified as the decomposition
temperatures for CH and CaCO3, respectively. And based on the thermal
analysis results, the content of CaCO3, degree of carbonation (DOC) and
CO2 uptake of samples were calculated according to Eqs. (1–4):

CO2(%) =
ΔmCO2

M850◦C
× 100 (1)

CO2uptake(%) = CO2carbonated(%) −CO2initial(%) (2)

CaCO3(%) = CO2(%) ×
100.09
44.01

(3)

ξCaO(%) =
CaCO3(%) × 56.08

100.09
CaORM(%)

× 100 (4)

where, ΔmCO2 is the mass loss due to CaCO3 decomposition at
500–850◦C; M850◦C is the mass of samples at a specific temperature;
CO2initial and CO2carbonated are the weights of CO2 derived from CaCO3 in
the samples before and after carbonation treatment, respectively; ξCaO is
the DOC of samples; CaORM is the CaO content of the raw materials,
which is obtained from the XRF analysis.
The 27Al and 29Si MAS NMR spectra were collected using a solid-state

NMR spectrometer (AVANCE III 400 MHz WB, Bruker Co.). For the
measurements, a 7 mm ZrO2 rotor was utilized for both 27Al and 29Si
NMR analysis, with a spinning speed set to 7.5 kHz. The spin relaxations
were set at 2 s for 27Al and 30 s for 29Si NMR. Each sample ran for 1024
cycles, and subsequent adjustments of the spectra were performed using
TopSpin 4.3.0 software.
Fourier transformation-infrared spectroscopy (FT-IR) was used to

analyze the microstructure of carbonation products. The analysis was
performed using a Nicolet iS50 FT-IR spectrometer, covering the spec-
tral range of 4000–400 cm−1 and employing 32 scans for each
measurement.
X-ray photoelectron spectroscopy (XPS) was conducted using a

Kratos Axis 165 Photoelectron Spectrometer equipped with a mono-
chromatic Al Kα X-ray source. The regional XPS scans were collected in
0.1 eV increments, and the retardation voltage was calibrated based on
the positioning of the C1s peak.
Scanning electron microscopy (SEM) was conducted by a Helios

Hydra CX in high vacuummode, with an accelerating voltage of 10 kV, a
beam current of 0.2 nA, and a working distance of approximately 4 mm.
Before SEM/EDS tests, all samples were coated with a thin film of Au/Pt
for 1 min to enhance conductivity.
An inductively coupled plasma-optical emission spectrometer (ICP-

OES) with a liquid autosampler was used to determine the concentra-
tions of elements. Prior to the test, the instrument was calibrated using
standard solutions at different concentrations. The collected initial
suspensions were filtrated through a 0.22 µm nylon filter and then
diluted with 1 % nitric acid before analysis.
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3. Results

3.1. Carbonation treatment of HFA

3.1.1. Effect of carbonation on phase assemblage of HFA
The XRD patterns of the original HFA and CFA carbonated for 1 and

12 h are shown in Fig. 2(a), with the corresponding QXRD results shown
in Fig. 2(b). In Fig. 2(a), the segment labeled as (I) represents a
magnified view of the region labeled as (II). The original HFA consisted
of around 80 % amorphous compounds and several dominant crystalline
phases, including hatrurite, quartz, and brownmillerite. Traces of
ettringite were also present in the original HFA. In addition, a small
amount of pre-existing calcite was detected in HFA, likely resulting from
the reaction of fresh HFA with CO2 in the atmosphere during storage.
Unlike in common high-calcium fly ashes, free lime was not detected in
the used HFA, perhaps because of the natural carbonation in the air. The
accelerated carbonation treatment enhanced the formation of calcite,
with hatrurite primarily serving as a calcium source following Eqs. (5–8)
[36,37] due to its reactivity to CO2 [38]. A 1 h-carbonation treatment
resulted in around 7 % calcite formation, and the content of calcite
increased with increasing carbonation durations. Brownmillerite
appeared to be inert under the CO2 condition as its content remained
stable after carbonation treatment. However, ettringite was no longer
detected in the CFA samples as ettringite was not stable under the CO2
condition due to the reaction of ettringite and CO2 (Eq. (9)) [39], which

resulted in the formation of gypsum. This observation was supported by
the TG-DTG results in Fig. 3(a), in which the peak at around 100◦C
related to ettringite decomposition disappeared after carbonation
treatment, and a new peak at around 120◦C related to gypsum decom-
position was formed. It should be noted in Fig. 3(a) that in addition to a
sharp peak at around 720◦C related to the decomposition of crystalline
calcite, a slow mass loss between 450◦C and 650◦C was observed, which
was likely attributed to the amorphous calcium carbonate (ACC) for-
mation, as indicated by previous studies [40,41]. Fig. 3(b) shows the
DOC and CO2 uptake of CFA with different carbonation durations. A
1 h-carbonation treatment resulted in a 19 % DOC, and after 12 h of
carbonation, the DOC increased to around 27 %, corresponding to a CO2
uptake of around 4.6 %.

(CaO)3⋅SiO2 + H2O → (CaO)x⋅SiO2⋅(H2O)y + Ca(OH)2 (5)

Ca(OH)2 +CO2 → CaCO3 + H2O (6)

(CaO)3⋅SiO2 + CO2+ H2O → (CaO)x⋅SiO2⋅(H2O)z + CaCO3 (7)

(CaO)x⋅SiO2 ⋅(H2O)y+ CO2 → xCaCO3 +SiO2⋅(H2O)z+ (H2O)y-z (8)

3CaO⋅Al2O3⋅3CaSO4⋅32H2O+3CO2→3CaCO3+CaSO4⋅2H2O
+Al2O3⋅xH2O+(26-x) H2O (9)

Fig. 2. XRD patterns and QXRD results HFA and CFA with different carbonation durations.

Fig. 3. Thermal analysis results, carbonation degree and CO2 uptake of HFA and CFA with different carbonation durations.
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Fig. 4. SEM images of HFA before and after carbonation of 12 h.
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3.1.2. Effect of carbonation on morphologies of CFA
Fig. 4 shows the morphologies of HFA and CFA12. The original HFA

featured spherical particles of different sizes, along with trace amounts
of irregular substances on the surface of HFA grains, which should be
attributed to hydration or carbonation products in the environment of
storage. The EDS identified calcium, silicon, aluminum, iron, magne-
sium, and traces of C as the main elements in HFA, suggesting possible
carbonation on its surface. In contrast, CFA12 exhibited more amor-
phous products with fibroid and lumpy shapes on the surface of HFA.
EDS results (spot 1) implied that these amorphous products precipitated
on the surface of HFA were carbonate products. In addition, other
products were produced and scattered amid the HFA particles. EDS re-
sults (point 1) revealed that the main elements in these products were
calcium, silicon, and carbon, indicating a calcium, silicon, and carbon
mixed compound. These mixed compounds were likely to be the
carbonated products of hatrurite such as calcium carbonate (CC) and
silica gels due to the reactions by Eqs. (5–8). It is noteworthy that these
mixed products could adhere to the HFA grains (Fig. 4b (II)) and could
agglomerate the HFA grains with carbonation products (Fig. 4b (III)),
which led to the increased particle size of HFA after carbonation
treatment.

3.1.3. Effect of carbonation on surface characteristic of HFA
The surface characteristics of HFA and CFA, carbonated for 1 h and

12 h, were analyzed by XPS, and the results of C 1S, Si 2p, Ca 2p, and Al
2p photoelectron spectra are shown in Fig. 5. The C 1S spectra in Fig. 5
(a) presented two main peaks: the binding energy (BE) of 284.8 eV is
attributed to the adventitious carbon due to the sample contamination,
and the peak at 289.4 eV is associated with carbonate in CaCO3 [42].
The intensity of the peak linked to CC was observed to increase after the
carbonation treatment of HFA due to enhanced CC formation. In Fig. 5
(b), the Si 2p spectra of HFA and CFA indicated no significant changes in
intensity, but a slight shift to a higher BE was observed. Previous studies
have indicated that the shift of the Si 2p to a higher BE is associated with
silicate tetrahedral polymerization [42]. Therefore, the observed shift in
the Si 2p peak to a higher BE might be attributed to the formation of

highly polymerized silica gel, as supported by the observation in EDS
results. The Ca 2p spectra are presented in Fig. 5 (c). No significant
changes were noted in the Ca 2p3/2 peak, but the intensity of the Ca
2p1/2 peak decreased slightly. This reduction was attributed to the
consumption of hatrurite, typically characterized by a BE around 347 eV
[43]. The Al 2p spectra of HFA and CFA are shown in Fig. 5 (d). The Al
2p spectra could be deconvoluted into Al-O and Al-OH components,
with the approximate BE of 74 eV and 75 eV, respectively [44,45]. The
Al-O was commonly linked to unreacted Al, while Al-OH was associated
with reacted Al, typically found in AFm phases and ettringite [44,46].
The Al 2p spectra showed a slight increase in intensity after carbonation
treatment of HFA. Given that the XPS analyzed the 5–10 nm surface
depth of the samples, the heightened intensity of Al 2p spectra in CFA
suggested the dissolution of Al3+ during the water mixing and carbon-
ation processes. Furthermore, the spectra displayed a shift towards
higher BE with increasing carbonation durations, indicating the for-
mation of aluminate hydrates.

Fig. 5. Photoelectron spectra of HFA and CFA with different carbonation durations.

Fig. 6. The FTIR spectra of HFA and CFA with different carbonation durations.
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3.1.4. Effect of carbonation on structure development of HFA
To analyze the structure development of HFA before and after

carbonation treatment, FTIR spectra and 29Si and 27Al NMR spectra were
collected.
Fig. 6 shows the FTIR spectra of HFA and CFA with different

carbonation durations. The bands at around 870 cm−1, 1409 cm−1 and
1459 cm−1 are attributed to CO32- in calcite [47–49]. The FTIR spectrum
of HFA presented minor absorptions related to CO32-, indicating a small
amount of pre-existing CaCO3 in raw material, consistent with the XRD
and TG results. After carbonation treatment, a sharp peak at 871 cm−1

and two broad peaks at 1409 cm−1 and 1459 cm−1 were observed in
CFA samples due to the calcite formation. It was worth noting that the
absorption band at 1459 cm−1 could potentially be associated with
amorphous CaCO3, as indicated by previous studies [41,50]. This sug-
gested the presence of amorphous CaCO3 formation in CFA, which
aligned with the TGA result (Fig. 3 (a)). The bands with wavenumber
ranging from 900 cm−1 to 1200 cm−1 are related to the Si–O asymmetric
stretching vibrations [51]. An increase in wavenumber indicated the
increased polymerization of silicate [47,52]. It was seen in Fig. 6 that the
absorption band at 930 cm−1 shifted to a higher wavenumber of
960 cm−1, indicating the formation of highly polymerized Si-rich gel.
The 29Si NMR spectra of HFA and CFA with different carbonation

durations are shown in Fig. 7. The 29Si NMR spectra represent the
different silicate tetrahedral environments according to the number of
connected tetrahedral units to SiO42-, and the corresponding assignments
for chemical shift have been introduced by previous studies [53–55]. In
the spectrum of HFA, a sharp peak at approximately −75 ppm indicated
the Q0 in the hatrurite. Additionally, a broad overlapped peak ranging
from −90 to −120 ppm was attributed to Q3 and Q4, indicating the
presence of highly polymerized silica [56,57]. Carbonation treatment
resulted in a decrease of hatrurite while an increase in Q3 and Q4 in-
tensity. The increased intensity of Q3 and Q4 could be attributed to the
formation of Si-rich gels, which confirmed the SEM, XPS and FTIR

results. The 27Al NMR spectra of HFA and CFA with different carbon-
ation durations are shown in Fig. 8. Within these spectra, two peaks
positioned at−24 ppm and 124 ppm are ascribed to spinning sidebands.
The spectrum of HFA exhibited a broad peak centered at 50 ppm,
indicative of Al(IV). Following carbonation treatment, the intensity of Al
(IV) reduced and a newly formed peak at around 8.5 ppm emerged,
indicating Al(VI) likely present in an unknown aluminate product. This
aluminate product appears to be an amorphous Al-rich phase, as no
characteristic peak assigned to Al-rich products was detected by XRD. A
previous study [58] has associated the peak at around 8.5 ppm with
amorphous aluminum hydroxide, supporting the interpretation of the
observed peak. This verified the XPS results that Al ion was released
during the carbonation process under the wet conditions. Through the
fitting of the original 27Al NMR spectra, the proportions of Al(IV) and Al
(VI) were calculated. The results revealed that there was approximately
21.7 % of Al(VI) in CFA1 and 21.9 % of Al(VI) in CFA12. This indicates
that the extension of carbonation duration from 1 h to 12 h did not lead
to a significant increase in Al transformation.
To sum up, the accelerated carbonation treatment did not induce

substantial structural changes in the HFA. However, it leads to a
reduction in the content of hatrurite, a highly reactive component, while
generating amorphous CC, Al gel and Si-rich gel.

3.2. Pozzolanic reactivity test of HFA/CFA-CH blends

3.2.1. Heat release of HFA/CFA -CH blends
Fig. 9 shows the normalized heat release curves by isothermal

calorimetry for HFA/CFA-CH blends at 50◦C. It is seen in Fig. 9 (a) each
sample presented a sharp peak within 1 h, which was attributed to the
dissolution of solids within the alkaline solution, as indicated in a prior
study [18]. The second peak observed in the calorimetry curves of
blends with gypsum (R0G, R1G and R12G) was associated with the
formation of C-A-S-H (hydration of hatrurite and pozzolanic reaction of
HFA) and ettringite. XRD results (Fig. 10) indicated that, in R0G, R1G
and R12G, ettringite formation corresponded with the appearance of the
second peak. However, carboaluminate hydrates were scarcely detected
in R0G, R1G, and R12G within the timeframe corresponding to the
second peak. The absence of carboaluminate hydrates was attributed to
the presence of sulfate, which hindered the formation of carboaluminate
hydrates [59]. Following the depletion of sulfate, the Mc and Hc were
formed; however, Hc ultimately transformed into Mc with the progres-
sion of curing age, as Mc was more thermodynamically stable than Hc
[60,61]. The second peak was less pronounced in R0, R1, and R12;
rather, a broad bump appeared following the first peak. The broad bump
was related to the formation of C-A-S-H, Mc and Hc (Fig. 10 (a)).
Moreover, the heat flow in R0 was higher than R1 between 1 and
5 hours, suggesting that during this initial period (before 5 h), carbon-
ation hindered the pozzolanic reactivity of HFA. It is interesting to note
that gypsum seemed to retard the pozzolanic reactivity of both HFA and
CFA compared to the blends without gypsum, resulting in an “induction
period” before the appearance of the second peak. This retardation effect
reduced the heat release within 8 h compared with the blends without
gypsum, as shown in Fig. 9 (b).
The cumulative heat release curves for HFA/CFA-CH blends at 50◦C

are shown in Fig. 9 (b). The cumulative heat release curves exhibited a
rapid ascent within the initial 25 h, followed by a gradual increase, with
the rate of increase decreasing over time. The impact of carbonation
treatment on the pozzolanic reaction heat of HFA differed in HFA/CFA-
CH systems with and without gypsum. In systems without gypsum,
accelerated carbonation treatment did not significantly affect the heat
release of HFA. However, in the presence of gypsum, carbonation
treatment reduced the pozzolanic reaction heat, and this reduction
primarily resulted from the initial 20 h, involving the dissolution of raw
materials and formation of ettringite and C-(A-)S-H. Additionally, sul-
fate accelerated the pozzolanic reaction of HFA, comparing R0G with
R0. However, this acceleration effect was diminished with increasing

Fig. 7. 29Si NMR spectra of HFA and CFA with different carbonation durations.

Fig. 8. 27Al NMR spectra of HFA and CFA with different carbonation durations.
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carbonation durations, to the extent that even for R12G, sulfate did not
seem favorable to the pozzolanic reactivity of CFA.
Fig. 11 shows the normalized heat release curves by isothermal

calorimetry for HFA/CFA-CH blends without gypsum at 20◦C. The cor-
responding XRD results at 10d are shown in Fig. 12. The heat flow
evolution of blends at 20◦C also exhibited a broad bump resembling that
of blends at 50◦C, albeit appearing later. This delay was attributed to the
slower pozzolanic reaction at lower temperatures, contrasting with the
accelerated reaction observed at 50◦C. The cumulative heat release re-
sults indicated that the carbonation treatment reduced the pozzolanic
reactivity of HFA when tested at 20◦C, contrary to the observation in
Fig. 9 (b) that carbonation treatment did not significantly affect the heat
release of HFA in the systems at 50◦C without gypsum. Moreover,
comparing the cumulative heat release at 50◦C and 20◦C revealed that
elevated temperatures led to an around 10 J/g increase in cumulative
heat of HFA. For CFA1 and CFA12, elevated temperatures resulted in a
more substantial rise in the cumulative heat, increasing by 20 and 34 J/
g, respectively. This suggested that elevated temperatures had a more
pronounced effect on promoting the pozzolanic reaction of CFA. The
possible reasons are explained as follows. Carbonation treatment led to a
decrease in the proportions of highly reactive components, including
hatrurite and certain amorphous phases, while resulting in the produc-
tion of calcite – a less reactive phase. Consequently, in the CFA-CH
blends at 20◦C, the cumulative heat release of CFA was reduced due

to the reduction of highly reactive components. Although the formation
of Mc – from the less reactive calcite – could compensate for the reaction
heat, this compensation might have been insufficient. As presented in
Fig. 12, a distinct peak for calcite was observed. However, at 50◦C, more
Mc was produced, consuming a significant portion of the calcite, as
illustrated in Fig. 13 (a). This increased formation of Mc at higher
temperatures could potentially compensate for the reduced cumulative
heat release.

3.2.2. Phase assemblage analysis
Fig. 13 shows the XRD patterns and QXRD results of HFA/CFA-CH

cured at 50◦C for 10d. Due to the poor crystalline structure of C-(A-)S-
H, it was considered amorphous during the QXRD analysis. Therefore,
the amorphous phases in Fig. 13 (b) should consist of C-(A)-S-H,
amorphous components in unreacted HFA, and other possible amor-
phous products. In the case of gypsum-free blends, Mc (main peak at
11.7◦ 2θ) and amorphous phases, including C-(A-)S-H, constituted the
main reaction products. A minor quantity of Mc was formed in R0,
whereas the contents of Mc in R1 and R12 are notably higher, attributed
to the increased availability of calcite.
Compared to blends without gypsum, less calcite was consumed in

blends with gypsum, leading to less formation of Mc. The reduced for-
mation of Mc was attributed to a competition effect between sulfate and
carbonate for Al2O3, with the presence of gypsum favoring the formation

Fig. 9. Heat release for HFA/CFA-CH blends at 50◦C.

Fig. 10. XRD patterns of HFA/CFA-CH blends at different ages of hydration.
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of ettringite while restricting the formation of Mc. Moreover, the po-
tential of ettringite formation in R1G and R12G appeared to be reduced
by the carbonation treatment as compared to R0G, likely due to the
dilution of the Al content in CFA caused by the formation of CC.

3.2.3. Ions evolution in HFA/CFA-CH slurries
To investigate the ions evolution during the pozzolanic reaction of

HFA and CFA, a slurry of HFA/CFA-CH was prepared. Fig. 14 shows the
concentration evolution of Al, Si, and S ions in HFA/CFA-CH at intervals
of 1d, 3d, and 10d, and the corresponding results are given in Table 2. In
the case of gypsum-free slurry, the concentration of Si and S did not
show noticeable changes over reaction time. Additionally, the impact of
carbonation treatment on the dissolution of Si and S ions was negligible.
It is worth noting that the S detected in gypsum-free slurry originated
from raw HFA. For Al, the highest concentration was observed in R0–1d,
and with time increasing, the concentration of Al decreased due to the
formation of Mc and Hc (mainly Mc). However, the concentration of Al
in R1 and R12 was lower compared to R0 across all reaction time du-
rations, and the concentration of Al in R1 and R12 only decreased
slightly over reaction time. This was attributed to the availability of CC
in R0 and R12, which accelerated the formation of Mc, reducing Al
levels rapidly within a short time (1d). Similarly, in gypsum-containing
slurries, the concentration of Al was slightly higher in R0G compared to
R1G and R12G due to a greater consumption of Al through reactions
with CC. The concentration of S was high in gypsum-containing slurries,
with R12G exhibiting the highest concentration, followed by R1 and
then R0. This difference could be due to the competition effect between

sulfate and carbonate for Al, which limited the formation of ettringite.
Besides, the dilution of the content of Al in CFA by the formation of CC
also decreased the formation of ettringite, as shown in Fig. 13 (b), which
leads to less sulfate consumption in R12G.

4. Discussion

The pozzolanic reactivity of SCMs is generally influenced by a
combination of physical and chemical factors. Physical factors encom-
pass particle size distribution, surface morphology, specific surface area,
and curing conditions, while chemical factors involve mineral compo-
sition, microstructural properties, solution composition, etc. [19]. When
the extrinsic aspects remain the same in a pozzolanic reactivity test of
SCMs, the SCMs with more reactive components, such as glassy or
amorphous phases, higher surface area, and smaller particle size, are
expected to exhibit high pozzolanic reactivity.
In the context of this study, from the chemical aspects, accelerated

carbonation treatment of HFA led to a decrease in highly reactive
components such as hatrurite and certain amorphous phases, resulting
in the formation of calcite (a less reactive phase) and other amorphous
phases such as ACC, Al gel, and Si gel, which conversely diluted the
highly reactive components. However, no obvious changes in the
chemical structure of fly ash (due to the carbonation treatment) were
observed in FTIR and NMR results. Regarding physical aspects, the
particle size of the fly ash increased after carbonation treatment, but at
the same time the surface area also increased. As shown in Fig. 15, the
BET specific surface area increased with carbonation durations. This
could be due to the formation of amorphous nano-scale-sized particles
on the surface of raw material grains (Fig. 4). It is noted that the change
in specific surface area observed in this study contrasts with findings
from a previous study [13], where carbonation treatment of HFA
reduced the specific surface area. The differences could be attributed to
variations in HFA compositions, particle size distribution, and carbon-
ation treatment conditions, such as CO2 concentration and carbonation
duration, etc. This implies that carbonation treatment parameters may
affect the properties of CFA and thus its pozzolanic reactivity, which
should be further investigated in future studies.
The composition of HFA primarily consists of around 80 % of

amorphous phase, around 10 % of hatrurite, a small amount of calcite
(1.4 %), and the remaining less than 9 % of quartz and brownmillerite.
Considering the reaction heat of quartz and brownmillerite is negligible,
the reaction of amorphous phases, hatrurite and calcite contributes to
the cumulative heat in the HFA-CH blends. In the case of CFA-CH blends,
although the highly reactive components were diminished due to the
carbonation reaction and dilution effect by the resulting products, the
newly formed CC, notably ACC, along with amorphous Al gel and Si gel
could accelerate the formation of Mc (main) and C-(A-)S-H, compen-
sating for the reduced heat. Additionally, as the dissolution of SCMs
increased with increasing surface area [19], the increased surface area
was also favorable for the pozzolanic reaction of CFA. Hence, in the
HFA/CFA-CH tests, the carbonation-treated fly ash exhibited a compa-
rable pozzolanic reactivity to that of HFA, while permanently storing
CO2.
Yet, within the HFA/CFA-CH blends incorporating gypsum, the

carbonation treatment had negative effects on the pozzolanic reactivity.
The reaction of CC and Al starts only after the depletion of gypsum.
Within 24 h, the gypsum facilitated the formation of low-solubility
ettringite and consumed most of Al, as illustrated in Table 2. Conse-
quently, the availability of Al was limited, resulting in a reduction in Mc
formation. This decrease in Mc formation correlated with diminished
heat release, which otherwise would have compensated for the reduced
heat owing to the decline in active components and the dilution effect.
The above findings indicate that the quantity of reacted CC is con-

strained by the availability of Al, implying the importance of Al in
studying the pozzolanic reactivity of carbonated SCMs through
isothermal calorimetry method. Moreover, since the reaction between

Fig. 11. Heat release for HFA/CFA-CH blends at 20◦C.

Fig. 12. XRD patterns of HFA/CFA-CH blends cured at 20◦C for 10d.
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CC and Al begins only upon the depletion of gypsum [61], the contri-
bution of CC to the reaction heat through the formation of Mc and Hc
can be diminished in the presence of gypsum. This suggests that when
assessing the pozzolanic reactivity of carbonated SCMs, it’s crucial to
thoroughly account for the SCMs’ reaction conditions, such as solution
compositions.

5. Conclusion

This study investigated the impact of carbonation treatment on the
physical and chemical properties of high-calcium fly ash (HFA), aiming
to understand how carbonation influences its pozzolanic reactivity, and
then evaluated the pozzolanic reactivity of carbonated HFA (CFA) by

monitoring the heat release of HFA/CFA-CH blends. Based on the
experimental results, several conclusions are drawn as follows.
(1) The accelerated carbonation treatment alters the physical prop-

erties of HFA, including particle size, surface characteristics,
morphology and phase assemblage, but barely influences the chemical
structure.
(2) In HFA/CFA-CH blends, carbonation treatment has a marginal

influence on the pozzolanic reactivity of the fly ash. Although the highly
reactive components can be reduced due to the carbonation pre-
treatment and the dilution effect by the reaction products, the newly
formed CC, especially ACC, and amorphous Al gel and Si gel can
accelerate the formation of Mc (main) and C-(A-)S-H, compensating for
the reduced heat resulting from the diminished highly reactive

Fig. 13. XRD results of HFA/CFA-CH blends at 10d.

Fig. 14. The concentration of Al, Si, and S ions in suspensions (mg/L) determined by ICP-OES.
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components. Additionally, the increased surface area is favorable for the
pozzolanic reaction of CFA. Furthermore, the carbonation reactivity of
CFA appears to depend on the curing temperature, with a high tem-
perature of 50◦C accelerating its pozzolanic reaction.
(3) In the HFA/CFA-CH blends containing gypsum, carbonation

treatment adversely affects the pozzolanic reactivity of fly ash. Gypsum
facilitates the formation of low-solubility ettringite, which consumes
most of the Al within 24 h. This process limits the availability of Al,
thereby reducing the formation of Mc and resulting in a decrease in heat
release.
(4) The degree to which CC can be reacted is constrained by the

availability of Al, which implies the importance of Al in determining the
pozzolanic reactivity of carbonated HFA as characterized by isothermal
calorimetry.
To sum up, upon being proportioned and used properly, the

carbonation-treated fly ash can retain comparable pozzolanic reactivity
to that of the untreated ash while storing CO2 permanently in the sup-
plementary cementitious material and in concrete. However, the HFA
used in this research may not represent common high-calcium fly ashes
due to the absence of free lime and the presence of hatrurite. Further
verification may be needed to confirm if the conclusions are commonly
valid.
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