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Abstract: The utilization of microwave drying technology has expanded across various sectors due
to its rapid processing speed, reduced operation time, lower sample temperatures, and consistent
heating. In this research, microwave pretreatment was implemented prior to carbonation curing
with low concentrations, and an array of tests including moisture content, compressive strength,
carbonation depth, CO2 absorptivity, thermogravimetric analysis (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and mercury intrusion porosimetry (MIP) were utilized to
investigate the effect of microwave pretreatment on the properties and microstructure of cementitious
materials under early carbonation curing with low CO2 concentrations. The findings reveal that
microwave pretreatment significantly decreases the moisture content within the test specimens,
expediting the ingress of CO2 and improving the compressive strength of the specimens. At the
same time, the effectiveness of microwave pretreatment in reducing moisture content diminishes
as the pretreatment time increases. The absorption of CO2 is relatively rapid in the early stage
of carbonation curing, with over 50% of the CO2 absorption occurring within the 0–6 h period of
carbonation curing. The hydration products and microstructure of the uncarbonated part inside the
specimens are generally consistent with the normal curing state. The formation of CaCO3 contributed
to the densification of the specimen by infilling its internal voids, thereby enhancing its compressive
strength. Although carbonation curing enlarges the average pore size of the samples, it also serves a
filling function, making the samples more compact and reducing the porosity.

Keywords: microwave pretreatment; low concentration carbon dioxide curing; compressive strength;
carbonation depth; pore structure

1. Introduction

CO2 is one of the primary greenhouse gases, and its continuous increase in atmospheric
concentration is a significant driver of global climate change [1]. The average concentration
of CO2 in the atmosphere reached 419 ppm in 2023, with this concentration rising at a
rate of 2.8 ppm per year [2]. In order to keep the global temperature rise below 1.5 ◦C,
countries worldwide have been introducing carbon reduction targets, aiming to achieve
carbon neutrality by the mid-century [3].

In 2022, China’s annual cement production reached 2.13 billion tons [4], and approxi-
mately 0.9 tons of CO2 are emitted for every ton of cement produced, resulting in substantial
carbon emissions. Research indicates that the utilization of CO2 emitted during industrial
production for the curing of cement products through CO2 curing technology can serve as
a means of carbon capture and storage, effectively reducing a significant amount of CO2
emissions [5–9]. CO2 initially exists in a gaseous state in the air, then slowly penetrates into
the solid, where it reacts with pore water to form H2CO3, which ionizes to H+, HCO3

−,
and CO3

2−. At the same time, substances such as Ca(OH)2, C3S, and C2S are in a continu-
ous cycle of dissolution and consumption, releasing Ca2+ ions, which react with the ions
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released by H2CO3 to form CaCO3 [10–12]. The specific reaction equations are represented
as Formulas (1)–(4).

3CaO·SiO2 + 3CO2 + nH2O → SiO2·nH2O + 3CaCO3 (1)

2CaO·SiO2 + 2CO2 + nH2O → SiO2·nH2O + 2CaCO3 (2)

Ca(OH)2 + CO2 → CaCO3 + H2O (3)

C − S − H + CO2 → CaCO3 + SiO2 + H2O (4)

Through CO2 curing, the early strength of concrete formed with cementitious materials
can be significantly enhanced, leading to a substantial reduction in the required curing
time [13,14] while maintaining good volume stability [15,16]. CO2 curing has the ability
to reduce the porosity of the formed concrete [17,18], thereby improving its mechanical
properties and durability [19–21].

Currently, most research on early carbonation curing of concrete is conducted under
high-concentration conditions (80–100%). This is because the concentration and pressure
of CO2 significantly affect its diffusion and transport efficiency in concrete, directly im-
pacting the effectiveness of CO2 carbonation curing [17]. However, research shows that
the concentration of CO2 emitted from industrial processes such as thermal power gen-
eration is around 10–15% [22], and the enrichment of CO2 is both energy-intensive and
challenging [23]. Therefore, investigating low-concentration CO2 curing is highly practical
and meaningful.

In the process of CO2 curing, the moisture content of the specimen has a great in-
fluence on the carbonation reaction rate. The penetration rate of CO2 gas in saturated
pores is approximately 1/10,000 of that in unsaturated pores, making the penetration rate
nearly negligible [24,25]. Consequently, many researchers adopt a low water-to-cement
ratio during formation to enhance the reaction rate of CO2 curing, yet the final degree of
CO2 curing remains relatively low [20]. Researchers, such as Shi Caijun et al., conducted
interventions in the curing process with both dry pre-curing and wet pre-curing, highlight-
ing that the moisture content of specimens after pre-curing is a critical factor in the CO2
curing process [26]. Therefore, in cases where the water-to-cement ratio is not sufficiently
low, it becomes necessary to subject specimens to dry pretreatment.

Among various drying methods, microwave drying technology has gained widespread
application in various industries due to its advantages, such as its fast speed, short time, low
sample temperature, and overall heating [27,28]. Traditional pretreatment methods, such as
exposure to high-temperature environments and low-humidity airflow, are known for their
drawbacks. These methods typically require extended durations and suffer from uneven
heating, which can lead to damage to the specimens. In contrast, microwave pretreatment
presents a promising alternative. By inducing vibration and friction of dipole molecules
within the sample, microwaves efficiently convert microwave energy into volumetric heat-
ing within the specimen [29–32]. Compared to traditional drying methods, microwave
drying can transfer energy to materials more quickly and uniformly, and it allows for con-
venient monitoring and control of the temperature, ensuring effective drying outcomes [33].
Yuli Wang et al. pointed out that microwave curing can significantly improve the early
strength of concrete, which is a more environmentally friendly heat source compared with
traditional thermal curing [27]. Tan Li et al. found that a reasonable microwave heating
method is conducive to the activation of fly ash and can improve the strength of the fly
ash-based cementitious material, but a too-high microwave heating power or too-long
microwave heating time will expand the internal structure of cementitious materials and
reduce the strength. Thus, employing microwave drying as a pretreatment is a preferable
choice [33,34].

This paper primarily investigates the influence of microwave pretreatment on the
properties and microstructure of low-concentration carbon dioxide early cured cementi-
tious materials. The study involves testing the moisture content, compressive strength,
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carbonation depth, pore structure, phase composition, and micro-morphology of cement
mortar under different conditions of temperature, humidity, microwave pretreatment time,
and CO2 curing time. The research aims to establish the patterns of variation in these
properties, providing a theoretical basis for addressing low-concentration CO2 in industrial
flue gas.

2. Materials and Methods
2.1. Raw Materials

The cement utilized in this study was Huaxin P·O 42.5 ordinary Portland cement, and
its primary chemical composition is presented in Table 1. The sand used in the formation
of cement mortar adhered to ISO standard sand, while the mixing water was sourced from
the tap water supplied in Wuhan city.

Table 1. Chemical composition analysis of cement.

Composition CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TiO2 Na2O

Mass fraction/% 61.16 20.89 5.29 4.32 2.59 2.88 1.21 0.36 0.30

2.2. Preparation and Curing of Specimens

The water-to-cement ratio in this experiment was 0.5, and the cement-to-sand ratio
was 1:3. The mortar specimens were molded into dimensions of 40 mm × 40 mm × 40 mm.
After molding, the entire mold was covered with plastic wrap and placed in a standard
curing room with a temperature of 20 ◦C and a humidity of 100% to ensure consistent
temperature conditions. After curing for 1 day, the specimens were demolded and then
subjected to different durations (1, 2, 3, 4 h) of microwave treatment at 70 ◦C (with a
pause upon reaching 75 ◦C, followed by resuming heating after temperature decrease
to 65 ◦C). In the microwave pretreatment process, 24 samples were processed each time
with a microwave frequency of 2450 MHz and an output power of 900 W. Following the
microwave pretreatment, the specimens were further subjected to carbonation curing in a
carbonation curing chamber with a temperature of 30 ◦C, a humidity of 100%, and a CO2
concentration of 12% (volume fraction). The carbonation curing times were set at 6, 12, 24,
and 36 h. After the completion of carbonation curing, testing and sampling were conducted
immediately. The experimental flow chart is shown in Figure 1.
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To clarify the effects of each condition, two control experiments were conducted. The
first one underwent carbonation curing directly without microwave pretreatment, while
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the second one underwent pretreatment but did not undergo carbonation curing. Instead,
it was placed under standard curing conditions for the same duration as the carbonation
curing process.

2.3. Methods
2.3.1. Moisture Content Test

Due to the significant impact of specimen moisture content on carbonation rate [20], it
is crucial to determine the moisture content of the specimens at the onset of carbonation to
maintain consistent conditions and ensure meaningful carbonation data. Immediately after
demolding, each specimen was weighed using an electronic precision scale and assigned a
unique identifier. Subsequently, specimens were subjected to different durations (1, 2, 3, 4 h) of
microwave treatment at 70 ◦C. At the end of each stage, a subset of specimens was removed
and weighed. After completion of all stages, the specimens were placed in a 60 ◦C drying oven
for 72 h, and the final mass was measured [35,36]. The moisture content of the specimens after
complete drying for 72 h in a 60 ◦C drying oven was considered as 0, and the moisture content
of specimens after various microwave pretreatments was calculated using Formula (5).

ω =
M − M0

M0
(5)

where ω represents the moisture content of the specimen, M is the mass of the specimen
after microwave pretreatment, and M0 is the mass of the completely dried specimen.

2.3.2. Compressive Strength Test

Compressive strength tests were conducted at each stage using a combined flexural
and compressive strength testing machine, strictly adhering to the standards outlined in
GB/T 17671-2021 [37], “Test methods for strength of cement mortar (ISO method)”. In each
group of experiments, three specimens were tested and averaged, and the compression
speed was 2.4 kN/s.

2.3.3. Carbonation Depth Test

Upon completion of the carbonation curing period, the specimens were split in half,
and a 1% mass fraction solution of phenolphthalein in alcohol [6] was sprayed onto the
specimens. After the alcohol evaporated, photographs of the specimens were taken, and
image processing software was subsequently used to analyze and process the colorless
regions, obtaining data on carbonation depth.

Specifically, the images were imported into Photoshop, and by delineating the area,
the pixel count was queried to obtain the ratio of the dark-colored area to the overall
cross-sectional area. Assuming the uncarbonated area to be approximately square, the
carbonation depth of the specimens was determined using Formula (6).

L = 20 − 20
(

S′

S

) 1
2

(6)

where L represents the carbonation depth of the specimen, S is the total number of pixels in
the specimen’s cross-section, and S’ is the number of pixels in the dark-colored area of the
specimen’s cross-section.

2.3.4. CO2 Absorptivity Test

Due to the losses from free water and bound water occurring below 500 ◦C and the
decomposition temperature of calcium carbonate falling within the range of 500 ◦C to
1000 ◦C, the CO2 absorptivity can be calculated from the weight loss, as compared to the
control group [17].

For each condition, two complete specimens were crushed and placed into ceramic
crucibles. Using a resistance furnace, the samples were heated from room temperature to
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500 ◦C, weighed after returning to room temperature, then further heated to 1000 ◦C, with
the sample mass recorded at each stage. Let M be the sample mass at room temperature,
M500◦C be the mass at 500 ◦C, and M1000◦C be the mass at 1000 ◦C. Taking the sample without
carbonation curing as the control group, the weight loss rate from 500 ◦C to 1000 ◦C (α0)
was calculated using Formula (7). As the uncarbonated specimens also experience mass
loss during the 500–1000 ◦C process, it is necessary to subtract the mass loss rate of the
uncarbonated specimens (α0) from the mass loss rate of the carbonated specimens to obtain
the CO2 absorptivity (α). The CO2 absorptivity for specimens subjected to carbonation
curing was calculated using Formula (8).

α0 =
M0,500◦C − M0,1000◦C

M0
× 100% (7)

α =
M500◦C − M1000◦C

M
× 100% − α0 (8)

2.3.5. Thermogravimetric Analysis Test (TGA)

To further analyze the hydration products and carbonation status in the uncarbonated
specimens, the uncarbonated areas within the carbonated specimens, and the fully carbon-
ated surfaces of the carbonated specimens, samples were extracted from each condition
and placed in ethanol to terminate hydration. Subsequently, the samples were retrieved,
ground into powder, and then dried for TGA testing. The TGA tests were conducted in a
nitrogen atmosphere, with the temperature increasing from 30 ◦C to 1000 ◦C at a rate of
10 K/min. The changes in sample mass during the test were recorded.

2.3.6. X-ray Diffraction Test (XRD)

XRD was employed to characterize the phase composition of the specimens before
and after carbonation. The testing equipment used was the X Pert Pro series produced
by PANalytical, Germany. The testing angle ranged from 10 to 80 degrees, with a testing
speed of 5◦/min. The specimens were labeled as MX-CY, where X represents the hours of
microwave pretreatment, and Y represents the hours of carbonation curing. If not specified,
the default assumption is that the sample comes from the surface of the specimen.

2.3.7. Scanning Electron Microscope Test (SEM)

Samples were prepared in the form of slices from the surface, interior, and boundary
between the carbonated and uncarbonated regions of the specimens for microscopic mor-
phology testing. The microscopic morphology of the samples was observed and analyzed
using SEM. The testing equipment used was the VEGA Compact series from TESCAN,
Czech Republic. Gold sputtering was applied to the relatively flat fracture surfaces of
the samples to improve conductivity and prevent image degradation caused by poor
conductivity during the imaging process.

2.3.8. Mercury Intrusion Porosimetry Test (MIP)

The MicroActive AutoPore V 9600 instrument was utilized to conduct mercury intru-
sion porosimetry (MIP) tests on both fully carbonated and uncarbonated samples. These
tests aimed to investigate the impact of carbonation on the pore structure.

3. Results and Discussion
3.1. The Influence of Moisture Content

The compressive strength and moisture content of specimens after microwave pre-
treatment are illustrated in Figure 2.
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ment times.

Due to the cement mortar’s mix ratio of water/cement/sand being 1:2:6, the theoreti-
cal moisture content of the specimens right after molding should be 11.11%. From the data
in Figure 2, it is observed that after 1 day of standard curing following demolding, the
moisture content of the specimens is 8.64%, representing a reduction of 2.47% compared to
the initial specimen. This decrease is attributed to the early hydration of cement, which
consumes some water and forms hydration products like ettringite. The decomposition
temperature of ettringite is approximately 70 ◦C [35], and during the drying process at
60 ◦C, no internal water release occurs. Therefore, at this point, the moisture content is
significantly lower than that at the initial molding. After microwave pretreatment of the
demolded specimens, the most substantial reduction in moisture content is observed within
the first hour, with a decrease of 3.35%. The subsequent three hours show a diminishing
effect on moisture content reduction, but there is still a noticeable impact. Simultaneously,
as microwave pretreatment is known to accelerate hydration reactions and enhance com-
pressive strength [38–40], a significant increase in compressive strength is observed with
the extension of microwave pretreatment time. The properties of the specimens undergo
substantial improvement [41].

These results indicate that microwave pretreatment has a favorable effect on reducing
moisture content and increasing compressive strength in the early stages. However, its effec-
tiveness gradually diminishes in the later stages. Therefore, a comprehensive consideration
of both energy consumption and carbonation efficiency is essential. This aims to achieve a
balance between ensuring effective carbonation and enhancing specimen property while
minimizing energy consumption.

3.2. The Influence of Compressive Strength

The compressive strength of the specimens is illustrated in Figure 3. Evidently, the com-
pressive strength of specimens subjected to microwave pretreatment is significantly higher
than those without pretreatment. Comparing the compressive strengths of specimens with
different microwave pretreatment durations reveals that, before the commencement of
carbonation curing after pretreatment, the compressive strength of the specimens increases
with the duration of pretreatment. This is attributed to the effect of microwave pretreat-
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ment in accelerating cement hydration, reducing porosity, and enhancing the strength and
durability of the specimens [42].
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Figure 3. Compressive strength of samples after different microwave pretreatment and carbonation
curing times.

The compressive strength of specimens is influenced by two aspects: the carbonation
reaction in the outer layer and the hydration reaction in the inner layer. The degree of
carbonation reaction is characterized by the carbonation depth, and its reaction rate is
determined by the moisture content of the specimen and the carbonation curing conditions.
The CaCO3 generated by the carbonation reaction can fill the pores, making the specimen
denser, thus enhancing its compressive strength.

The degree of the hydration reaction within the specimen is mainly analyzed by
methods such as XRD and SEM to identify hydration products. The reaction rate is
primarily determined by the degree of early-stage reaction, moisture content, and curing
temperature. The hydration products formed can act as fillers, reducing the porosity and
increasing the compressive strength of the specimen.

Therefore, it is not always the case that specimens with greater carbonation depth
have higher compressive strength. Specimens may experience a decrease in compressive
strength due to lower moisture content.

A lower moisture content corresponds to a faster carbonation rate, resulting in a more
significant increase in strength due to carbonation [21]. However, the decrease in moisture
content also leads to a reduction in the rate of hydration reactions, resulting in a relatively
smaller increase in strength from hydration reactions [43,44].

In the 0–6 h stage, the compressive strength increase rate of specimens with a 3 h and
4 h pretreatment is significantly higher than those with a 1 h and 2 h pretreatment. This
is because the surface of the specimens has not yet undergone carbonation and is fully
exposed to the CO2 atmosphere. During this stage, the carbonation reaction rate is fast,
and the increase in compressive strength primarily results from the carbonation of the
specimens. Additionally, the specimens pretreated for 3 h and 4 h have a lower moisture
content. Consequently, compared to specimens pretreated for 1 h and 2 h, they exhibit
a greater carbonation depth within the same time frame, leading to a more substantial
increase in compressive strength.
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In the 6–12 h stage, the compressive strength increase rates of specimens with a 1 h
and 2 h pretreatment are significantly higher than those with a 3 h and 4 h pretreatment.
This is because, at this stage, the specimens pretreated for 3 h and 4 h have undergone
carbonation to a certain depth, and the carbonation rate begins to slow down. On the other
hand, the specimens pretreated for 1 h and 2 h, due to a relatively slower carbonation
rate in the early stage, have not completely carbonated the surface layer. Therefore, the
carbonation rate at this stage remains relatively high compared to specimens pretreated for
3 h and 4 h. Additionally, the specimens pretreated for 1 h and 2 h have a higher moisture
content, resulting in a relatively higher rate of hydration reactions and, consequently, a
faster increase in compressive strength.

In the 12–24 h stage, carbonation penetrated to deeper levels, with different specimens
exhibiting varying rates of carbonation and hydration. However, the counteraction between
these two factors results in a relatively consistent rate of compressive strength enhancement
for all specimens.

In the 24–36 h stage, the carbonation reactions for specimens pretreated for 1 h and
2 h extended to even deeper layers, causing further slowdown in the carbonation rate.
At this point, due to the lower moisture content of specimens pretreated for 3 h and 4 h,
their carbonation rate is relatively faster. Additionally, the moisture content of specimens
pretreated for 3 h maintains a hydration reaction rate that is not too low. As a result, the
compressive strength growth rate for specimens pretreated for 3 h is greater than that for
specimens pretreated for 4 h.

Overall, specimens with the same microwave pretreatment time exhibit minor varia-
tions in hydration reaction rates, with changes in strength growth rates primarily deter-
mined by carbonation reactions, which are initially rapid and decrease significantly as the
reaction deepens. However, for specimens with different microwave pretreatment times,
the accelerating effect of microwave pretreatment on hydration enhances the compressive
strength at the onset of carbonation, while its reduction in moisture content both promotes
carbonation reactions and diminishes hydration reaction rates. Thus, there is no single
reaction at play; rather, at any given time, one reaction may have a relatively greater impact,
resulting in similar characteristics in compressive strength growth for the specimens.

Considering that microwave pretreatment promotes hydration reactions before car-
bonation, leading to an increase in compressive strength [38–40], specimens subjected
to microwave pretreatment for 1, 2, 3, and 4 h without subsequent carbonation curing
were selected as the control group. The difference in compressive strength between the
experimental group and the control group was analyzed to assess the impact of microwave
pretreatment duration on the increase in compressive strength caused by carbonation
curing. The specific details are illustrated in Figure 4, it can be observed that specimens
subjected to 1 and 3 h of pretreatment exhibit a greater increase in compressive strength due
to subsequent carbonation curing compared to specimens with 2 and 4 h of pretreatment.
This difference may be attributed to the higher moisture content in specimens pretreated
for 1 h, where the dominant contribution to strength comes from hydration reactions. In
the case of specimens pretreated for 3 h, the combined effect of hydration and carbonation
reactions reaches an optimal value, resulting in the maximum overall increase in strength

Based on the above analysis, it can be concluded that the increase in strength is con-
tributed by both the hydration reaction and the carbonation reaction. The microwave
pretreatment process not only promotes the hydration reaction but also accelerates the
carbonation reaction by reducing the moisture content [45]. The compressive strength
of the specimens pretreated by microwave for 3 h showed the most significant improve-
ment, while it also saved time and energy compared to the sample with 4 h pretreatment.
Therefore, it is a more suitable choice.



Buildings 2024, 14, 1074 9 of 20

Buildings 2024, 14, x FOR PEER REVIEW  9  of  21 
 

carbonation reactions and diminishes hydration reaction rates. Thus,  there  is no single 

reaction at play; rather, at any given time, one reaction may have a relatively greater im-

pact, resulting in similar characteristics in compressive strength growth for the specimens. 

Considering that microwave pretreatment promotes hydration reactions before car-

bonation, leading to an increase in compressive strength [38–40], specimens subjected to 

microwave pretreatment for 1, 2, 3, and 4 h without subsequent carbonation curing were 

selected as the control group. The difference in compressive strength between the experi-

mental group and the control group was analyzed to assess the impact of microwave pre-

treatment duration on the increase in compressive strength caused by carbonation curing. 

The specific details are illustrated in Figure 4, it can be observed that specimens subjected 

to 1 and 3 h of pretreatment exhibit a greater increase in compressive strength due to sub-

sequent carbonation curing compared to specimens with 2 and 4 h of pretreatment. This 

difference may be attributed to the higher moisture content in specimens pretreated for 1 

h, where the dominant contribution to strength comes from hydration reactions. In the 

case of specimens pretreated for 3 h, the combined effect of hydration and carbonation 

reactions reaches an optimal value, resulting in the maximum overall increase in strength. 

 

Figure 4. The increase of compressive strength caused by carbonation curing after different micro-

wave pretreatment times. 

Based on the above analysis, it can be concluded that the increase in strength is con-

tributed by both the hydration reaction and the carbonation reaction. The microwave pre-

treatment process not only promotes the hydration reaction but also accelerates the car-

bonation reaction by reducing the moisture content [45]. The compressive strength of the 

specimens pretreated by microwave for 3 h showed  the most significant  improvement, 

while it also saved time and energy compared to the sample with 4 h pretreatment. There-

fore, it is a more suitable choice. 
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pretreatment times.

3.3. Carbonation Depth Analysis

The experiment yielded the carbonation depth of specimens, as shown in Table 2, and
the carbonation status after spraying phenolphthalein alcohol solution on the split surface
of each group of specimens is depicted in Figure 5.

Table 2. Carbonation depth of cement mortar specimen with different microwave pretreatment and
carbonation curing times.

Carbonation
Curing Time

Microwave
Pretreatment for

0 h/mm

Microwave
Pretreatment for

1 h/mm

Microwave
Pretreatment for

2 h/mm

Microwave
Pretreatment for

3 h/mm

Microwave
Pretreatment for

4 h/mm

6 h 1.57 2.98 3.65 3.96 4.34
12 h 2.54 3.68 4.03 4.39 4.48
24 h 3.53 3.86 4.62 5.96 6.28
36 h 4.09 4.28 5.07 6.63 8.08

Under a constant microwave pretreatment time, the carbonation depth increases with
a longer carbonation time, aligning with common knowledge [2]. With a consistent carbon-
ation time, specimens subjected to microwave pretreatment exhibit a greater carbonation
depth compared to those without microwave pretreatment. Moreover, specimens with
longer microwave pretreatment times show a larger carbonation depth than those with
relatively shorter pretreatment times [46]. This indicates that microwave pretreatment
significantly enhances the efficiency of the carbonation reaction, and within the 0–4 h range,
longer microwave pretreatment time results in higher carbonation reaction efficiency. This
further confirms that microwave pretreatment, by reducing the moisture content of the
specimens and facilitating CO2 penetration into the interior, effectively accelerates the
carbonation rate of the specimens [21]. Meanwhile, it can be observed that the specimen
subjected to 4 h of microwave pretreatment exhibits a slightly increased carbonation depth
compared to the 3 h specimen, albeit to a lesser extent than in the early stage. This is because
as the microwave pretreatment time increases, the rate of moisture content reduction begins
to slow down.
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The above results are mutually confirmed by the variation trend of compressive
strength, further demonstrating that the microwave pretreatment is ineffective when the
time is too short and energy-consuming when too long. Therefore, the 3 h microwave
pretreatment is a relatively optimal choice.

3.4. CO2 Absorptivity Analysis

According to Figure 6, the CO2 absorptivity of the specimens continuously increases
with the extension of microwave pretreatment time and carbonation curing time.
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During the initial 0–6 h stage of carbonation curing, CO2 absorption occurs at the
fastest rate, contributing to over half of the total absorption throughout the process. How-
ever, the influence of microwave pretreatment time on this stage is minimal. This suggests
that the process of CO2 absorption on the surface of the specimens is rapid during the early
stages of carbonation curing, possibly due to the uneven distribution of moisture within
the specimens. The outer layer of the specimens loses moisture earlier during microwave
pretreatment, leading to similar moisture content on the outer layer for specimens with
different microwave pretreatment times [47–49].

During the 6–12 h stage of carbonation curing, the rate of CO2 absorption significantly
decreases, and there is little difference among specimens with different microwave pre-
treatment times. This indicates that as the carbonation reaction progresses, the reaction rate
begins to decrease. However, since the reaction interface is still at the outer layer, the entry
of CO2 is relatively easy. Additionally, water can dissolve CO2 to generate carbonic acid,
promoting the carbonation reaction. Therefore, the influence of microwave pretreatment
time on the CO2 absorptivity is minimal during this stage.

During the 12–24 h and 24–36 h stages of carbonation curing, as carbonation progresses
into deeper layers, the influence of specimen moisture content on the carbonation effect
becomes more pronounced. With an increase in microwave pretreatment time, there is a
noticeable improvement in CO2 absorptivity.

The above results indicate that the variation in microwave pretreatment time has a
minor impact on the carbonation rate during the early stage of carbonation curing but a
significant impact during the later stage. The absorption of CO2 is relatively rapid during
the early stage of carbonation curing, while the carbonation rate decreases significantly
during the later stage of carbonation curing.

The ratio of the volume of carbonation in the specimen to the total volume is defined
as the carbonation rate. A scatter plot of the carbonation rate against the CO2 absorptivity
was generated and fitted, as shown in Figure 7.
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The linear relationship between the carbonated rate and CO2 absorptivity of the car-
bonated specimens is evident from the graph, and the extension of the fitted line on the
left side closely approaches the origin of the coordinates. This indicates that the carbon-
ation reaction primarily occurs at the carbonation interface, and areas that have already
undergone carbonation do not further carbonate. This further confirms the regularity and
effectiveness of the experimental results.
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To investigate the relationship between the compressive strength of the specimens and
the CO2 absorptivity, a scatter plot of the compressive strength of the specimens against
the CO2 absorptivity is presented in Figure 8.
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From Figure 8, it is evident that there is a linear relationship between the compressive
strength and the CO2 absorptivity, with a good fit at lower levels. As the carbonation pro-
gresses, although the specimens with higher compressive strength and CO2 absorptivities
are still evenly distributed on both sides of the fitted line, there is greater fluctuation. This
is because specimens with higher compressive strength and CO2 absorptivities typically
undergo longer microwave pretreatment and carbonation curing, which have a greater
impact on the carbonation and hydration reactions, leading to increased uncertainty in the
compressive strength.

3.5. Thermogravimetric Analysis (TGA)

TG curves of the uncured specimens, the uncarbonated regions inside carbonated speci-
mens, and the fully carbonated surfaces of the carbonated specimens are presented in Figure 9.
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Below 200 ◦C, the mass changes primarily stem from the release of free water, hydra-
tion products such as calcium silicate hydrate gel (C-S-H), and bound water from phases
like ettringite (AFt) [50]. The mass change in the range of 400–480 ◦C corresponds to the
decomposition of calcium hydroxide (Ca(OH)2), while the mass change from 500 to 950 ◦C
is attributed to the decomposition of calcium carbonate (CaCO3) [51–53].

The TG curves for the uncarbonated specimens and the uncarbonated regions inside
the carbonated specimens are remarkably similar in the graph. The DTG curves almost
completely overlap, showing significant mass changes at the decomposition temperatures
of C-S-H, AFt, and Ca(OH)2, while there is minimal mass change at the decomposition
temperature of CaCO3. This indicates that both the uncarbonated specimens and the uncar-
bonated regions inside the carbonated specimens underwent normal hydration reactions
without being influenced by carbonation. Analyzing the DTG curve of the fully carbonated
surfaces reveals minimal mass change at the decomposition temperatures of C-S-H, AFt,
and Ca(OH)2. However, a small amount of poorly crystalline CaCO3 decomposes between
500 and 600 ◦C, with the main mass loss concentrated in the range of 600–740 ◦C, where
well-crystallized CaCO3 decomposes. This suggests that the original hydration products,
such as C-S-H, AFt, and Ca(OH)2, on the fully carbonated surfaces of the carbonated
specimens completely transformed into CaCO3 during the carbonation curing process [20].

The above results indicate that there is a significant difference between the two sides
of the carbonation interface of the specimens. The uncarbonated area undergoes normal
hydration reactions without being carbonated [54].

3.6. X-ray Diffraction Analysis (XRD)

The XRD patterns of specimens with different microwave pretreatment times and
carbonation curing times are presented in Figure 10. From Figure 10a, it can be observed
that the surface diffraction peaks of specimens treated with 1, 2, 3, and 4 h of microwave
pretreatment followed by 36 h of carbonation curing are largely consistent. Strong diffrac-
tion peaks of SiO2 and CaCO3 are evident, along with weaker diffraction peaks of Ca(OH)2,
C3S, and C2S. This indicates that the surface of all specimens underwent complete carbona-
tion, and constituents like AFt, Ca(OH)2, C3S, and C2S were consumed by the carbonation
reaction, yielding a significant amount of CaCO3 [55,56].

From Figure 10b, it is evident that in specimens cured for 1 day under standard
conditions, the diffraction peaks of AFt, C3S, and C2S are relatively weak, while the
diffraction peak of Ca(OH)2 is strong, and CaCO3 does not exhibit a diffraction peak.
In the interior of carbonated specimens, the diffraction peak of AFt disappears, and the
diffraction peaks of C3S and C2S slightly weaken, while the diffraction peak of Ca(OH)2
strengthens. This indicates that during microwave pretreatment and carbonation curing,
hydration reactions continue in the interior of the specimens, resulting in more Ca(OH)2
formation. On the surface of carbonated specimens, the diffraction peak of Ca(OH)2 largely
disappears, and a strong CaCO3 diffraction peak appears. This suggests that Ca(OH)2
underwent carbonation, transforming into CaCO3 [57–59].

Figure 10c presents the XRD diffraction patterns of specimens with 1 h of microwave
pretreatment and varying carbonation curing times. It can be observed that, with a shorter
carbonation time, the surface of the specimens still exhibits relatively weak diffraction peaks
of Ca(OH)2, C3S, and C2S alongside a strong CaCO3 diffraction peak. As the carbonation
time increases, the diffraction peaks of Ca(OH)2, C3S, and C2S gradually weaken, while the
CaCO3 diffraction peak becomes stronger. This suggests that carbonation reactions persist
during the carbonation curing process, converting Ca(OH)2, C3S, and C2S into CaCO3 and
other products [60].

Figure 10d depicts the XRD diffraction patterns of specimens with 4 h of microwave
pretreatment and varying carbonation curing times. Comparing it with Figure 10c, it can
be observed that the phases present and the intensity of their diffraction peaks are very
similar. However, for specimens with 4 h of microwave pretreatment, the intensity of the
Ca(OH)2 diffraction peak decreases more rapidly with an increasing carbonation curing



Buildings 2024, 14, 1074 14 of 20

time. This indicates that extending the microwave pretreatment time can accelerate the
carbonation reaction.
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Figure 10. XRD patterns of specimens with (a) different microwave pretreatment times, (b) different
specimen parts, (c) different carbonation curing times with microwave pretreatment for 1 h, and
(d) different carbonation curing times with microwave pretreatment for 4 h.

The above results indicate that the uncarbonated area undergoes further hydration during
the carbonation curing process, resulting in the production of more Ca(OH)2. The surface of
the already carbonated area still contains a small amount of Ca(OH)2, which decreases further
with an increasing microwave pretreatment time and carbonation curing time.

3.7. Scanning Electron Microscope Analysis

SEM images of the uncarbonated specimen, carbonation interface, and fully carbonated
specimen are illustrated in Figure 11.

As seen in Figure 11a, the uncarbonated specimen exhibits a considerable amount of
amorphous C-S-H gel and plate-like Ca(OH)2, with no observable CaCO3. This is attributed
to the early hydration stage of the specimen, where C3S hydration produces a significant
amount of C-S-H gel and Ca(OH)2. These hydration products have not undergone further
reactions, leading to a porous structure and loose arrangement, consistent with the lower
early strength of the specimen [61,62]. In Figure 11b, the left image displays the interface
between carbonated and uncarbonated regions. The bottom left corner of the left image
shows carbonated CaCO3, while the top right corner shows uncarbonated C-S-H gel. In the
right image, the top left corner displays carbonated CaCO3, and the bottom right corner
shows uncarbonated plate-like Ca(OH)2. It is observed that the CaCO3 generated after
carbonation fills the original pores, resulting in a significantly denser structure on the
carbonated side compared to the uncarbonated side [63,64]. In Figure 11c, the sample is
fully carbonated, and only CaCO3 is observable as C-S-H gel and Ca(OH)2 were consumed
by the carbonation reaction. The image indicates that the fully carbonated specimen is
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highly compact, with excellent filling by CaCO3, effectively enhancing the compressive
strength of the specimen [65–67].
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3.8. Pore Structure Analysis

The incremental and cumulative pore diameter distribution curves of fully carbonated
and uncarbonated samples are shown in Figure 12a,b.
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By examining Figure 12a, it can be observed that, compared to the uncarbonated
samples, the fully carbonated samples exhibit a reduction in the peak value and a rightward
shift in the peak corresponding to pore size from 153 nm to 564 nm. This suggests that
after carbonation curing, there is a decrease in the number of pores in the specimens but an
overall increase in pore size [61,66].

Additionally, the number of pores below 7 nm and above 100 µm increases after
carbonation, indicating that some of the originally intermediate-sized pores differentiated,
forming more extremely fine pores and large pores. This occurrence may be attributed to
the reaction of substances such as Ca(OH)2 with CO2 during carbonation, leading to the
formation of CaCO3 that fills certain pores, making them denser. However, this process
also creates voids in the original positions of these substances, resulting in an increase in
pore size for some pores [68].

After carbonation curing, the average pore size of the samples increases from 60 nm to
74 nm, while the porosity decreases from 19.65% to 15.77%. This indicates that although
carbonation curing enlarges the average pore size, it also serves a filling function, making
the samples denser and reducing the overall porosity.

By observing Figure 12b, it is evident that although the carbonated samples result
in an enlargement of certain pore sizes, the final cumulative pore volume is significantly
smaller than that of the uncarbonated samples, highlighting the notable densification effect
of carbonation curing on the specimens [69]. This is consistent with the results obtained
from SEM.

The above analysis indicates that carbonation curing leads to the differentiation of
some intermediate pores, resulting in the formation of very fine pores and large pores,
leading to an overall increase in average pore size. However, it also plays a filling role,
making the overall structure more compact and reducing the porosity.

4. Conclusions

This study investigates the effect of microwave pretreatment on the properties and
microstructure of low-concentration carbon dioxide early cured cement-based materials.
The main research findings are summarized as follows:

(1) The microwave pretreatment accelerates the hydration reaction rate, enhances the
compressive strength of the specimens, and significantly reduces their moisture con-
tent, thereby facilitating faster penetration of CO2 into the specimens and enhancing
carbonation efficiency. The initial increase in compressive strength and decrease in
moisture content due to microwave pretreatment are rapid. After 1 h of microwave
pretreatment, the compressive strength of the specimens increases from 12.12 MPa to
17.02 MPa, and the moisture content decreases from 8.64% to 5.29%. However, the
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effects start to diminish afterward. After 4 h of microwave pretreatment, the compres-
sive strength reaches 21.77 MPa, and the moisture content eventually drops to 2.64%.
After 36 h of carbonation curing, the specimen with 3 h of microwave pretreatment
and a moisture content of 3.29% exhibits the highest compressive strength.

(2) The absorption of CO2 is relatively rapid in the early stage of carbonation curing, with
over 50% of the CO2 absorption occurring within the 0–6 h period of carbonation cur-
ing, and during this stage, the variation in microwave pretreatment time has minimal
impact on the absorption. In the later stage of carbonation curing, the carbonation rate
significantly decreases, and specimens with longer microwave pretreatment times
exhibit higher CO2 absorption. The carbonation rate and compressive strength of the
specimens were linearly related to the CO2 absorption rate, and the fitting line was
close to the origin of the coordinates.

(3) The hydration products and microstructure of the uncarbonated part inside the speci-
mens are generally consistent with the normal curing state. They are mainly influenced
by microwave pretreatment, which promotes hydration reactions and is not affected by
the external CO2 atmosphere. The fully carbonated part of the specimens lacks C-S-H,
AFt, and Ca(OH)2, as they transform into CaCO3 during the carbonation process.

(4) After microwave pretreatment and carbonation curing, some pores that were originally
in the intermediate range differentiated, forming more extremely fine pores and large
pores. The average pore size of the samples increased from 60 nm to 74 nm, but the
porosity decreased from 19.65% to 15.77%. Although carbonation curing enlarges the
average pore size of the samples, it also serves a filling function, making the samples
more compact and reducing the porosity.
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