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ABSTRACT
Magnesium slag (MS) is an industrial byproduct with high CO2 sequestration potential. This study investigates 

the carbonation behavior and microstructural changes of MS during wet carbonation at 0 °C. XRD, TG, FTIR, SEM, 
and BET techniques were used to characterize the phase composition, microstructure, and porosity of MS samples 
carbonated for different durations. The results showed that the main carbonation products were calcite, vaterite, 
and highly polymerized silica gel, with particle sizes around 1 μm. The low-temperature environment retarded the 
carbonation reaction rate and affected the morphology and crystallization of calcium carbonate. After 480 min of 
carbonation, the specific surface area and porosity of MS increased substantially by 740% and 144.6%, respectively, 
indicating improved reactivity. The microstructure of carbonated MS became denser with calcite particles surrounded 
by silica gel. This study demonstrates that wet carbonation of MS at 0 °C significantly enhances its properties, creating 
an ultrafine supplementary cementitious material with considerable CO2 sequestration capacity.
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1. Introduction
With the rapid development of modern industry, 

anthropogenic carbon dioxide (CO2) emissions have 

been exponentially increasing, posing a significant 
threat to the environment [1]. The cement industry, as 
a pillar of infrastructure development, is responsible 
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for approximately 7% of global CO2 emissions [2]. 
The production of traditional Portland cement not 
only consumes massive amounts of raw materials 
and energy but also releases enormous amounts of 
CO2 

[3–5]. It is estimated that for every ton of Portland 
cement produced, approximately 0.8-1.0 tons of CO2 
are emitted. Consequently, developing alternative ce-
mentitious materials with low carbon footprints and 
CO2 sequestration capacities has become an urgent 
need.

In recent years, mineral carbonation has emerged 
as a promising approach for reducing CO2 emissions 
in the cement and construction sector [6–10]. This 
process chemically binds CO2 with calcium or mag-
nesium-rich materials to form stable carbonates, pro-
viding a route for permanent CO2 sequestration [11–13]. 
Simultaneously, the carbonation reaction can pro-
duce supplementary cementitious materials (SCMs) 
with enhanced properties and reactivity [14,15]. Mul-
tiple industrial alkaline wastes and byproducts with 
high calcium or magnesium contents such as steel 
slags, power plant ashes, and magnesium slags have 
been identified as suitable precursors for mineral car-
bonation [16–20]. Compared to natural minerals, these 
artificial calcium/magnesium-rich solid wastes not 
only possess higher reactivity and faster carbonation 
kinetics but also allow for the recycling of industrial 
byproducts, enabling the realization of a cyclic econ-
omy [21–24].

Among various mineral carbonation options, 
the carbonation of magnesium slag has attracted in-
creasing interest in recent years [25]. Magnesium slag 
is a byproduct of magnesium smelting processes, 
primarily consisting of calcium oxide (CaO), sili-
con dioxide (SiO2), and magnesium oxide (MgO). 
With the dramatic growth in magnesium production, 
driven by strong market demand, China has become 
the world’s largest magnesium producer, accounting 
for approximately 90% of the global output. Con-
sequently, vast quantities of magnesium slag are 
being generated. Current estimates indicate an annu-
al magnesium slag output of over 6 million tons in 
China. Despite its chemical composition rich in ox-
ides, magnesium slag has found limited large-scale 

utilization due to issues such as low activity, poor 
stability, and potential expansion [26]. Landfilling has 
been the primary disposal route, leading to serious 
environmental problems and waste of resources.

The predominant mineral phase of magnesium 
slag is dicalcium silicate (C2S), which exhibits high 
susceptibility to carbonation reactions [27–30]. Studies 
have confirmed that carbonation can effectively stim-
ulate the hydration reactivity of C2S while mitigating 
the expansion issues associated with magnesium  
slag [26]. Both dry and wet carbonation processes have 
been shown to improve the properties and activity of 
magnesium slag, transforming it into a viable SCM. 
Carbonated magnesium slag displays enhanced hy-
dration activity, reduced CaO expansion, increased 
strength, and self-cementing characteristics when 
used as concrete admixtures. Moreover, accelerated 
carbonation curing has been successfully implement-
ed to synthesize magnesium slag-based cementitious 
materials, with compressive strengths exceeding 100 
MPa in some studies [31]. Evidently, carbonation pro-
vides an efficient technique to stabilize magnesium 
slag and unlock its latent hydraulic properties.

However, the carbonation of magnesium slag is 
a complex physicochemical process influenced by 
several parameters including CO2 concentration, 
temperature, relative humidity, liquid/solid ratio, and 
pressure [26,32]. In particular, temperature plays a cru-
cial role in shaping the carbonation reaction kinetics 
and the composition of reaction products [33]. Most 
studies have focused on investigating the effects of 
room temperature and elevated temperatures on the 
carbonation process [25]. Far fewer efforts have ex-
plored the implications of conducting carbonation 
under low-temperature conditions.

It is well established that temperature has a sig-
nificant impact on the solubility of CO2 as well 
as the dissolution kinetics of Ca2+ and Mg2+ ions, 
consequently affecting CaCO3 crystallization and  
growth [34,35]. Lower temperatures lead to reduced 
CO2 diffusion rates in the aqueous phase and hinder 
the dissolution of Ca2+ and Mg2+, which directly con-
trols the kinetics of calcium carbonate precipitation. 
Moreover, temperature influences the polymorphs 
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and morphology of the formed calcium carbonate 
crystals [36]. The effects of temperature on the carbon-
ation reaction pathways and products are complex 
and remain incompletely understood.

Elucidating the implications of low-temperature 
carbonation on magnesium slag is important from 
both a scientific perspective, in terms of revealing 
the underlying mechanisms, as well as a practical 
viewpoint, in terms of assessing its potential for mit-
igating CO2. Nevertheless, current literature lacks 
comprehensive investigations analyzing the phase 
transformations, microstructural changes, and CO2 
sequestration efficiency of magnesium slag undergo-
ing carbonation specifically under low-temperature 
conditions. Most studies focus on room tempera-
ture or use elevated temperatures to accelerate the 
carbonation reactions. The carbonation behavior of 
magnesium slag at temperatures closer to natural 
conditions remains relatively unclear.

Therefore, this paper aims to conduct a detailed 
assessment of the effects of wet carbonation at 0 °C 
on the physiochemical characteristics of magnesium 
slag. The evolution of the phase composition at dif-
ferent carbonation conversion levels and its impacts 
on the microstructure, morphology, specific surface 
area, and porosity of magnesium slag will be analyz-
ed using a suite of characterization techniques. The 
findings are expected to provide new insights into 
the implications of low-temperature environments 
on the carbonation mechanisms of magnesium slag. 
Furthermore, the results will allow evaluation of 
the CO2 sequestration potential and the prospective 
utilization of magnesium slag as an SCM following 
low-temperature carbonation treatment.

2. Materials and Methods

2.1 Raw materials

The magnesium slag (MS) utilized in this study 
was acquired from Yulin City, Shanxi Province, Chi-
na, employing the Pidgeon method. Deionized water 
sourced from the laboratory was employed as the 
solvent. The chemical composition of the magnesi-
um slag and its particle size distribution are detailed 

in Table 1 and Figure 1, respectively. The XRD of 
MS is shown in Figure 2.

Upon reviewing the data presented in Table 1, 
it is evident that the primary chemical constituents 
of MS are CaO, SiO2, and MgO. Numerous studies 
have demonstrated that the elevated MgO content 
can result in later-stage matrix hydration expansion, 
thereby constraining the widespread utilization of 
MS [25,26]. However, the high content of Ca and Mg 
has very high carbonation activity, indicating that 
Pidgeon process magnesium slag does have great 
potential to sequester carbon dioxide.

Figure 1. The particle size distribution of MS.

Figure 2. The XRD of MS.

Table 1. Chemical composition of MS.

Oxide SiO2 Al2O3 CaO Fe2O3 MgO Others
MS 29.88 1.06 50.98 3.52 11.27 3.29

2.2 The carbonation of MS 

The carbonation of MS is shown in Figure 3. First, 
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the dried MS powder and chilled deionized water were 
weighed in the ratio of 1:40. Then, the suspension of 
MS and deionized water was placed into a large beak-
er containing ice cubes (size 10 × 10 × 10 mm3) and 
cold deionized water. The speed of the stirring device 
was set to 400 r/min. To further dissolve the MS, the 
suspension was stirred for 10 min, and then carbon 
dioxide was injected into the suspension at a rate of 0.1 
L/min/5 g of MS. Carbon dioxide was purchased from 
Gas Commerce at a concentration higher than 99.9%. 
The temperature of the MS suspension was monitored 
in real-time throughout the carbonation process using 
a temperature sensor. The temperature of the mass 
spectrometry suspension was maintained at around  
0 °C by adjusting the amount of ice in the large beak-
er. Subsequently, the mass spectrometry suspensions 
of different carbonation times were vacuum filtered 
and the resulting samples were washed with anhy-
drous ethanol. This was done to ensure that the sam-
ples stopped hydrating and to facilitate drying. Finally, 
the samples were dried in a vacuum oven at 50 °C to 
obtain MS samples with different degrees of carbona-
tion. The carbonated MS samples were named C-MS.

Figure 3. Preparation of C-MS powder samples.

2.3 Testing methods

X-ray diffractometer
The mineralogical composition of the samples was 

determined using an X-ray diffractometer equipped 
with a copper target (Rigaku, Tokyo, Japan). The test 
instrument utilizes an accelerating voltage of 45 kV 
and a current of 200 mA during the test. In addition, 
the instrument is set to analyze in 0.02 steps.
Thermal analysis

The comprehensive thermal analyzer (BJ-HCT-3) 

used in this study was produced by Beijing Hengjiu 
Scientific Instrument Factory. Before the test begins, 
the powder sample is weighed and placed on a sam-
ple stage. The instrument temperature is raised from 
room temperature to 1000 °C at a rate of 10 °C/min.

Fourier transform spectra (FTIR)

To further examine the development of the sil-
icon phase present in the samples, an analysis was 
conducted using Fourier transform spectroscopy em-
ploying the solid powder total reflection method. The 
testing instrument employed was a fully automated 
switching Fourier transform spectrometer model 
V70, covering a range of 400 to 4000 cm–1 [25]. All 
powdered specimens were maintained in a dry and 
ground state for the analysis.

To further explore the ratio change of silica gel 
and C-S-H gel under different carbonation condi-
tions, the spectrum between 1000 and 1200 cm–1 was 
deconvolved using Origin Pro software. According 
to the peak range of silica gel and C-S-H, the posi-
tion of the target peak was determined, and the origi-
nal curve was divided into C-S-H peak and silica gel 
peak, to clarify the process of MS carbonation prod-
ucts at low temperatures.

Scanning electron microscope (SEM)

Scanning electron microscope (SEM) images of 
the powder samples were obtained using a Merlin 
SEM in high vacuum mode at an accelerating volt-
age of 15 kV. To enhance conductivity, all samples 
were coated with a thin layer of gold.

Pore structure

In studying the evolution of pore structure in 
C-MS under varying degrees of carbonation, the 
TriStar II 3020BET tester from Micromeritics was 
employed [37]. The examination centered on assessing 
alterations in the total specific surface area and pore 
volume of the samples. Before the analysis, a de-
gassing procedure was carried out on the samples at 
a temperature of 45 °C for 6 hours to eliminate any 
remaining moisture and gaseous impurities.
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3. Results and discussion

3.1 Carbonation degree

Figure 4 depicts the TG-DTG curves of MS 
with varying degrees of carbonation. A total of four 
different weight loss peaks can be seen in the DTG 
results. First, the weight loss peak near 100 °C is the 
loss of mass due to the evaporation of bound water 
from the amorphous gel in the sample. It is interest-
ing to note that after 480 minutes of carbonation, the 
peak weight loss is highest at 100 °C, indicating that 
the largest amount of gel was produced at this time. 
The weight loss peak observed in the temperature 
range of 400-450 °C is attributed to the mass loss 
resulting from the thermal decomposition of calcium 
hydroxide (Ca(OH)2), a hydration product, at high 
temperatures [38,39]. The weight loss peak observed in 
the temperature range of 500-600 °C is attributed to 
the de-carbonation processes of amorphous calcium 
carbonate (ACC) and poorly crystalline vaterite [40]. 
Furthermore, the weight loss peak observed between 
700-800 °C is caused by the high-temperature de-
composition of calcite [41]. Notably, this peak exhibits 
an increasing trend and gradually shifts to higher 
temperatures with prolonged carbonation.

The calcium carbonate content under various car-
bonation conditions was determined using equation 
(1), while equations (2)-(4) were utilized to calculate 
the degree of carbonation of MS at different carbon-
ation times under an ambient temperature of 0 °C [42].
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The CO2 bound in CaCO3 (550-850 °C) is rep-
resented by CcCO2, while M900°C denotes the residual 
mass at 900 °C. Additionally, MCO2 and MCaO refer to 

the molecular weights of CO2 and CaO, respectively. 
The MgO content of cement can be found in Table 1. 
The calculation results are shown in Table 2.

Figure 5 illustrates the variation of carbonation 
degree in MS at different carbonation times. The 
process can be divided into three stages. Firstly, 
during the initial ten minutes of carbonation reac-
tion, the carbonation degree of MS increases from 
an initial 6% to 40%. In this stage, the dissolution 
rate of CO2 in water becomes the determining factor. 
Subsequently, the carbonation reaction enters the 
second stage, where the carbonation process of MS 
is influenced by the dissolution and transfer rate of 
minerals and Ca2+ [42]. Compared to the first stage, 
the rate of carbonation degree advancement in MS 
slows down, with only a 30% increase after 50 min-
utes. As the carbonation reaction progresses to the 
third stage, the continuous low-temperature environ-
ment restricts the diffusion of CO2 and the migration 
of Ca2+, significantly prolonging the reactivity of the 
carbonation process [35,42]. It takes 480 minutes for 
the carbonation degree of MS to reach 80%.

From the above results, it can be observed that 
even when the carbonation reaction of MS continues 
in a low-temperature environment, the early-stage 
reactivity is primarily influenced by the dissolution 
of CO2 and the migration of Ca2+. It is not until the 
later stage of the carbonation reaction that the con-
tinuous low temperature imposes restrictive effects 
on the carbonation process in MS.

Figure 4. TG-DTG curves of MS with different carbonation times.
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Table 2. The calculation results of MS under different carbona-
tion times.

Time/min CcCO2/% CC% α/%
0 5.30 13.07 6.8
10 15.23 45.18 40.11
30 21.25 70.16 61.72
60 23.40 80.35 70.55
120 23.91 79.52 70.57
480 26.22 93.30 83.23

Figure 5. Carbonation degree of MS with different carbonation 
times.

3.2 Phase composition

Figure 6 presents the XRD analysis of MS with 
different carbonation times under low-temperature 
conditions. In Figure 6, it is observed that the pre-
dominant carbonation product of MS at low tempera-
tures is calcite. The position of the calcite diffraction 
peak remains relatively unchanged with increasing 
carbonation time, but its intensity increases, leading 
to a weakening of the C2S diffraction peak. This 
phenomenon arises from the continuous injection of 
carbon dioxide, which dissolves in water, generating 
carbonic acid. The carbonic acid subsequently reacts 
with the dissolved Ca2+ ions present in the mineral 
suspension, resulting in the precipitation of calcite. 
Consequently, the presence of calcite leads to an ob-
servable increase in the diffraction peak associated 
with its crystal structure. Additionally, faint calcite 
diffraction peaks are also noticeable in the XRD 

curves of the uncarbonated MS, indicating a minor 
carbonation reaction of the material.

According to the XRD results, the main carbonat-
ed products of MS were not affected under prolonged 
low-temperature conditions. In the early stage of the 
carbonation reaction (10-30 minutes), the diffraction 
peak of the C2S mineral gradually weakened, while 
the diffraction peak belonging to calcite gradually 
increased, and a weak peak of vaterite also appeared. 
This indicates that temperature does not have a sig-
nificant influence on the products in the early stage 
of wet carbonation, and the post-carbonated products 
of MS still exist predominantly in the crystalline 
form of calcite. As the carbonation reaction enters 
the intermediate stage (30-60 minutes), the number 
of calcite diffraction peaks increases and the peak 
intensity gradually increases, while the vaterite dif-
fraction peak becomes more pronounced. With the 
extension of carbonation time, the diffraction peak 
of C2S eventually disappears. When the carbonation 
time reaches 480 minutes, the peak intensity of cal-
cite reaches its maximum. These results show that 
the early stage (30 min) of the carbonation reaction 
at a low temperature helps to stabilize the crystal 
structure of vaterite, but as the carbonation reaction 
continues, the vaterite transforms into calcite.

Numerous studies have shown that the crystal 
forms of calcium carbonate are mainly divided into 
three types, namely calcite, aragonite, and vaterite, 
in the order of increasing stability. Among them, 
vaterite easily transforms into calcite in aqueous 
solutions. From the results in Figure 6, it can be 
observed that the low-temperature environment 
contributes to stabilizing the crystal structure of 
vaterite. This phenomenon can be attributed to the 
fact that low temperature restricts the diffusion of 
CO2 gas in the aqueous solution and the migration of 
Ca2+, thereby impeding the transformation process 
of vaterite to calcite and allowing vaterite to exist  
stably [35].

3.3 Evolution of Si

Figure 7 displays the FTIR spectra, revealing ab-
sorption bands associated with ACC (amorphous cal-
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cium carbonate) and calcite. Based on the results, a 
total of four vibrational peaks were observed. Specif-
ically, the peaks observed at 1417 cm–1 and 712 cm–1 
correspond to the asymmetric stretching vibration (υ3) 
and in-plane bending vibration (υ2) of the C-O bond, 
respectively [43]. Additionally, the peak at 868 cm–1 
represents the out-of-plane bending vibration (υ4) 
of the C-O bond. These findings once again confirm 
the presence of carbonates. It is noteworthy that the 
vibrational peaks observed in the wavenumber range 
of 993-1066 cm–1 represent the vibration of the Si-O 
bond (υ3). This indicates that after undergoing car-
bonation at 0 °C, the silicon in MS exists in the form 
of highly polymerized silica gel.

Figure 6. XRD analysis of MS with different carbonation times 
under low-temperature conditions.

Similar to the XRD results, faint vibrational 
peaks related to calcite are observed in the FTIR 
analysis of the uncarbonated MS, providing further 
evidence of slight carbonation. With the progression 
of the reaction, an increase in the amount of calcite 
is observed. Notably, the vibrational peak of the Si-O 
bond shifts to a higher wave number (1066 cm–1), in-
dicating an enhanced degree of polymerization of the 
silica-oxygen tetrahedra and the formation of highly 
polymerized silica gel. This transition becomes more 
apparent after 30 minutes of carbonation, consistent 
with our previous findings suggesting a significant 
enhancement in the degree of polymerization of gel 
products generated from MS, both at room tempera-
ture and under low-temperature conditions.

To gain a better understanding of the evolution 
of silicon dioxide phase structures in MS during 
carbonation, the vibrational peaks between 800 cm–1 
and 1200 cm–1 were analyzed for samples with dif-
ferent carbonation times (As shown in Figure 8). 
Previous studies have demonstrated the feasibility of 
using FTIR analysis to determine the levels of unhy-
drated phases, hydrated calcium silicate gel (C-S-H), 
and silica gel [42]. The fitting results are shown in  
Table 3.

The results indicate that during carbonation 
reactions conducted in a low-temperature environ-
ment, prior to 30 minutes of carbonation time, de-
calcification of hydrated calcium silicate gel and an 
increase in silica gel content were observed. As the 
carbonation reaction continued for 120 minutes, fur-
ther decalcification of hydrated calcium silicate gel 
occurred, leading to its conversion into silica gel and 
resulting in an increased silica gel content.

These findings reveal that a sustained low-tem-
perature environment does not significantly influence 
the transformation of early gel products during the 
carbonation of MS. After 120 minutes, although the 
continuous low-temperature environment limits the 
diffusion of CO2 and the migration of Ca2+, it actual-
ly facilitates the inward progress of the carbonation 
reaction, thereby increasing the degree of carbona-
tion and the silica gel content within the matrix [35].

Figure 7. FTIR analysis of MS with different carbonation times 
under low-temperature conditions.
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3.4 Microstructure of C-MS

SEM
Figure 9 presents the SEM-EDS images of C-MS. 

By comparing the microscopic morphology of MS 
with different carbonation degrees, several important 
observations can be made.

In just 10 minutes, the carbonation reaction yields 
calcite with distinct morphology, indicating the rapid 
nature of the carbonation process even at low tem-
peratures. At 30 minutes, ACC gradually transforms 
into vaterite. At this point, most of the calcite and 
vaterite are 0.8 µm in size, with only a few vaterites 
reaching 1.5 µm in diameter. In addition, small-sized 
calcite particles begin to aggregate, forming rhom-
bic massive calcite structures with a large number 
of vaterite particles and gel products attached. The 

produced calcite and vaterite particles have sizes 
not exceeding 1 µm. As the carbonation reaction 
progresses (between 60-120 minutes), the calcite 
particles become tightly surrounded by a significant 
amount of gel products. This phenomenon becomes 
even more pronounced at the 480-minute.

Compared to previous studies, when wet carbon-
ation of MS is conducted at room temperature, the 
resulting calcium carbonate exists in the forms of 
calcite and aragonite, with calcite being dominant. 
However, under low-temperature conditions, the 
aragonite form of calcium carbonate disappears, and 
a larger quantity of vaterite appears. Additionally, 
from Figure 9b, it can be observed that the calcite 
formed under low-temperature conditions adopts a 
cubic structure, while vaterite has a more complete 

   

Figure 8. The resolving of the overlapping peak of FTIR spectra between 800 and 1200 cm−1 of carbonated MS samples at different 
carbonation conditions (a) 10 min, (b) 30 min, (c) 60 min, (d) 120 min and (e) 480 min.

Table 3. The deconvolution results of FTIR curves between 800 and 1200 cm−1 (%).

Time/min Unhydrated phases C-S-H gel Silica gel
10 30.91% 68.73% 0.36%
30 9.25% 55.66% 35.09%
60 11.86% 22.71% 65.43%
120 8.08% 0 91.92%
480 5.31% 0 94.69%
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spherical shape. The reason for this phenomenon is 
that prolonged low-temperature conditions restrict 
the diffusion rate of CO2 gas in the aqueous solution, 
but promote internal carbonation, resulting in more 
complete carbonation of the matrix and complete 
growth of calcite crystals. Furthermore, low temper-
ature hinders the migration of Ca2+ dissolved from 
minerals like C2S, limiting the nucleation process of 
calcium carbonate and the transformation of vaterite 
into calcite. As a result, the layered calcite structure 
disappears, and well-formed cubic calcite crystals 
emerge. 

Figure 9. SEM-EDS images of C-MS: (a) 10 min; (b) 30 min; (c) 
60 min; (d) 120 min; (e) 480 min; (f) EDS of the spectrum.

BET surface area and pore structure
To investigate the changes in MS pore structure 

under low-temperature conditions at different de-
grees of carbonation, the BET analysis method was 
employed in this study. Figures 10a and 10b present 
the N2 adsorption isotherm plots and pore volume 
distribution of MS with varying degrees of carbon-
ation. Figure 10a reveals a significant increase in 
nitrogen uptake when the carbonation time reaches 
30 minutes and the relative pressure ranges from 
0.7 to 1. The uptake experiences a sharp increase at 
120 minutes, accompanied by an expanded relative 
pressure range. Additionally, Figure 10b provides 
further insights into the pore size distribution of MS.

The BET test results of MS with different carbon-
ation degrees are listed in Table 4. From the results, 
it can be seen that the hole volume and specific sur-
face area of MS gradually increase with the increase 
of carbonation degree. However, there is a slight de-
crease in specific surface area at 10 and 60 minutes. 
A comparison of MS test results before and after 120 
minutes of carbonation showed a significant increase 

in the cumulative pore volume, from 0.024245 cm3/
g to 0.047098 cm3/g. This observed increase can be 
attributed to the continued dissolution of minerals 
present in the MS during the decalcification process, 
especially C2S. As a result, a significant change in 
the phase composition of the MS occurs, leading to 
an increase in the pore volume. In addition, Figure 
10b shows a clear trend of increasing volume of 
pores larger than 25 nm as well as gel pores smaller 
than 25 nm. This trend can be attributed to the for-
mation of van der Waals and hydrogen bonds dur-
ing carbonation [37]. Consequently, this leads to an 
increase in the number of small particles and pores, 
which ultimately results in an overall increase in 
pore volume.

Based on our previous study and the FTIR anal-
ysis results (Figure 7), it is evident that gel polym-
erization begins after 30 minutes of carbonation. 
Consistently, the BET test results of MS also reveal 
an elevation in pore volume by approximately 73.7% 
after 30 minutes compared to uncarbonated MS. This 
can be attributed to the continuous dissolution of 
Ca2+, which generates numerous fine pores and leads 
to the observed increase. After 480 min, it was found 
from the results that the specific surface area of MS 
increased by 740% and the pore volume increased 
by 144.6% compared with that before carbonation, 
which indicated a significant increase in the activity 
and specific surface area of MS during the low-tem-
perature carbonation process.

3.5 Growth mechanism of CaCO3 under a low- 
temperature environment

This study investigates the carbonation behavior 
of MS at varying degrees under a low-temperature 
environment using XRD, TG, FTIR, BET, and SEM-
EDS analysis. Based on the results of the above 
tests, it can be observed that the main carbonation 
products resulting from wet carbonation of MS at 0 
°C are calcite and highly polymerized silica gel. Fig-
ure 11 illustrates the evolution of CaCO3 growth at 
low temperatures.
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Figure 10. BET curves of MS with different degrees of carbonation.

Table 4. BET test results of MS with different degrees of car-
bonation.

Different time 
(min)

Specific surface area 
(m2/g)

Hole volume 
(cm3/g)

MS 3.5305 0.024245
10 min 1.1851 0.025903
30 min 12.8038 0.042108
60 min 10.4350 0.056580
120 min 28.9021 0.047098

480 min 29.6573 0.059295

In the initial stage (0-30 min), the carbonation 
reaction occurs rapidly, leading to the conversion of 
ACC into calcite. Calcite particles rapidly increase in 
size, while a small amount of silica-gel forms around 
them. Subsequently, after 30 minutes, the reaction 
enters the stabilization stage, and calcite decomposes 
into clusters of poorly crystallized and lumpy cal-

cite due to cracking. The persistent low-temperature 
environment restricts the diffusion rate of CO2 and 
the dissolution of Ca2+ and Mg2+, thereby influencing 
the growth of calcite crystals. Additionally, vaterite, 
derived from ACC, surrounds the calcite particles. In 
the final stage of the reaction, the low-temperature 
environment further hinders the growth rate of cal-
cite particles, leading to the appearance of a gel layer 
on their surface.

The primary mineral component of MS, C2S, is 
subject to various influential factors including Ca2+ 
ion concentration, ion leaching rate, and solution 
pH. These factors play a crucial role in determin-
ing the nucleation and growth processes of calcium 
carbonate. Compared to our previous studies on 
room-temperature wet carbonation, the main carbon-
ation products observed at low temperatures consist 
of calcite crystals and highly polymerized gel struc-
tures, with significant gel polymerization occurring 
only at the 30-minute mark [25]. Notably, in contrast 
to the appearance of small amounts of aragonite in 
the carbonation products at room temperature, the 
low-temperature carbonation process does not gen-
erate aragonite, but rather small vaterite. Further-
more, it is worth noting that the amount of calcium 
carbonate generated during the same time frame at 
room temperature exhibits a substantial increase 
compared to that produced during low-temperature 
wet carbonation. This disparity suggests that the 
low-temperature environment significantly retards 
the rate of the carbonation reaction. Furthermore, the 
microscopic morphology of calcite at room temper-
ature reveals a laminar accumulation with a small 
amount of aragonite and gel surrounding it, while 
calcite clusters generated at low temperatures exhibit 
a substantial presence of gel layers around them. In 
this study, the low-temperature carbonation process 
significantly limits the dissolution rate of Ca2+ ions, 
resulting in a lower concentration of Ca2+ ions in 
the MS suspension and a reduced carbonation rate 
for the corresponding minerals [35]. As a result, the 
production and size growth of calcite-type calcium 
carbonate is constrained.
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Figure 11. Evolution of CaCO3 growth in a low-temperature 
environment.

4. Conclusions
This study investigated the carbonation behav-

ior and microstructural changes of magnesium slag 
undergoing wet carbonation at 0 °C through a com-
prehensive set of characterization techniques. The 
following conclusions can be drawn:

(1) The predominant carbonation products are 
calcite, vaterite, and highly polymerized silica gel, 
with particle sizes around 1 μm. The persistent 
low-temperature environment affects the morpholo-
gy and crystallization of calcium carbonate, slowing 
down the reaction kinetics.

(2) As carbonation progresses, a layer of silica 
gel envelops the surfaces of the formed calcium car-
bonate particles. The low temperature restricts the 
dissolution of Ca2+ ions, limiting the growth of cal-
cite crystals.

(3) After 480 min of carbonation, the specific sur-
face area and porosity of magnesium slag increased 
remarkably by 740% and 144.6%, respectively, indi-
cating significantly improved reactivity and ultrafine 
particle size distribution

(4) The microstructure of carbonated magnesium 
slag became denser, with calcite particles intimately 
surrounded by the silica gel phase, due to the low 
temperature impeding crystal growth.

(5) Wet carbonation treatment at 0 °C can effec-
tively transform magnesium slag into an ultrafine 
supplementary cementitious material with high CO2 
sequestration capacity.

Overall, this study provides new insights into 
the effects of low-temperature carbonation envi-
ronments on the physicochemical characteristics of 
magnesium slag. The results demonstrate that wet 

carbonation at 0 °C significantly enhances the prop-
erties of magnesium slag, creating a high reactivity 
SCM product with major implications for reducing 
the carbon footprint of the cement and construction 
industry. Further research can build on these findings 
to optimize the synthesis conditions and expand the 
utility of carbonated magnesium slag.
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