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Abstract: Calcium sulfoaluminate (CSA) cement, as a type of low-carbon cement, can contribute
to further reduction in carbon emissions with carbonation technologies. However, the detailed mi-
crostructure development of CSA cement during the carbonation process has been rarely analyzed. In
this paper, wet carbonation was applied to CSA cement to investigate the microstructure evolution of
carbonation products and carbon absorption capacity of CSA cement by means of pH measurement,
X-ray diffraction (XRD) measurement, thermogravimetric (TG) measurement, Fourier-transformed
infrared spectroscopy (FI-IR) measurement and scanning electron microscope measurement. Dur-
ing the carbonation process, the formed ettringite product and the dicalcium silicate clinker were
carbonated immediately to generate calcium carbonate crystals, silica gel and aluminum hydroxide
(AH3) gel. With the trend of pH increasing first and notably decreasing later, the coupling interaction
between the hydration and carbonation reactions of CSA cement was revealed. From the XRD and TG
results, three types of calcium carbonate crystal forms (calcite, vaterite and aragonite) were detected,
and the content of calcium carbonate increased with the increase in carbonation time. FT-IR analysis
further confirmed the existence of calcium carbonate, silica gel and AH3 gel with their characteristic
vibrations. Moreover, the microstructure of carbonation products with different morphologies was
observed. The application of wet carbonation to CSA cement provides a more comprehensive insight
to the carbonation mechanism of this low-carbon cement.

Keywords: calcium sulfoaluminate cement; carbonation; microstructure; thermodynamic modeling

1. Introduction

Nowadays, the annual production of Portland cement in China is approximately
2.4 billion tons, ranking first in the world. However, approximately 0.9 t CO; is released
during the production of 1t Portland cement, making the cement industry an important
source of carbon emissions [1-3]. It is reported that the carbon emissions of the Portland
cement industry around the world have accounted for approximately 26% of the total
industrial carbon emissions and approximately 7% of the total human carbon emissions.
Therefore, in order to achieve China’s strategic goals of “carbon neutrality and peak carbon
emissions”, it is urgent to reduce carbon emissions from the cement industry [4]. Carbon
capture, utilization and storage (CCUS) technology has been proposed recently to prevent

Buildings 2024, 14, 343. https:/ /doi.org/10.3390/buildings14020343

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14020343
https://doi.org/10.3390/buildings14020343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-7553-9199
https://doi.org/10.3390/buildings14020343
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14020343?type=check_update&version=1

Buildings 2024, 14, 343

2 of 15

excessive carbon emissions, which includes three main processes: CO, capture, utilization
and storage. CO, capture is the separation and collection of CO, from factory emission
sources; CO, utilization refers to the use of captured CO, for the manufacture of new
products; CO; storage is the storage of captured CO, underground [5,6]. Researchers are
constantly exploring better applications of CCUS technology in the cement and concrete
industry [7,8].

Calcium sulfoaluminate cement (CSA cement), as the third series of cement indepen-
dently developed in China, has become a highly promising low-carbon cement due to its
advantages of low calcination temperature, low consumption of limestone as raw materials
and easy wear resistance [9-12]. In addition, CSA cement has high early strength, good
impermeability and frost resistance and micro-expansion characteristics. It has also been
successfully applied in emergency repair and construction, marine construction and other
projects [4,13,14]. Ye’elimite (C4A35) and belite (C,S) are the main minerals in CSA cement:
The former enables this type of cement to have quick hardening speed and early strength
on account of its rapid hydration, and the latter provides later strength owing to the C-5-H
gel generated at the later age. Generally, the hydration of C4A3S occurs according to Equa-
tion (1) to generate monosulfate (C4ASH;;) and aluminum hydroxide (AH3) gel. Under
the circumstances of excessive water, C3AHg may form according to Equation (2). Actually,
during the manufacture of CSA cement, gypsum (CSH,) or anhydrite is used, and C4A3S
will react with calcium sulfate to generate ettringite (C¢ASH3,) and AHj; (Equation (3)).
Moreover, the hydration of C;,S tends to generate C-5-H and portlandite (CH) according to
Equation (4). With the hydration of C4A3S and C,S at the same time, C,S will react with
AHj to generate stratlingite (CoASHg) (Equation (5)).

C4A3S +18H — C4AS Hyp+2AH; (1)
3C,A3S + 62H — C4A S 3Hzp+2C3AHg+6AH; @)
C4A3S +2CS Hy+34H — C4AS3Hz+2AH; 3)
C,S +2H — C-S-H + CH )

C,S + AH3+5H — C, ASHg (5)

As for the carbonation of CSA cement, most of the studies have focused on its me-
chanical property, such as compressive strength, expansion, etc. [15-21]. For instance,
after carbonation, the mechanical property of CSA cement was improved as reported by
Mechling [22], but it was also influenced by the water-to-cement ratio. Moreover, differ-
ent carbonation methods usually present various results, e.g., a carbonation chamber is
usually used for carbonation, and thus, the difference between the accelerated carbonation
and the environmental carbonation can be investigated. Seo [20] studied CSA cement
that was supplemented with different amounts of MgO, and after hydration for 56 d, the
samples were carbonated for studying compressive strength; the result showed that the
optimal dosage of MgO was 10 wt.% for improvement of strength. By mixing with slag,
the mechanical property of CSA cement can be promoted after being exposed to CO, for
further carbonation [23]. Regarding the microstructure during the carbonation of CSA
cement, it was found that, after ettringite was entirely carbonated, the carbonation products
mainly consisted of gypsum and calcium carbonate (in three polymorphs, i.e., calcite,
aragonite and vaterite), which has been found with the XRD results reported by Daniela
Gastaldia [19]. Also, the carbonation of CSA cement supplemented with PC was reported,
and the carbonation of monosulfate was revealed rather than ettringite, as the ettringite
content was not substantially decreased, and the generation of gypsum was attributed
to the carbonation of monosulfate [19]. For the carbonation of CSA cement, the sample
was normally hydrated for a certain number of days (28 d or 56 d) and then put into a
carbonation chamber for research. This means that the traditional carbonation method
applied for CSA cement was a method of hydration followed by carbonation.
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As an important carbonation method, wet carbonation has always been in the stage
of continuous development and deep exploration. The contact area and dissolution rate
of CO, can be increased with wet carbonation, which is helpful to simulate and observe
the carbonation process in a short time [24]. Researchers are dedicated to studying the
kinetics and thermodynamics of the interaction between cement components and CO,
as well as the impact of different environmental conditions (temperature, humidity, pres-
sure, etc.) on carbonation. Additionally, the mechanical properties and microstructure
of cement or concrete after carbonation are evaluated. For instance, the impacts of gas
pressure, water-to-solid ratio, gas-to-liquid ratio and reaction time on CO; absorption
were assessed by introducing cement plant flue gas into discarded concrete [25]. The
results indicate that increasing the total gas pressure, gas-liquid ratio and liquid—-solid
ratio is an effective method to enhance the efficiency of mineral carbonation. By using
waste CO, to wet carbonated recycled concrete aggregate (RAC) and recycled concrete fine
particles (RCF), the purposes of absorbing more carbon dioxide and improving the material
properties would be achieved [26,27]. The wet-carbonation process was characterized in
detail, revealing changes in the microstructures (such as pores and carbonation products),
compressive strength and other mechanical properties. This approach demonstrates the
advantages of efficient and low-energy wet carbonation. Direct carbonation of synthetic
concrete powder was achieved by controlling various solid-to-liquid ratios (10, 25 and
50 g/L) and different concentrations of CO, (5%, 14% and 30%). Characterization involves
assessing the carbonation products, CO, absorption capacity and crystalline structure of
the resulting calcium carbonate [24].

In general, the carbonation of CSA cement was previously studied with dry carbona-
tion or environmental carbonation, where CSA cement was hydrated first and then exposed
to CO,. Therefore, in this work, wet carbonation was applied in the carbonation of CSA
cement to study the coupling mechanism of hydration and carbonation reactions, and the
corresponding microstructure evolution was investigated. The wet carbonation applied in
CSA cement can be revealed for guidelines of the carbonation mechanism of CSA cement.
By means of XRD, TG and FT-IR, the evolution of the microscopic phases was studied, and
the microstructure was displayed from SEM images. Also, thermodynamic modeling was
conducted for further explanation.

2. Experimental Programs
2.1. Raw Materials and Characterization

In this work, a fast-hardening calcium sulfoaluminate cement was used. The chem-
ical compositions of the CSA cement used in this study are as follows: 13.86 wt.% SiO,,
24.06 wt.% Al,Og3, 2.71 wt.% Fe;O3, 39.39 wt.% CaO, 2.66 wt.% MgO, 13.58 wt.% SOs3,
1.35 wt.% TiO; and 1.43 wt.% Loss. The cement mineral composition was obtained with
Rietveld quantification on the XRD pattern (Table 1). As observed in Table 1, the CSA
cement mainly consists of 38.52 wt.% ye’elimite, 24.23 wt.% belite, 20.78 wt.% anhydrite,
8.56 wt.% brownmillerite, 2.91 wt.% mayenite, 2.40 wt.% gypsum and 2.59 wt.% quartz.
The particle size distribution obtained with a laser particle size analyzer (BT-9300H) is
presented in Figure 1, and 90% of the particles are under 75 um. The values of D10, D50
and D90 are 1.53 um, 13.93 um and 42.88 um, respectively. The surface area of the cement
is 599.3 m?/kg.

Table 1. Quantitative phase analysis results of CSA cement.

Mineral Phase wt.%
Ye'elimite (C4A35) 38.52
Belite (C;S) 2423
Anhydrite (CS) 20.78
Brownmillerite (C4AF) 8.56
Mayenite (C12A7) 291
Gypsum (CSH,) 2.40

Quartz (Si0O;) 2.59
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Figure 1. Particle size distribution of CSA cement.
2.2. Wet-Carbonation Process

The same batch of cement with the same particle size was used in this work. The
experiment was carried out in a special reaction device, as shown in Figure 2. CSA
cement and deionized water were added to the beaker with a mass ratio of 1/20 at room
temperature, and the mixed paste was stirred in the beaker for 10 min for a stable pH value.
The speed of stirring was constantly kept at 200 rpm. CO; with a 99.9% concentration
was injected into the solution through a sparkling stone at a flow rate of 150 mL/min, and
the pressure of CO, was maintained at 0.2 MPa throughout the entire process. Samples
with different carbonation times of 10 s, 30 s, 1 min, 2 min, 5 min, 10 min, 15 min, 20 min,
30 min, 1 h, 2 h, 12 h and 24 h were prepared as separate batches. After a certain period of
carbonation, the carbonated samples were filtered first, and isopropanol was used for the

termination of both carbonation and hydration. After filtering, these samples were dried in
a vacuum drier for 8 min at 40 °C [28].

Flow rate controller

TTple

Sparkling stone H
|

Co,
Stirring plate

Figure 2. Schematic illustration of the wet-carbonation reaction device.

2.3. Test Methods
2.3.1. pH Measurement

All carbonated samples were filtered to obtain filter residue and solution. The pH of
each filtrate was measured with a pH meter (model REX PHS-3C).
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2.3.2. X-ray Diffraction (XRD) Measurement

The crystalline phase was analyzed with Rigaku SmartLab, an intelligent X-ray poly-
crystalline diffractometer. During the test, the working voltage was 45 kV, the working
current was 200 mA, and the scanning speed was set at 2 °/min with a range of 5-80° 20.
ZnO as the internal standard was added to the sample for the quantitative analysis [29-32].
EVA V3.1 software was used to qualitatively analyze the XRD pattern and determine the
product types. TOPAS 4.2 software was used to quantitatively analyze the XRD pattern
and determine the content of each phase.

2.3.3. Thermogravimetric (TG) Measurement

The TG-DTG of the samples with different carbonation times was measured with a
Hitachi Limited thermogravimetric analyzer. The test temperature ranged from 30 °C to
1000 °C. The heating rate was 10 °C/min, and the N, atmosphere was kept at the speed of
40 mL/min.

2.3.4. Fourier-Transformed Infrared Spectroscopy (FT-IR) Measurement

The FT-IR spectroscopy was conducted with a Bruker INVENIO spectrometer. The
resolution of the test was 4 cm ™!, and the scope of the data scan was from 4000 cm ! to
400 cm~ . In addition, each sample went through 32 scanning times.

2.3.5. Scanning Electron Microscope (SEM) Measurement

A TESCAN Vega3 was used to observe and analyze the morphology and particle size
of each sample after carbonation. The carbonated powder was applied to the carbon glue,
and gold was sprayed once through the SBC-12 ion sputtering meter, keeping the current
at 10 mA. The operating software Vega TC was employed for scanning and analyzing.

2.3.6. GEMS Modeling

Gibbs free-energy minimization software (GEMS V3.7) was employed to predict the
formation and transformation of the different phases involved in the cement carbonation
reaction. The CEMDATA18 database dedicated to cement was used in the simulation
process. The final stable products of CSA cement after hydration and carbonation were
simulated as a reference for the experiment.

3. Results and Discussion
3.1. pH Analysis

Figure 3 shows the pH value at the different carbonation times of 10 s, 30 s, 1 min,
2 min, 5 min, 10 min, 15 min, 20 min, 30 min, 1 h, 2 h, 12 h and 24 h, respectively. After
carbonation for 30 s, the pH reached the maximum value of 10.5, which was probably
linked to the hydration of CSA cement despite the addition of CO,. As reported before,
the pH value of hydrated cement paste always ranges from 12 to 13 [33]. Although the pH
value had not reached 12 at 30 s, it could be considered that the carbonic acid in the solution
reduced the pH value. After carbonation for 1 min, the pH of the solution decreased
rapidly, which can be attributed to the occurrence of the carbonation reaction along with
the formation of carbonic acid. It is worth noting that, before 10 min, the pH of the solution
was alkaline, which can be associated with the hydration of C4A3S and C,S, but the pH
of the solution was acidic after 10 min, owing to the excessive addition of CO; to form
carbonic acid in the solution. Ultimately, the pH value of the solution tended to be stable
beginning from 10 min. Generally, after exposure to a large amount of CO,, the pH showed
an increased trend, followed by a decreased trend, which revealed the coupling interaction
between the hydration and carbonation reactions [21,34-37].
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Figure 3. pH values of the solution at different carbonation times.

3.2. XRD Analysis

The XRD patterns of the carbonated samples are shown in Figure 4. The main com-
ponents of CSA cement, i.e., C4A3S5, CoS and anhydrite, can be observed with the XRD
diffraction peaks throughout the entire process. With the increasing carbonation time, the
diffraction peaks of C4A3S and C,S gradually weakened. The diffraction peaks of gibbsite,
one of the hydration products of C4A3S [37], can be detected throughout the carbonation
process. The diffraction peaks of ettringite were not visible, owing to its carbonation reac-
tion. On the other hand, as the pH rapidly diminished, it was difficult for the ettringite to
exist stably in this pH environment [38].
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Figure 4. XRD patterns of the samples at various carbonation times. V: vaterite; Gy: gypsum; Cc:
calcite; A: aragonite; Z: ZnO; An: anhydrite; G: gibbiste; Y: C4A3§; C: C,S.

Generally, the primary distinction of the XRD diffraction peaks was calcium carbonate.
After carbonation for 10 min, calcite, aragonite and vaterite began to generate, which can
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be associated with the carbonation of ettringite and the hydration products of belite [39].
Regarding the samples carbonated for 10 s, there was no calcium carbonate generated,
and it can be attributed to the formation of carbonic acid in the solution rather than the
carbonation of ettringite or the hydration products of belite. Furthermore, after carbonation
for 15 min, aragonite was no longer visible until carbonation for 24 h. It can be observed
from the XRD pattern that calcite showed sharp characteristic diffraction peaks at 260 degree
of 29.2° along with diffraction peaks at 26 degree of 39.4°, 43.2°, 48.3° and 57.5°; vaterite
showed a diffraction peak at 20 degree of 32.5°, and aragonite showed a diffraction peak at
a degree of 26.3°. In addition, the peaks of C4A3S and anhydrite varied with the amount of
CO,, which possibly suggested the different hydration degree of C4A3S and anhydrite. In
Table 2, the QXRD analysis of each carbonated sample acquired with Rietveld quantification
is given for further explanation. Figure 5 shows an example of the Rietveld plot.

Table 2. Quantitative phase analysis results for CSA cement at various carbonation times (wt.%).

10s 5 min 10 min 15 min 30 min 1h 12h 24 h

C4A3S 33.80 27.36 24.29 25.54 26.42 28.64 28.60 26.99
C,S 23.78 21.04 23.79 23.56 16.59 1.58 0.82 0.18
Anhydrite 13.72 14.95 14.38 14.38 11.76 11.31 10.87 9.69
Gypsum 5.90 5.97 5.98 7.04 5.11 4.42 5.36 5.92
Calcite - 13.08 15.31 13.58 9.69 10.92 15.64 14.49
Vaterite - 7.03 6.13 4.90 0.92 1.51 1.09 3.04
Aragonite - 0.90 2.66 - - - - 0.42
Gibbsite 3.83 1.90 0.51 0.21 5.21 11.00 3.79 0.77
Amor. 18.96 7.77 6.94 10.78 24.30 30.61 33.85 38.53
Ruyp (%) 8.74 10.98 9.68 6.32 7.99 9.83 8.17 9.61

Experimental scan
Calculate curve
Difference curve

R, ,: 9.83%

CAS ZnoO
Anhydrite

Vaterite

Gibbsite_ Gypsum

S 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)
Figure 5. Rietveld plot of CSA cement carbonated for 1 h.

As observed in Table 2, the content of the two main components (C4A3S and C,S)
decreased significantly as the carbonation time increased, and the decrease of C,S was
faster than that of C4A3S since C,S is more prone to carbonation as reported before [30].
The result that C;A3S decreased before 15 min with no variation later suggested that both
its hydration and carbonation occurred before 15 min, and later, the hydration of C4A3S
no longer proceeded, let alone the carbonation reaction; this result can be proved by the
change in C,S, which showed a slight decrease before 15 min and a rapid reduction later.
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After 24 h of carbonation, C,S was almost completely carbonated to generate different types
of calcium carbonate. However, the decrease in C4A3S exhibited a relatively low trend
compared to C;S, as the formation of ettringite was inhibited in the acidic environment,
and thus, the hydration of C4A3S was indirectly inhibited as well. Meanwhile, the amount
of anhydrite diminished as well, which can be attributed to its hydration with C4A3S.
Specifically, no ettringite was generated on account of its carbonation, and gypsum and
calcium carbonate were generated as a result. Regarding the amount of gypsum, it can
be concluded from Table 2 that its content reached a maximum value at 15 min and then
diminished partly to the end. It can be ascribed to the presence of C4A3S in the solution
and the further reaction between C4A3S and gypsum. In other words, the hydration of
C4A3S in the solution involved mainly two parts: One is the reaction with anhydrite, and
the other is the reaction with the generated gypsum. These small amounts of gypsum
reacted with C4A3S to generate ettringite, which was immediately carbonated, and it further
confirmed the carbonation of ettringite despite no obvious characteristics of ettringite in
the XRD pattern.

The content of C,S decreased with increasing carbonation time, especially for carbona-
tion for more than 15 min, indicating the occurrence of the carbonation reaction, whose
carbonation mainly leads to the generation of calcium carbonate, as is observed from
the XRD results and QXRD results. Among the three types of calcium carbonate, calcite
increased rapidly at the early stage of carbonation (from 10 s) and gradually stabilized in
the later stage. The content of calcite reached the maximum value at 10 min. Before 15 min,
vaterite existed in a large amount, but its content gradually decreased after 15 min. In
addition, aragonite was not detected until 24 h, which can be observed from the XRD result
at 24 h. Although each content was relatively low, vaterite and aragonite still existed until
C,S was entirely carbonated (the sample at 24 h). It is worth noting that the content of cal-
cium carbonate also decreased slightly. In addition to calcite with good crystal form, poorly
crystallized or amorphous calcium carbonate was also observed. As shown in Table 2, the
amorphous content was increasing. As for gibbsite, its quantity reached the maximum
value after being exposed to CO, for 1 h, which proved the coupling interaction between
the hydration and carbonation reactions as well; and the amount of gibbsite decreased after
12 h, which was probably associated with its reaction with C,S and the further carbonation
of the formed stratlingite.

3.3. FT-IR Analysis

Figure 6 shows the FI-IR spectra of the carbonated samples at 10 s, 30 s, 1 min, 2 min,
5 min, 10 min, 15 min and 30 min. A signal O-H band positioned at 3436 cm ! was visible
in all of the samples, which represented the vibration frequencies characteristic of the
gibbsite formed in the samples. With increasing carbonation time, the signal at 1410 cm ™!
appeared more obvious, which was associated with C-O vibration in the calcite. In the
samples carbonated for 10 s and 30 s, this signal was not observed in the spectra and further
confirmed the XRD result that no calcite was generated at the earlier carbonation time.
Meanwhile, the signals of C-O vibration at 875 cm~! gradually sharpened with increasing
carbonation time, which demonstrated the generation of calcite as well. Moreover, the
C-O vibration located at various peaks represents the different morphologies of calcium
carbonate, e.g., vibrations at 713 cm~! and 745 cm ! stand for the presence of aragonite
and vaterite. Therefore, after being exposed to CO,, aragonite and vaterite were generated,
owing to their characteristic peaks at the FI-IR spectra. In addition, Si-O vibration at
510 cm~! was the characteristic peak of C,S, and its intensity began to weaken as the
carbonation time prolonged, which further proved its carbonation as a result of calcium
carbonate. S-O vibration positioned at 600 cm~!, 615 cm ™! and 677 cm ™! was associated
with anhydrite. Also, Al-O vibrations at 645 cm~! and 690 cm~! were the characteristic
peaks of C4A5S [40-44].
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Figure 6. FT-IR curves of the CSA cement carbonation.

3.4. TGA Analysis

The TG-DTG curves of CSA cement at various carbonation times (30 s~30 min) are
shown in Figure 7. The main mass loss in the curve between 300 °C and 800 °C was
associated with the decomposition of all types of calcium carbonate [43,45,46]. From the
result of TG, the calcium carbonate in all of the carbonation samples mainly existed in
crystalline morphology, and the amorphous form existed in small amounts, which was
consistent with the XRD result. As for the small quantity of mass loss between 50 °C and
150 °C, it was considered the decomposition of gel water or crystal water.

300 800

100 0 0.20
98 !
' . -0.15
96 0] !
1min ! I —_
2min : : Q
94 ——10min| | 1 ~0.10 o\a
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Figure 7. TGA-DTG of various samples after carbonation.

Obviously, with the increase in carbonation time, the content of calcium carbonate
increased as well. The detailed mass loss between 300 °C and 800 °C is shown in Figure 8.
The samples at the early stage of carbonation (30 s and 1 min) have relatively low mass loss,
which illustrates that the carbonation degree was extremely low. The results can also be
confirmed by the content of calcium carbonate and amorphous phase in the XRD results. It
is obvious that the mass loss increased by 2.68% from 1 min to 2 min after carbonation and
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reached 4.49% at 2 min. The total amount of calcium carbonate reached 6.55% at 30 min,
which exactly indicated that the carbonation degree was improved as the carbonation
time increased.

6.55

6 5.81
5.55

4.49

S
1

w
1

Mass loss (%)

141

30s 1min 2min 10min 20min 30min

Carbonation time
Figure 8. Mass loss between 300 °C and 800 °C of the carbonation samples.

3.5. SEM Analysis

Figure 9 shows the SEM images of the CSA samples at different carbonation times
(5 min, 15 min, 30 min). From Figure 9(a-1), the square crystals along with a few needles
were observed, which were related to the specific morphology of calcite and aragonite,
respectively. Also, the hydration products covered the surface of the cement particles, and
the carbonation products, including calcium carbonate crystals and some amorphous gels,
were wrapped together (Figure 9(a-2)). When carbonated for 15 min, some agglomerated
lamellas were visible, which was associated with the typical morphology of aluminum
hydroxide (Figure 9(b-1)). In addition, the silica gel shape was found and formed a network,
and the square calcite crystals could be observed with a larger particle size. The vaterite
with a typically spherical morphology and the aragonite with the needle-like morphology
were visible as well (Figure 9(b-2)). In the sample carbonated for 30 min, its surface was
mostly covered by the square calcite crystals, bonding with some silica gel and aluminum
hydroxide gel (Figure 9(c-1)). Different from the samples carbonated for 5 min and 15 min,
the square calcite crystals were stacked and closed together when carbonated for 30 min,
confirming the increasing amount of calcite obtained with the QXRD results (Figure 9(c-2)).

Figure 10 shows the SEM images of the sample carbonated for 1 h and 2 h. The square
calcite crystals and spherical vaterite crystals can be observed in Figure 10a, and they
gathered on the surface of the unhydrated cement paste. Also, as observed in Figure 10b, a
small pore was formed due to the hydration reaction, and the generated calcite crystals not
only covered the surface of the unhydrated particles but also filled in the pores. This further
revealed that the particles, which should have grown inside the pores, were carbonated
directly inside the pore, and calcium carbonate was generated as a result. Furthermore,
there were still unhydrated particles existing when carbonated for 1 h and 2 h, and this
phenomenon was probably associated with C4A3S in the cement. At the later age of
wet carbonation, calcite was the predominant species with a clear contour and a better
crystallization, and the morphology no longer changed with the increase in CO,. During
the early stage, the particle size of calcium carbonate gradually enlarged and piled up;
nevertheless, the morphology of the products no longer changed, owing to the abundant
calcite generated later.
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SEM HV: 15.0 kV WD: 8.97 mm
View field: 20.8 pym Det: SE
SEM MAG: 10.0 kx Scan speed: 7

SEM HV: 15.0 kV WD: 8.98 mm
View field: 10.4 pym Det: SE
SEM MAG: 20.0 kx Scan speed: 6

SEM HV: 15.0 kV WD: 8.95 mm VEGA3 TESCAN
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SEM MAG: 10.00 kx Scan speed: 7 Performance in nanospace
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Figure 9. SEM images of the CSA cement carbonated for 5 min (a-1,a-2), 15 min (b-1,b-2) and 30 min
(c-1,¢-2).
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SEM HV: 15.0 kV
View field: 41.5 pm
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Scan speed: 6 Performance in nanospace SEM MAG: 5.00 kx Scan speed: 6 Performance in nanospace

Figure 10. SEM images of the CSA cement carbonated for (a) 1 h and (b) 2 h.

3.6. GEMS Analysis

The modeling method was conducted based on the hydration of CSA cement first
and then exposure to CO,. The thermodynamic modeling results are demonstrated in
Figure 11. It can be observed that, when exposed to CO;, the amounts of stratlingite and
ettringite began to diminish, and carbon—ettringite was formed as one of the carbonation
products of ettringite. As for the existence of stratlingite, it was considered that it was
generated from the reaction of C;S and aluminum hydroxide, which was one of the
hydration products of C4A3S. With the increasing amount of CO,, C,S was gradually
carbonated, and thus, it no longer reacted with aluminum hydroxide. It is worth noting
that the thermodynamic modeling of CSA cement carbonation showed the occurrence of
mono-carbonate (C4ACH;;), which was one of the carbonation products of monosulfate.
It can be attributed to the carbonation of a small amount of monosulfate generated from
the hydration products of C4A3S and water. As is reported by Hargis, the carbonation of
monosulfate occurred according to Equations (6)—(9), and when a small amount of CO, was
added, monosulfate was carbonated according to Equation (6) to generate monocarbonate
and ettringite. As an intermediate carbonation product of ettringite, carbon—ettringite only
existed under the circumstance of CO; ranging from 1 g to 9 g. With the content of ettringite
diminished, gypsum, calcium carbonate and aluminum hydroxide were generated as the
ultimate carbonation products when CO, was abundant [47].

6C,ASHyy + 3C + 28H — 2CsAS3Ha, + 3C4ACH;; + AH; ©)
C,ACH;; +3C — 4CC + 8H + AH; @)
CgAS3Hy, +3C — 3CC + AHj; + 3CSH, +23H ®)

C4ASHy, +3C — 3CC + AH; + CSH, + 7H )
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Figure 11. Thermodynamic modeling of the carbonation of CSA cement used in this work.

4. Conclusions

In this work, wet carbonation was used in CSA cement, and the corresponding mi-

crostructural evolution was investigated. The conclusions are as follows:

@)

@)

®)

4)
©)

The pH value changed, showing an increased trend first and a rapid decrease later
owing to the carbonation reaction. The slight increase in pH revealed the coupling
interaction of the hydration and carbonation reactions in the solution. Ultimately, the
pH of the solution was constantly below 7.

Ettringite, as a main hydration product of C4A3S, was not detected throughout the
entire carbonation process. This was probably attributed to its immediate carbonation
in the solution once formed. The carbonation of ettringite led to the generation of
gypsum that would react with C4A3S. Consequently, the presence of gypsum was
sourced from two parts: One was a composition of CSA cement, and the other was a
carbonation product of ettringite.

The main carbonation product was calcium carbonate, either from the carbonation of
ettringite or the hydration product of C,S. At an early carbonation time, calcite would
not generate, and aragonite and vaterite existed predominantly. After 5 min, calcite
was generated and showed an obvious increase in number. Furthermore, with the
increasing carbonation time, the content of calcium carbonate increased dramatically
until C,S was completely carbonated.

After carbonation for 24 h, C4A3S still existed in the solution, and C,S was entirely
consumed, which further confirmed that C,S was easier to be carbonated.
Thermodynamic modeling of CSA cement further suggested the carbonation of ettrin-
gite, and the generation of carbon-ettringite was likely to occur. Also, a small amount
of monosulfate probably existed after hydration, and the carbonation of monosulfate
would lead to the generation of monocarbonate. The final carbonation products
mainly included gypsum, aluminum hydroxide and calcium carbonate.
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