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A B S T R A C T

This paper aims to improve the activity of high-calcium fly ash (FA) by using a wet carbonation treatment
process. The results indicated that carbonation products, i.e. calcite, were attached to the surface of FA, which
accelerated cement hydration primarily at the early stage. Significant improvement of early age strength and a
decrease in setting time were therefore found in blended cement. Additionally, carbonation significantly reduced
the amount of free calcium oxide (f-CaO) in FA, increasing its volume stability. Krstulovic-Dabic model was used
to simulate the hydration process of blended paste, and the distribution of pore sizes and hydration products
were also measured. Together with the filler effect of nano-sized calcite, the formation of carboaluminate phases
refined the pore structure of blended paste. Furthermore, the amounts and mechanical properties of outer hy-
dration products in blended paste increased.

1. Introduction

Cement is indispensable for infrastructure construction, but its pro-
duction puts a high energy demand and produces significant emissions
of CO2 [1]. Cement production emits 500–700 kg of CO2 per ton [2]. The
global cement production was expected to be 4.1× 1012 kg in 2020 [3].
Consequently, it is vital to diminish CO2 emissions from the cement
business to avert the exacerbation of the worldwide greenhouse effect
[4]. Substituting cement with supplemental cementitious materials
(SCMs) like fly ash (FA) is regarded as one of the primary technical
approaches to mitigate carbon emissions. According to the calcium
content in FA, it can be classified as class C and class F [5]. The CaO
content in class C FA exceeds 10%. In general, class C FA has higher
activity than class F FA. In practice, no more than 20% replacement
levels are used even though FA provides economic and environmental
benefits [6]. One of the reasons is the low activity of FA, which signif-
icantly reduces the early strength and delays the setting. Furthermore,
there is a significant amount of free calcium oxide (f-CaO) in class C FA,
resulting in local expansion and volume stability issues. Therefore,
improving the volume stability and reactivity of class C fly ash to in-
crease the replacement ratio in cementitious materials is essential for

reducing carbon emissions in the concrete and cement industry. [7–10].
Efforts have been made to reduce the content of f-CaO in FA, such as

disintegration [11], grinding [12,13], and using additives [14]. How-
ever, these methods have some disadvantages, such as the low conver-
sion efficiency of f-CaO and the limited activity of FA pre-treatment. An
alternative approach is carbonation treatment in which f-CaO in FA will
react with CO2 to form CaCO3 [15,16]. Typically, the carbonation
approach involves two categories [17–19]: direct and indirect. There are
two types of direct carbonization: dry and wet. In dry carbonation
process, the CO2 gas phase interacts directly with a solid phase to pro-
duce carbonate [20]. According to [21–23], dry carbonation was con-
ducted using a gas-solid approach that lasted more than a few hours. The
efficiency is possibly insufficient for industrial applications [21]. Deng
et al. [24] treated FA through a gas-solid accelerated carbonation, and
the reaction time was 12 h with a carbonization efficiency of around
27%. Tamilselvi et al. [25] reported that increasing CO2 pressure could
improve the carbon gain of FA, but the reaction is slow. The maximum
sequestration capacity is 26.3 kgCO2/t solid waste at 10 bar for 1 hour.
Liu [26], Cwik and Rausis [27] introduced steam into the reaction,
significantly improving the carbon sequestration capabilities of FA,
reaching 101 kg CO2/t FA. Dry carbonation can improve the reaction
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rate through high temperature or pressure, which leads to a remark
increase in production energy consumption.

To improve the carbon sequestration capabilities of FA, many re-
searchers used wet carbonation [25,28]. In this approach, alkaline solid
waste is mixed with water so that the active substances in solid waste are
dissolved into alkali metal ions. Then CO2 is electrolyzed into
CO3

2-/HCO3
- ions and combined with metal ions to form carbonate. The

FA carbonization process commonly covers a broad range of reaction
conditions. The reported reaction temperature ranges from 25℃ to
275℃ and the pressure is in between 1 and 80 bar [26,29–31]. The re-
action temperature only enhances the early carbonation efficiency

without significantly affecting the overall carbon sequestration. The
carbon sequestration rate is between 10.71 and 27.05 kgCO2/t solid
waste [32]. Improved pressures of CO2 can significantly influence the
carbon sequestration of FA, as higher pressure favors the leaching rate of
calcium ions. The CO2 sequestration capacity rises from 35.48 kg/t
(5 bar) to 67.92 kg/t (25 bar), with an increase of 91.4% [33]. Recently,
some researchers modified FA using mechanical methods to enhance its
reactivity during carbonation [34]. However, pre-treatment also results
in higher energy and economic costs.

To this end, this study developed a wet carbonation process under
normal temperature and pressure to prepare carbonated high-calcium
fly ash (CFA) within 10min. The CO2 uptake capacity of FA was
measured, and features of the CFA were characterized. Cement pastes
prepared with different replacement rates of CFA (20, 30%, 40%, and
50%) were evaluated regarding volume stability, workability, setting
time and mechanical properties. Mechanisms behind were investigated
to guide the implementation of CFA as a new SCM.

2. Materials and methods

2.1. Raw materials

In this study, P.I. 42.5 standard ordinary Portland cement (OPC) and
ASTM Class C fly ash [35] were utilized as raw materials. The density of
OPC was 3.11 g/cm3 and its specific surface area was 358m2/kg. The
Blaine fineness of Class C fly ash (FA) was 343.2m2/kg. Table 1 presents
the chemical composition of the raw materials, and the particle size
distribution is shown in Fig. 1. The content of CaO and SiO2 in FA is
20.91% and 43%, respectively, whereas the f-CaO content in FA is
5.51%. X-ray diffraction (XRD) of the raw materials is shown in Fig. 2.
Portlandite and calcite are found in FA. Calcite formation in FA occurs
because f-CaO reacts with carbon dioxide during storage [36].

2.2. Preparation and characterization of carbonated FA

As shown in Fig. 3, FA was carbonated using direct wet carbonation
at 20◦C. Solids were first mixed with water using a magnetic stirrer
switch in direct wet carbonation. A liquid-to-solid ratio of 7.5 was
selected to guarantee the maximum carbonization efficiency. The pH
was monitored during mixing and carbonation. Once the pH was sta-
bilized, CO2 was infused into the mixture at a speed of 0.4 L/min. The
injection of CO2 was stopped when the pH value reached 7.0, which
lasted about 6 min. The mixtures were then passed through a 0.1 μm
filter and subjected to vacuum drying at 40℃ for 24 hours.

A laser particle size analyzer was utilized to assess the distribution of
particle sizes in CFA, covering a range from 0.02 to 2000 mm. The
crystalline composition and microstructure were investigated using
measurements like X-ray powder diffraction (XRD), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM). The specific setup is described in
section 2.4.8. The f-CaO concentration of class C FA was determined by
phenyl formic acid titration following Chinese standard GB/T
176–2008.

2.3. Preparation and characterization of blended OPC-FA/CFA pastes

2.3.1. Mix proportion and sample preparation
Samples of cement paste measuring 40 mm × 40 mm × 40 mm were

made in the lab at 20◦C and allowed to cure for 24 hours in molds. The

Table 1
Chemical composition of raw materials (wt%).

Component SiO2 Al2O3 Fe2O3 CaO MgO SO3 Others LOI

OPC 21.82 4.68 3.56 63.43 3.29 2.30 0.92 1.48
FA 43.00 24.60 4.61 20.91 2.42 0.84 3.62 4.76

Fig. 1. Distribution of particle sizes in raw materials.

Fig. 2. XRD patterns of FA.
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paste samples were demolded and cured in a wet atmosphere (temper-
ature = 20 ◦C; relative humidity > 95 %) until test age. The blended
mixes consisted of OPC and 20 %-50 % FA/CFA by weight. Table 2
shows the mix proportion, pure OPC paste was used as a reference.

2.3.2. Setting time
According to ASTM C191–18a, the Vicat needle was used to deter-

mine the setting time of FA/CFA pastes. The initial and final setting
times are described as the durations necessary for the Vicat needle to
penetrate 36 ± 1 mm and 0.5 mm, respectively.

2.3.3. Volume stability
Cement pastes of 25 × 25 × 146 mm3 were prepared for volume

stability testing. After curing for 24 hours, the specimen was placed in
an automatic autoclave at 215.7℃ with a pressure of 2.0 MPa for
3 hours. The length of the specimen was tested using a specific length
meter, and the expansion ratio was calculated using Eq. (1):

LA =
L1 − L0
L

× 100 (1)

where the LA represents the linear expansion ratio (%); L represents the
effective size of the specimen (146 mm); L0 represents the initial size
after demolding (mm); L1 represents the length after the pressure-steam
test (mm).

2.3.4. Hydration heat
The Calmetrix I-CAL 4000 HPC isothermal calorimeter was used to

determine the hydration heat of blended pastes at 20◦C. Each sample
was prepared using 50 g fresh mixture. Water-binder ratios for all
mixtures were 0.4. Heat flow was measured every 60 s until 72 h.

2.3.5. Compressive strength
FA/CFA pastes with a size of 40 × 40 × 40 mm3 were prepared for

compressive strength testing, in accordance with ASTM C348.

2.3.6. Nanoindentation
The materials utilized in the nanoindentation testing underwent

grinding and polishing to ensure a smooth surface. This polishing pro-
cess utilizes diamond paste (6 μm, 3 μm, 1 μm, 0.25 μm) applied on a
lapping table as specified in [37]. The indentation test was performed
using a KLA G200 nanoindenter with a diamond Berkovich tip. To derive
the mechanical properties of each phase in the hydrated blended paste,
1200 indentations were carried out on each sample. The load-controlled
method was adopted. For each point, the load was linearly increased at a
rate of 200 μN/s to a maximum of 2000 μN, sustained for 5 s, and
subsequently decreased at the same rate of 200 μN/s [38]. The elastic
modulus was derived using the following Eqs. (2)-(4).

Er =
̅̅̅
π

√

2β
S̅̅
̅̅̅
Ac

√ (2)

S =

(
dP
dh

)

h=hmax

(3)

1
Er

=
1 − v2

E
+
1 − v2i
Ei

(4)

where β denotes the correlation coefficient of the Berkovich diamond
indenter, valued at 1.034; S signifies the contact stiffness, which is
determined by Pmax (maximum load) and h (indentation depth); Ac de-
notes the contact area; v signifies the Poisson’s ratio of the cement
sample, which is 0.2. The poisson ratio (0.07) and the elastic modulus
(1140 GPa) of the indenter tip are denoted by the symbols Ei and vi,
respectively. The spacing between indents was set as 10 μm to prevent
any interaction between adjacent indents. Assuming 4 phases (i.e., outer
and inner hydration products, FA particles, unhydrated cement parti-
cles) in the matrix and each follows a Gaussian distribution, a decon-
volution approach was applied following Ref. [39].

2.3.7. Chemical phases
The hydration of blended paste was terminated at 1, 3, and 28 days,

respectively, through a solvent exchange approach using isopropanol.
After grounding into power, the sample was dried to a constant weight at
60◦C before TG, XRD, and FTIR analyses.

The crystalline structures of FA/CFA pastes were evaluated via XRD
using Cu-Kα radiation, scanned within the range of 5◦ ≤ 2θ ≤ 90◦ [40].
FTIR measurement was conducted using the conventional KBr disc
method. Frequencies were scanned within the range of 4000–400 cm⁻¹ .
A Netzsch STA 449F5 thermogravimetric apparatus was used to identify
the hydration products of FA/CFA pastes. During the measurement, the
samples were heated from 20◦C to 900◦C while the measurements were
performed in a nitrogen atmosphere.

Fig. 3. Schematics of the experimental setup used for aqueous carbonation.

Table 2
Mix proportions of blended cement pastes.

Samples OPC content (wt%) FA type FA content (wt%) w/b

OPC 100 - 0 0.40
FA20 80 FA 20 0.40
FA30 70 FA 30 0.40
FA40 60 FA 40 0.40
FA50 50 FA 50 0.40
CFA20 80 CFA 20 0.40
CFA30 70 CFA 30 0.40
CFA40 60 CFA 40 0.40
CFA50 50 CFA 50 0.40

Z. Ge et al. Construction and Building Materials 466 (2025) 140285 

3 



2.3.8. Scanning electronic microscopy-energy dispersive spectroscopy
(SEM-EDS)

A JSM-7610F 3 apparatus was used to evaluate the morphology and
elemental contents of FA/CFA particles and pastes. Before the test, an
ion scattering device was used to apply a thin layer of gold to the
samples for 360 seconds.

2.3.9. Mercury intrusion porosimetry (MIP)
The specimen was sectioned following a 28-day curing period and

immersed in ethanol for 24 hours to halt hydration. Subsequently, dry in
a vacuum oven for 48 hours. An automated mercury porosimeter
(Autopore 9220) was used to measure the pore structure of pastes. The
measurable pore size range is 3 nm~314 μm, and the measurable
pressure range is 4.00 × 10− 3~4.13 × 10− 2 MPa.

Fig. 4. SEM images of carbonated and non-carbonated FA: (a) FA; (b) CFA.
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3. Results and discussions

3.1. Carbonated FA

3.1.1. Morphology
Fig. 4 illustrates the morphology of FA/CFA. EDS spectra are ob-

tained at the selected spots. From Fig. 4(a), FA is a sphere with some
small particles on its surface, since FA may carbonate in the environ-
ment, generating small calcite particles. Fig. 4(b) shows the morphology
of CFA. The surface of CFA is covered by a large number of calcite
crystals. A high-resolution image shows the buildup of fully-grown
carbonate crystals. The main morphology of calcite particles on the
surface of FA is agglomerated to rod-like. Compared to point 1, the EDS
data on point 2 shows a significant increase in C and Ca element content,

indicating the formation of CaCO3.

3.1.2. Particle size distribution
FA displays an unimodal particle size distribution [41] and consists

of a major population with grain sizes around 100 μm, respectively
(Fig. 5). The specific surface area and particle size distribution of
FA/CFA are illustrated in Table 3. After carbonation, there is a 43.1 %
increase in the specific surface area (SSA). CFA shows a bimodal size
distribution. The amount of fine (<5 μm) and medium size (5–20 μm)
particles increase, and large (>20 μm) particles decrease. A similar
observation has been reported by [42]. The increase of fine particles can
be attributed to the aggregation of calcite in the solution. In addition,
particle size is reduced due to the leaching of Ca2+ and Mg2+. An in-
crease in the volume percentage of medium size is caused by FA surface
adsorption and carbonate precipitation. However, different trends are
observed for Ref. [23,43] as different carbonation conditions are
applied.

3.1.3. Chemical phases and carbonation efficiency
The XRD patterns of original and carbonated FA are compared in

Fig. 6(a). There is a significant rise in the diffraction peak intensity of
calcite in CFA compared to that in FA. Meanwhile, the portlandite
diffraction peaks are significantly attenuated and nearly disappeared.
The FTIR results support the XRD findings, as illustrated in Fig. 6(b). The

Fig. 5. Particle size distribution of FA before and after carbonation.

Table 3
Specific surface area and particle size distribution of FA and CFA.

Sample SSA/(m2/kg) Particle size distribution (%)

< 5 μm 5–20 μm > 20 μm

FA 144.7 6.73 17.53 75.74
CFA 207.1 11.26 40.63 48.11

Fig. 6. XRD and FTIR results of FA/CFA: (a) XRD; (b) FTIR.

Fig. 7. TG-DTG curves of FA before and after carbonation.
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peaks at 460 cm− 1, 560 cm− 1, and 1096 cm− 1, seen in all FA particles,
indicate Si-O stretching vibrations, implying the presence of quartz. In
FA, there is a prominent absorption band at 3444 cm− 1, suggesting the

existence of O-H from water molecules [44]. The CO3
2- bending (v2,

875 cm− 1) band and C-O bending (v3, 1420 cm− 1) are attributed to the
peak characteristic of calcite [45]. An extra absorption band is present at
1793–1799 cm− 1 for CFA particles, indicating the presence of calcite. In
addition, the absorption band at 745 cm− 1 indicates the existence of
vaterite, which is undetectable by XRD due to its low concentration.
Unlike the carbonation system using hydrated cement paste powder or
steel slag [46–48], no silica gel or calcium silicate mineral is generated
during the carbonation process using FA. This is due to the slow hy-
dration process of FA [49,50], and the carbonation process lasts only
6 minutes, limiting the production of silica gel and calcium silicate
minerals.

TG-DTG results are presented in Fig. 7. A significant loss of mass in
FA occurs between 380◦C and 430◦C, referred to the decomposition of
portlandite [51]. The mass loss peak at 550–900℃ represented the
decomposition of calcite [52], consistent with the observations in XRD
and FTIR. The CO2 uptake and the amount of calcite can be calculated
based on TG-DTG results, as follows in Eqs. (5)-(7) [53]:

w(CO2)

(

wt%
)

=
Δm550− 900◦C

m0
× 100 (5)

CO2uptake

(

wt%
)

=
w(CO2)(wt%)

100 − w(CO2)(wt%)
× 100 (6)

MCaCO3

(

wt%
)

=
Δm550− 900◦C

m0
×
100
44

× 100 (7)

Fig. 8. The initial and final setting time of FA/CFA pastes.

Fig. 9. Volumetric stability of FA/CFA pastes.

Fig. 10. Hydration heat of FA/CFA pastes: (a) heat flow curves; (b) cumulative heat.
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where Δm550–900℃ is the weight loss between 550 and 900℃, m0
represents the starting mass of the samples, whereas w (CO2) denotes the
mass percentage of CO2; MCaCO3 is the amount of CaCO3. The molecular
weights of CO2, Ca, and CaO areMWCO2 ,MWCa, andMWCaO (g/mol). The
carbonation efficiency (ζCaO) of FA is determined by Eq. (8):

ζCaO(%) =

w(CO2)
100− w(CO2)

× 1
MWco2

Catotal/MWCa
=

w(CO2)
100− w(CO2)

× 1
MWco2

CaOtotal/MWCaO
(8)

where Catotal and CaOtotal represent the weight percent fractions ascer-
tained using XRF analysis.

CFA achieves a CO2 uptake of 94 kg/t and carbonation efficiency of
59.82 %, higher than the data reported in the literature in which acid/
salt and other extractants are used. As reported by [54–56], carbon
sequestration of class C FA (wCaO>20 %) is less than 86 kg/t. This
number decreases to 17.36 kg/t when class F FA is used [57].

Fig. 11. The correlation among FNG(α), FI(α), and FD(α) with the degree of hydration (α).

Table 4
Kinetic parameters of the paste samples.

Sample n K’NG K’I K’D Hydration mechanism α1 α2 α2-α1

OPC 1.56421 0.06024 0.01619 0.00594 NG-I-D 0.1738 0.2919 0.1181
FA20 1.48658 0.05745 0.01413 0.00562 0.1859 0.3487 0.1628
FA30 1.49241 0.05110 0.01427 0.00538 0.2574 0.4169 0.1595
FA40 1.49652 0.05062 0.01486 0.00512 0.2686 0.4150 0.1464
FA50 1.50210 0.05018 0.01534 0.00501 0.3305 0.4591 0.1286
CFA20 1.48021 0.06005 0.01572 0.00468 0.1940 0.3953 0.2013
CFA30 1.47516 0.05906 0.01679 0.00456 0.2203 0.3830 0.1627
CFA40 1.46523 0.05432 0.01645 0.00401 0.2377 0.3713 0.1336
CFA50 1.42534 0.05263 0.01637 0.00357 0.2301 0.3502 0.1201
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3.2. Blended OPC-FA/CFA pastes

3.2.1. Setting Time
Fig. 8 shows the initial and final setting time of FA/CFA pastes. As

expected, the addition of FA in cement significantly delays the setting.
This is because FA particles mainly work as a diluent material at early
ages, not participating during the flocculation and setting processes

[58]. The carbonation treatment can effectively improve the retarding
phenomenon of FA paste. From Fig. 8, the initial and final setting time of
CFA 30 are 17.14 % and 14.81 % faster than that of FA30. The initial
and final setting times decrease as the CFA content rises. Nano-sized
calcite particles attached to the CFA can serve as nucleation sites for
the precipitation and development of C-S-H gel and other hydrates. Ca2+

can be rapidly adsorbed in the pore fluid, reducing Ca2+ concentrations

Fig. 12. XRD patterns of FA/CFA pastes at different ages: (a) 1 day; (b) 3 days; (c) 28 days.
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around C3S and further accelerating C3S hydration [59]. As a result, the
early hydration reaction for C-S-H gel formation is accelerated, and the
setting time is reduced [60,61].

3.2.2. Volume stability
Fig. 9 shows the linear expansion ratio (LA/%) after 3 hours of

steaming in the autoclave. The expansion ratio increases with class C FA
content. With the content of FA increases from 20 % to 50 %, the LA of
FA blended paste grows from 0.55 % to 1.62 %, exceeding 0.5 %. This
means that the volume stability of FA pastes does not meet the specifi-
cation requirements. The f-CaO in class C FA leads to the expansion. The
volume stability of FA is improved after carbonation pre-treatment, and
the expansion ratio of blended paste incorporation of 20 %-50 % CFA is
between 0.1 % and 0.41 % (<0.5 %). This means the carbonation
treatment can effectively improve the volume stability of class C FA. The
main reason is that carbonation consumes f-CaO in FA pastes. The f-CaO
content of class C FA is 5.51 %, but it is below 0.01 % in CFA. A
threshold for expansion occurs when the percentage of FA is 50 %. The
reasons can be summarized as follows. Firstly, the f-CaO content in OPC-
FA system increases with FA dosage increasing and produces larger
crystallization pressure during hydration. Secondly, as FA content in-
creases, mechanical properties of the paste are hindered, which reduces

the resistance ability to deformation and crack.

3.2.3. Hydration kinetics
The measured hydration heat for FA/CFA pastes is shown in Fig. 10,

and the heat flow results are normalized per gram of binder. The addi-
tion of FA plays a role in diluting cement in the early stage of hydration,
which reduces the total hydration heat [62,63].

From Fig. 10 (a), the main hydration peak consists of two humps. The
first peak arises from the hydration of calcium silicates, particularly C3S.
The substitution of FA with CFA leads to an increased intensity of the
first peak, indicating that CFA enhances the dissolution of ions [64]. The
second peak corresponds to the further hydration of tricalcium alumi-
nate (C3A) [65]. The accelerated aluminate reaction may be linked to
the generation of mono-carboaluminate (Mc) and hemi-carboaluminate
(Hc) from the dissolved carbonate ions, as reported by previous studies
[66,67]. According to 11(b), the replacement of OPC by FA results in a
reduction of the total heat. Compared with FA, CFA can promote the
hydration process. Specifically, the cumulative heat of CFA20、
CFA30、CFA40、CFA50 are increased by 32.29 %、21.94 %、
33.58.27 %、34.01 % compared with FA20、FA30、FA40 and FA50,
respectively.

The Krstulovic-Dabic model can be used to simulate cement hydra-
tion. According to references [68,69], the parameters of
Krstulovic-Dabic model are calculated. The theoretical hydration curves
of FA/CFA pastes are shown in Fig. 11. OPC-FA/CFA system undergoes
three phases: nucleation and crystal growth (NG), phase boundary re-
action (I), and diffusion (D) [69]. The Kinetic parameters of the paste
samples are shown in Table 4. Compared with pure OPC, adding FA/CFA
reduces the reaction rate in each hydration stage. The value of reaction
steps (n) in the CFA paste decreases, and the reaction rate constant
(K′NG) increases during the control stage of NG process. The decrease of n
indicates that the reaction complexity increases, while the increase of
K′NG indicates that the reaction is promoted [70]. It is found that CFA
pastes have a higher K′I value than FA pastes with the same replacement
ratio, which means the carbonation treatment increases the NG process.
In the control stage of I process, the reaction rate constant K′I of CFA
pastes is higher than FA pastes, indicating that the CFA hydration rate is
accelerated in the I process.

Fig. 13. TG-DTG analysis of FA/CFA pastes at different ages.

Table 5
Content of hydrate water and portlandite in cement paste.

Age (day) Mixes Hydrate water (wt%) CH (wt%) CaCO3 (wt%)

1 day FA30 9.82 16.53 2.14
CFA30 9.93 15.17 4.47
FA50 7.68 15.05 1.88
CFA50 7.68 11.55 5.71

3 days FA30 11.52 19.49 2.75
CFA30 12.39 16.86 3.90
FA50 9.53 17.84 2.52
CFA50 10.40 13.73 5.47

28 days FA30 14.48 21.87 3.0
CFA30 14.70 19.61 3.76
FA50 12.03 20.23 2.43
CFA50 13.12 15.25 5.13
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Plenty of hydration products are wrapped around particles during
the later stage of hydration. Thus, the product layer inhibits Ca2+

leaching at a later stage. The hydration reaction is controlled by a
diffusion process, which corresponds to D process. For FA/CFA pastes,
K′D decreased significantly compared with K′I of I process, indicating a
rapid decline in hydration rate. Although nano-sized calcite can enhance
the growth of C-S-H in NG process, it may adversely affect D processes
[70]. A denser product layer forms around the cement clinker, impeding
the transportation of moisture and ions. Thus, CFA pastes exhibit a lower
K′D than FA pastes. Table 4 illustrates that the crossovers with the

respective hydration degrees α1 and α2 signify the transition locations
from NG to I and from I to D. The difference between α1 and α2 reflects
the degree of phase boundary reaction, which depends on the barrier of
ion migration and is influenced by the amount of hydration products
[68,71]. The reduction of the difference means that nano-sized calcite
accelerates the hydration degree from NG to I process.

3.2.4. Hydration products characterization

3.2.4.1. Crystalline phase compositions. Fig. 12 shows a comparison of

Fig. 14. FTIR spectra of FA/CFA pastes at different ages: (a) 1 day; (b) 3 days; (c) 28 days.

Fig. 15. SEM images of cement pastes after 3 days of hydration: (a) FA30; (b) CFA30.
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the XRD patterns of the hydrated cement pastes at low angles. At 1 day,
C3A interacts with gypsum to produce ettringite. (AFt 9.1◦ 2θ). Once
gypsum is depleted, the remaining aluminates react with AFt to form
monosulfate (Ms 9.8◦ 2θ). In CFA pastes, the attached calcite reacts with
aluminates to produce Mc (11.7◦ 2θ) and Hc (10.8◦ 2θ). In this process,
the conversion from AFt to Ms is inhibited; therefore, the amount of Ms
in CFA pastes is much lower than in FA pastes.

At 3 days, more AFt is retained in CFA paste, consistent with refer-
ences [72,73] where CaCO3 particles are applied in OPC-FA system. The
higher the CFA replacement ratio, the higher the AFt content remains.

As the curing age increases, AFt gradually participates in the reaction,
and its content decreases. The contents of Hc andMc increased gradually
with the increase of curing age, exhibiting minimal difference between
Hc and Mc. In addition, for OPC-FA system, there is also a broad peak
between Ms and Hc, which may be related to the carbonate and sulfate
containing hydroxy-AFm (AFm*) [74]. At 28 days, AFm* remains in
OPC-FA system, the reduction of ettringite and increase of Ms in OPC/FA
and OPC/CFA is observed due to the on-going hydration. Furthermore,
Hc peak decreases in CFA pastes, whereas the peak of Mc increases with
time. This may be due to Mc is thermodynamically more stable than Hc

Fig. 16. SEM images of cement pastes after 28 days of hydration: (a) FA30; (b) CFA30.

Fig. 17. MIP results with FA30 and CFA30: (a) 3 days; (b) 28 days.
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[75,76]. FA50 also contains a large amount of Hc and Mc, and it can be
deduced that the carbonate is generated through natural carbonation
due to the presence of CaO in Class C FA. The ferrite content (12.2◦ 2θ)
diminishes as the curing age increases.

3.2.4.2. TG-DTG analysis. Fig. 13 shows the TG-DTG curves of hydrated
cement pastes. The hydration product is related to the decomposition of
carbonate, which can be used to determine the hydration degree.
Generally, the greater the weight loss of the hydrated paste, the higher
its hydration degree. The weight loss (WC-S-H) at 30–200◦C corresponds
to the decomposition of AFt, monosulfate, and C-S-H gel [77]. The
weight loss (WCH) between 350◦C and 500◦C is attributed to the
decomposition of portlandite [51]. The weight loss (WCaCO3) between
550◦C and 900◦C corresponds to the decomposition of calcite [52,78,
79]. The hydrate water content (WH) and CH mass content (WCH) are
calculated in the hydrated blended cement paste (Eqs. (9)-(10)):

H =
Δm40− 500◦C

m500◦C
(9)

CH =
Δm350− 500◦C

m0
×
74
18

(10)

where Δm40–500℃ is the weight loss between 40 and 500℃, m0 is the
initial mass, Δm350–500℃ is the weight loss between 350 and 500℃.

The calculated hydrate water, as well as CH content in FA/CFA
pastes, are shown in Table 5. With FA/CFA content increasing, hydrate
water in pastes decreases gradually, indicating fewer hydration prod-
ucts. CFA pastes contain more hydrated water than FA pastes at the same
replacement level, promoting the hydration process. As the FA/CFA
dosage increases, the CH content decreases gradually. Furthermore, the
CH content in the FA/CFA pastes increases gradually as the hydration
age increases because FA/CFA pozzolanic reactions are much slower
than cement clinker hydration. The CH content of CFA paste is

significantly lower than that of FA paste, primarily because the
carbonation treatment consumes CH in the FA. Moreover, CH partici-
pates in the reaction between aluminates and calcite [80]. This also
leads to the reduction of calcite as hydration proceeds.

3.2.4.3. FTIR. FTIR spectrum is shown in Fig. 14. The intensity of peaks
and their relative displacement are closely associated with molecular
groups and hydration products. The shoulder peak at 3642 cm− 1 is
attributed to the hydroxyl group in Ca(OH)2. As curing age increases, the
band shifts to a high wavenumber, which indicates an increase in CH
[81,82]. The H2O (O-H) bends at 3444 cm− 1 and 1640 cm− 1 slightly
shift to high wavenumbers, indicating the gradual conversion of inter-
layer water to bound water and the formation of C-S-H [83]. The left-
ward shift of the Si-O-Si band peak near 970 cm− 1 suggests an increase
of C-S-H gel. The peak near 3640 cm− 1 corresponds to hydroxyl groups
and the -OH in Ca(OH)2, and the shoulder band shifts slightly toward
higher wavenumbers with the increase of curing time, indicating an
increase in CH [81–83]. Moreover, vibrational peaks of CO3

2- at
1421 cm− 1 and 875 cm− 1 are indicative of calcium carbonate [84]. The
vibrational peaks rise significantly with increased CFA content, sug-
gesting that calcite can be formed in large quantities after carbonation.
Calcite content increases sequentially with the dosage of CFA paste. The
peak gradually stabilized at 28 days, which suggests that calcite is
consumed. This is consistent with XRD and TG results.

3.2.5. Microstructure evolution

3.2.5.1. Morphology of microstructures. The SEM images of cement
pastes containing 30 % FA and CFA at 3- and 28 days are shown in
Figs. 15- 16, respectively. FA plays a role in filling and mainly acts as a
micro-aggregate. C-S-H gel and CH are visible. With hydration time
going on, hydration products accumulate on FA particles. FA particles
become honeycomb due to pozzolanic reactions [85,86].

The hardened FA and CFA pastes at 28 days exhibit considerably
greater density compared to 3 days. As the hydration process progresses,
hydration products accumulate on FA particles. After 28 days, a large
amount of densified hydration products is observed. Furthermore, FA is
encapsulated by C-S-H gel since the CH around the FA is consumed
rather than retained [83,87,88]. More severe dissolution is also
observed on the CFA surface, indicating a higher degree of reaction.
However, some FA particles retained a smooth texture, suggesting that
these particles partially served as inert materials to enhance the packing
density of the cementitious matrix [89,90].

3.2.5.2. Pore structure. Fig. 17 illustrates the pore size distribution of

Table 6
Pore structure parameters of FA30 and CFA30.

Samples Age
(day)

Porosity
(%)

Unit mercury
intake
(mL/g)

Threshold pore diameter
(nm)

OPC 3 25.31 0.15 43.57
FA30 33.60 0.23 52.16
CFA30 30.53 0.20 38.99
OPC 28 20.86 0.12 26.39
FA30 25.55 0.16 38.26
CFA30 22.07 0.13 21.91

Fig. 18. Pore diameter distribution of FA/CFA pastes: (a) 3 days; (b) 28 days.
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FA30 and CFA30 at 3 and 28 days, respectively. Porosity and threshold
pore diameter are calculated and shown in Table 6. At 3 days, OPC
exhibits the lowest porosity, whereas FA30 has the highest porosity, and
the porosity of CFA30 is 9.14 % lower than that of FA30. The threshold
pore diameter of CFA30 is 25.2 % smaller than that of FA30.With curing
time going on, CFA has a more significant effect on refining the pore size.
Compared with FA30, the porosity and threshold pore diameter of
CFA30 at 28 days decreased by 13.6 % and 42.7 %, respectively.

Based on Ref [91], pore sizes can be categorized into four types:
harmless pores (<20 nm), less harmful pores (20–50 nm), harmful pores
(50–200 nm), and multi-harmful pores (> 200 nm). As shown in Fig. 18,
the proportion of harmless, less harmful, and harmful pores in CFA30
show a slight change compared with FA30 at 3 days, while the volume
proportion of multi-harmful pores decreases by 29.5 %. At 28 days, the
proportion of multi-harmful pores in FA and CFA pastes decreased by
69.1 % and 29.5 % compared with 3 days, respectively. Compared with
FA30, the proportion of harmful pores in CFA30 decreases by 72.8 %.
CFA can transform harmful and multi-harmful pores into less harmful or
harmless pores.

3.2.6. Micromechanical properties
Fig. 19 shows the frequency distribution of the measured elastic

modulus using nanoindentation. Phases with high elastic modulus
(greater than 90 GPa) correspond to unhydrated cement particles [39],
and phases with elastic modulus between 70 and 80 GPa correspond to
FA particles. The hydration products can be classified as outer hydration
products with elastic modulus between 20 and 30 GPa and inner

hydration products with elastic modulus between 35 and 45 GPa.
Compared with FA paste, the average elastic modulus of outer hy-

dration products in CFA pastes increases by 5 MPa. This supports the
hydration kinetics model in Section 3.2.3, as a denser hydration product
layer generally corresponds to more excellent mechanical properties.
Furthermore, CFA paste has 15.8 % more outer hydration products than
FA paste. The reasons can be summarized as follows. Firstly, calcite in
CFA is involved in the hydration process; calcite can provide active
nucleation sites for hydrates, which can effectively promote the crys-
tallization and precipitation of C-S-H [92]. Secondly, calcite participates
in the formation of Mc and Hc and reserves AFt in the matrix, which has
a higher density and elastic modulus than AFm Phase. Moreover, calcite
and outer hydration products have similar elastic modulus; some might
be calcite. The formation of inner hydration products occurs within the
clinker, resulting in no variation in the percentage or strength of inner
hydration products between FA and CFA pastes.

3.2.7. Compressive strength development
Fig. 20 shows the compressive strength of FA/CFA pastes. The

compressive strength of FA pastes shows a decreasing trend as substi-
tution ratios increase. Compared with FA pastes, the 28-day compressive
strength of CFA pastes increases by 28.3 %, 30.07 %, 40.29 %, and
55.94 % at a replacement level of 20 %, 30 %, 40 %, and 50 %,
respectively. The improvement in strength is more remarkable at a
higher replacement level. The incorporation of CFA has a more pro-
nounced impact on compressive strength at an early age than at 28 days.
Compared to FA50, CFA50 exhibits 98.97 % and 113.41 % higher
compressive strengths at 1 and 3 days, respectively. The compressive
strength of per kilogram cement is calculated and shown in Table 7. FA
significantly reduces the compressive strength of per kilogram cement.
CFA pastes have a greater unit strength than FA pastes, indicating that
carbonation can improve the reactivity of FA. The unit strength of CFA
pastes is comparable to or even exceeds the value of OPC when CFA
dosage is 20 %-40 %, indicating that CFA contributes to the strength in
the hydration process.

The early strength improvement achieved by carbonationcan be
attributed to the following factors. CaCO3 particles in CFA can provide
active nucleation sites for hydrates and contribute to the formation of
Mc and Hc. Ettringite is preserved in this process, with a greater volume
than Ms and AFm [93]. Additionally, CFA may improve the amount and
density of outer hydration products. Consequently, harmful and
multi-detrimental pores are converted into less harmful or harmless
pores, resulting in an improved pore structure.

4. Conclusions

In this paper, high-calcium content FA was carbonated by direct wet
method and used as SCMs. The impact of CFA content on the initial
volume stability, mechanical characteristics, and hydration mechanisms
of cement paste was investigated. The following conclusions can be
obtained.

(1) The carbonation product on the surface of FA particles is calcite.
The particle size distribution curve of CFA is shifted to the smaller side
compared with FA and concentrates in the range of 5–20 μm. The
carbonation procedure achieves a CO2 uptake of 94 kg/t and a carbon-
ation efficiency of 59.82 %, higher than the data reported in the
literature.

(2) CFA can improve the strength of cement pastes, primarily at the
early stage. Compared to FA50, CFA50 exhibits 98.97 % and 113.41 %
higher compressive strengths at 1 and 3 days, respectively. The
carbonation treatment can significantly decrease the f-CaO content in
class C FA, thereby enhancing volume stability.

(3) Compared with FA blended cement, the following factors can be
attributed to the early improvement in strength with CFA: i) CFA can
improve the amount and density of outer hydration products. Further,
calcite can provide active nucleation sites for hydrates and participate in

Fig. 19. Gaussian distribution fitting results: (a) FA30; (b) CFA30.
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the formation of Mc and Hc to improve the density of CFA paste. ii) It is
possible to improve the strength of FA pastes by optimizing the pore
structure and densifying the microstructure using CFA.

CO2 carbonization of FA and its application as SCMs can enhance the
reactivity of FA and decrease the quantity of cement required, which can
be a sustainable and economical solution to reduce carbon emissions in
the cement industry. Nevertheless, further research on the influence of
carbonated FA on the mechanical, workability, and durability properties
of concrete is required for the applications on large-scale concrete, an
area to be further explored.

CRediT authorship contribution statement

Shao Yingxuan: Investigation, Data curation. Fang Haibo: Meth-
odology, Conceptualization. Xue Xingjie: Writing – original draft,
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micromechanical properties of cement paste from backscattered electron (BSE)
images by computer vision, Mater. Des. 229 (2023) 111905.

[40] H. Zhang, Y. Xu, Y. Gan, Z. Chang, E. Schlangen, B. Šavija, Combined experimental
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