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Abstract 
During the smelting of magnesium by the Pijiang method, a large amount of magnesium 
slag is produced, and high-temperature flue gas with low CO2 concentration is also 
emitted. Both magnesium slag and flue gas have the problem of low utilization rate. In 
order to improve the utilization rate of magnesium slag as well as to sequester the CO2 
produced in the process of magnesium smelting, this work reported magnesium 
carbonation slag products with magnesium slag as raw material under curing conditions 
of different temperatures and different CO2 concentrations, and systematically 
investigated the effects of the curing temperature and CO2 concentrations on the 
properties of magnesium carbonation slag products. The results show that the 
appropriate reduction of temperature is conducive to the increase of mechanical 
properties of the samples. Directly using high temperature and low CO2 concentration of 
magnesium smelting flue gas, the compressive strength of the samples is only 17.75 MPa; 
when the temperature is reduced to 80 ℃, the compressive strength increased to 32.92 
MPa; and as the temperature is further lowered to 25 ℃, the compressive strength is 
increased to 39.35 MPa. The compressive strength of the magnesium slag carbonized 
specimen was as high as 63.06 MPa when being cured at 25 ℃ and a CO2 concentration 
of 30%. The microstructure showes that both higher temperature and lower CO2 
concentration increase the porosity and water absorption of the sample, and reduce the 
density of the sample, which is detrimental to the carbonization of the sample. 
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1. Introduction 

Magnesium slag (MS) is a strongly alkaline solid waste produced during the smelting of magnesium 
metal [1]. The annual production of magnesium metal in China accounts for more than 85% of the 
global production, and a large amount of magnesium slag solid waste is generated during the 
production of magnesium [2]. Pijiang method is the main method of smelting magnesium in China, 
and 5-7 t of magnesium slag will be generated for every 1 t of magnesium metal [3]. Many smelting 
enterprises mainly dispose of magnesium slag by stockpiling or landfilling, and there is no effective 
method to utilize magnesium slag on a large scale. As of 2021, only in Yulin area, 60 million tons of 
magnesium slag will be disposed of [4]. The disposal of magnesium slag will cause serious 
environmental pollution to the soil and the surrounding areas. The raw material for the production of 
magnesium metal is mainly dolomite, and the process of calcining dolomite releases CO2, and every 
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1 t of magnesium produced emits 26.3 t of CO2 [5]. Therefore, it is important to explore methods for 
effective disposal of magnesium slag and sequestration of CO2. 

Current research on the application of magnesium slag has focuses on the fields of soil slaking agents 
[6-7], desulfurizers [8-9], and construction materials [10-12]. Given the wide application of 
construction materials, producing building materials with magnesium slag has become an effective 
way of solving the problem of magnesium slag. Li et al [13] found that the use of magnesium slag as 
a substitute for limestone up to 30% (mass fraction) can play a role in lowering the sintering 
temperature of clinker. Ji et al[14] added magnesium slag as an admixture to concrete, and found that 
the concrete's strength decreased in the early stage but the increased significantly in the later stage. 
Mo et al [15] used magnesium slag to accelerate carbonation to prepare cement mortar specimens, 
and the compressive strength reached 119.5 MPa. Zhong et al [16] added aragonite whiskers prepared 
from magnesium slag to cement, and found that the addition of 5% to 20% aragonite whiskers could 
increase the compressive and flexural strengths of the cement in the early and late stages. 

On the other hand, carbonization conditions play an important role in carbonized products[17- 18]. 
Lei et al[19] investigated the carbonization process of slag blocks in an oxygen converter at different 
temperatures (60~140 ℃) and different relative humidities (2~60%), and the results showed that the 
compressive strength of slag blocks increased with the increase of temperature, but when the slag 
blocks were carbonized at high temperatures, sufficient water vapor was essential to guarantee the 
strength of the blocks. Zhang et al [20] cured magnesium slag with steam and found that the 
carbonization of magnesium slag could reduce the stability risk. Xie et al. studied the carbonization 
process of cement fiberboards prepared with magnesium and found that the concentration and 
pressure of CO2 had a significant effect on the specimens, and that the flexural strength of the 
specimens cured with 30% concentration (v/v) of CO2 increased the fastest [21]. The effects of 
carbonization conditions, steam conditions, concentration and pressure of CO2 on the properties of 
magnesium slag products has been reported in the literatures. However, the coupling effect of high 
temperatures and low CO2 concentration of industrial flue gase has not been studied. 

This paper intends to systematically study the effects of temperature and concentration of CO2 on the 
physical properties of magnesium slag blocks by simulating the flue gas emitted from magnesium 
kilns. Magnesium slag is used as raw material. The identification of phases, changes in pore structure 
and micro morphology with curing temperature and CO2 concentration will be presented in detail. 
These results should provide useful information for better utilization magnesium slag and reduction 
of CO2 emissions.  

2. Experimental Section 

2.1 Raw Material 

The magnesium slag was taken from Yulin City, Shaanxi Province. The chemical composition of 
magnesium slag is shown in Table 1, and the XRD pattern is shown in Fig. 1a. The chemical 
composition of the magnesium slag was expressed in the form of oxides, mainly include CaO, SiO2, 
MgO, Fe2O3 and Al2O3, and the phases were mainly β-C2S, γ-C2S, CaCO3, Ca(OH)2, CaO and MgO. 
The magnesium slag was milled by ball mill for 15 min, and the particle size distribution of 
magnesium slag after the milling was shown in Fig. 1b, with the D50 of 32.7 μm and the D90 of 110 
μm. Industrial-grade CO2 and N2 with a purity of 99.9% (v/v) were used to simulate the flue gas. 

2.2 Preparation of Magnesium Slag Block  

A certain mass of magnesium slag was weighed, 4% (mass fraction) of water was added, and it was 
rapidly stirred in a blender for 5 min, and then 145 g of the wet material was transferred to a stainless 
steel mold, and a specimen of 40 mm × 40 mm × 50 mm was prepared by keeping it under 20 MPa 
pressure for 1 min. After demolding, the samples were put into the carbonization kettle and cured at 
different conditions. The obtained specimens were named by the cured temperature and concentration, 
such as 25-10, which means that the specimen was cured at 25 ℃ and 10% CO2 concentration. The 
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specific curing conditions of different specimens are shown in Table 2. The carbonization kettle has 
a constant temperature heating function, which can simulate different temperatures of the kiln flue 
gas. The CO2 and N2 are proportionally mixed by a gas device with a CO2 concentration of 10% (v/v) 
or 30% (v/v), and the gas mixture is introduced into the carbonization kettle through a pressure 
reducing valve. The pressure of the curing gas was 0.2 MPa, the time was set 1, 24 and 48 h, and the 
humidity was controlled at 50% by saturated calcium nitrate [22]. 

 

 
Fig. 1 (a) XRD pattern of magnesium slag, (b) particle size distribution of magnesium slag. 

 

Table 1. Chemical composition of magnesium slag. 

Composition CaO SiO2 MgO Fe2O3 Al2O3 Others 

Mass fraction/% 63.05 25.82 4.21 3.58 1.34 2.00 

 

Table 2. Curing conditions of magnesium slag block 

Sample No. Temperature / ℃ CO2 concentration / % 

25-10 25 10 

40-10 40 10 

60-10 60 10 

80-10 80 10 

120-10 120 10 

25-30 25 30 

40-30 40 30 

60-30 60 30 

80-30 80 30 

120-30 120 30 

2.3 Characterization 

Compressive strength, water absorption and apparent density were determined according to Solid 
Concrete Bricks (GB/T 21144-2023). The compressive strength was measured by DYE-300S 
computerized automatic cement tester with the loading speed set at 0.5 mm/min. Each group of 
specimens was tested three times, and the average value and standard deviation were calculated. The 
chemical composition of the samples was analyzed by X-ray fluorescence spectrometer (XRF, 
Thermo Scientific ARL Perform'X). The phases of the raw material and specimens were characterized 
by an X-ray diffraction spectrometer (XRD, Smart Lab (9 kW), Rigaku), with scanning conditions of 
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Cu Kα1 rays at a scanning rate of 10 °/min and a step rate of 0.02°/step. The data were collected from 
5° to 70°. The samples were tested using a thermogravimetric differential thermal synchronous 
analyzer (STA8122, Rigaku) with a temperature range of 30~1000 ℃, a ramp rate of 10 ℃/min and 
a gas atmosphere of N2. The particle size of the magnesium slag was characterized by an ultra-high-
speed intelligent particle size distributor (Mastersizer 3000). The pore structure of the blocks was 
characterized by a low-field nuclear magnetic resonator (MesoMR12-060V). The morphology of the 
products was characterized by scanning electron microscopy (SEM, Merlin Compact) in secondary 
electron imaging mode with a test voltage of 10 kV. 

3. Results and Discussion 

3.1 Determination of Conservation Time 

The effects of different curing temperatures and time on compressive strength at 10% and 30% CO2 
concentration are shown in Fig. 2a and b, respectively. It can be seen from Fig. 1 that all samples had 
an initial compressive strength after 1 h’s curation. The compressive strength of the samples increased 
significantly when the curing time was extended to 24 h. Further extension of the curing time to 48 
h, the compressive strength of the samples increased, but not minimally. Subsequent analyses were 
performed with the samples cured for 24 h. The same samples were used in later characterization. 

 

 
Fig. 2 Compressive strength of samples cured with (a) 10% and (b) 30% CO2 concentration and 

different temperature and time 

3.2 Compressive Strength Test 

Taking the specimens cured for 24 h in Fig. 2 as an example, it can be seen that the compressive 
strength of magnesium slag specimens showed a gradual decrease with the increase of temperature. 
The compressive strength of the specimen 120-10 is 17.75 MPa, which is only 45.11% of that of 
specimen 25-10. The compressive strength of specimen 120-30 is only 25.13 MPa, the value is only 
39.85% of that of specimen 25-30. The compressive strength of sample 120-30 was 25.13 MPa, the 
value was only 39.85% of that of sample 25-30. Research [23] shows that the increase in temperature 
accelerates the carbonization of C2S and part of MgO and CaO in magnesium slag, which is 
manifested in the early stage of carbonation. There is a slight increase in the compressive strength oft 
he specimens, and as carbonization proceeds, the formation of carbonation products of calcium 
carbonate and silica gel on the periphery of the magnesium slag particles affecgts the continuous  
reaction of the un-carbonized  mineral phases, which  influences the compressive strength oft he 
specimens. On the other hand, the increase in temperature led to excessive volatilization of water 
inside the blocks and the reduction of the medium for CO2 diffusion, which impeded the further 
carbonization [24]. Increasing the CO2 concentration verified the above results, and Fig. 2 shows that 
at the same temperature, the compressive strength of magnesium slag specimens cured with 30% CO2 
concentration was greatly increased compared with that of 10%, with the greatest increase in the 
compressive strength of samples 25-30. The above analysis shows that the carbonization reaction of 
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magnesium slag specimens is greatly affected by the curing temperature, and too high curing 
temperature will reduce the strength of magnesium slag specimens. 

3.3 Water Absorption and Apparent Density 

Fig. 3 shows the water absorption and apparent density of the specimens at different curing 
temperatures under 10% and 30% CO2 concentrations, respectively. It can be seen from the figure 
that the water absorption of the cured specimens at both CO2 concentrations increased gradually with 
increasing temperature, while the apparent density decreased gradually. This indicates that as the 
curing temperature increases, the content of carbonized products in the magnesium slag decreases 
and the densification of the specimens decreases. With the increase in temperature, the pore structure 
of the specimen becomes relatively loose and the water absorption increases, which corresponds to 
the decrease in compressive strength in terms of macromechanics. The above results show that the 
compressive strength and apparent density of the specimens at the curing temperature are inversely 
and directly proportional to the water absorption, respectively. When the curing temperature is 25 ℃, 
the water absorption of the specimens with 10% and 30% CO2 concentration is 12.07% and 10.38%, 
respectively, and the apparent density is 2.64 and 2.69 g/cm3, respectively. When the curing 
temperature is 60 ℃, the water absorption of the specimens with 10% and 30% CO2 concentration is 
12.81% and 12.25%, respectively, and the apparent density is 2.44 and 2.52 g/cm3, respectively. It 
can be seen that when the curing temperature is low, increasing the CO2 concentration helps to reduce 
the water absorption of the specimen and increase the apparent density of the specimen. When the 
curing temperature is high, increasing the CO2 concentration has less effect on the water absorption 
and apparent density of the specimen. 

 

 
Fig. 3 Water absorption and apparent density of samples cured with (a)10% and (b) 30% CO2 

concentration 

3.4 Phase Indentification 

3.4.1 XRD 

Fig. 4 shows the XRD patterns of the specimens cured at different temperatures at 10% and 30% CO2 
concentration, respectively. From the figure, it can be seen that the main change in phase composition 
of the specimens (see Fig. 1a) is reflected in the diffraction peaks of calcite, indicating that the 
carbonized products of magnesium slag are mainly calcite-type calcium carbonate. Meanwhile, the 
diffraction peak of Ca(OH)2 (2θ = 18.22°) disappeared after carbonization, indicating that it 
participated in the reaction during the curing process. In the curing process, the diffraction peaks at 
2θ = 29.72 ° and 2θ = 32.84 °, which are the characteristic peaks of β-C2S, gradually increased with 
increasing curing temperature. However, the diffraction peak at 2θ = 29.48 ° showed a decreasing 
trend. The results show that the increase in temperature inhibits the carbonization reaction of β-C2S. 

The mineral phases of the specimens were quantitatively analyzed using 10% (mass fraction) ZnO as 
internal standard, and the results are shown in Table 3. It can be seen from Table 3 that with the 
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increase of curing temperature, the C2S content of sample 25-10 decreased by 6.04% compared to 
that of sample 120-10, and the C2S content of sample 25-30 decreased by 7.56% compared to that of 
sample 120-30. Meanwhile, the content of calcite-type calcium carbonate in the amorphous phase 
increased in sample 25-10 and sample 120-10 compared to the samples prepared at high temperature. 

 

 
Fig. 4 XRD patterns of samples cured with (a) 10% and (b) 30% CO2 concentration. 

 

Table 3. Composition of samples prepared in different conditions. 

Samples 
Mass fraction/% 

β-C2S γ-C2S CaCO3 CaMg(CO3)2 MgO Fe3O4 Others+Amorphous 

25-10 20.22 5.56 25.56 4.00 1.33 0.67 42.67 

25-30 19.33 4.00 27.89 5.56 1.44 0.56 41.22 

120-10 26.56 5.22 21.78 4.44 1.78 0.67 39.67 

120-30 26.89 5.33 24.78 4.67 2.00 0.67 35.78 

3.4.2 TG-DTG 

Fig. 5a and b show the TG and DTG curves for specimens cured at 10% CO2 concentration, 
respectively. Fig. 5c and d show the TG and DTG curves of the specimens cured at 30% CO2 
concentration, respectively. From the DTG curves, it can be seen that there are three main 
decomposition peaks in the carbonized magnesium slag specimens, in which the decomposition near 
100 and 375 ℃ is related to water in the silica gel with low and high crystallinity, respectively [20], 
and the decomposition at 400 ~ 675 ℃ is mainly attributed to the amorphous calcium carbonate and 
calcite with poor crystallinity. The decomposition at 675 ~ 850 ℃ is attributed to calcite with better 
crystallinity.  

Combined with the change of DTG peak, the CO2 mass loss of TG curve at 400 ~ 850 ℃ was 
calculated, and the specific results are shown in Table 4. As can be seen from Table 4, at the same 
CO2 concentration, the decomposition amount of CO2 in the specimen decreases with increasing 
temperature, while at the same curing temperature, the decomposition amount of CO2 in the specimen 
increases gradually. The results of the thermal analysis TG-DTG and XRD are consistent with each 
other, which indicates that at the low concentration of CO2 curing environment, the amount of CO2 
solidfied in the specimen decreases with increasing curing temperature, that is, the high temperature 
will inhibit the carbonization of magnesium slag. 
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Fig. 5 TG and DTG curves of specimens cured at 10% CO2 concentration (a and b) and 30% CO2 

concentration (c and d). 

 

Table 4. Decomposition of CO2 in specimens prepared in different conditions. 

Sample No. CO2 weight loss/ % Sample No. CO2 weight loss/ % 

25-10 15.42 25-30 16.66 

40-10 14.18 40-30 15.84 

60-10 13.52 60-30 15.63 

80-10 13.74 80-30 15.40 

120-10 13.44 120-30 14.77 

3.5 Microscopic Porosity 

The transverse relaxed curves measured by low-field NMR were fitted to multi-exponential curves 
using Multi-Exp Inv Analysis software. The main products of magnesium slag are calcium carbonate 
and silica gel. According to Wang et al [25], the pore size distribution curves of the specimens cured 
at different temperatures and CO2 concentrations were obtained (Fig. 6a and b). The total porosity of 
the specimens is shown in Table 5. From Fig. 6, it can be seen that the peaks of the pore distribution 
are mainly concentrated at 1 nm ~0.1 µm, 0.1-1 µm and 1-10 µm, respectively. According to previous 
studies, these pores can be categorized into micropores (1 nm - 0.1 µm), mesopores (0.1 - 1 µm) and 
macropores (1-10 µm) [26]. The pores in samples 25-10 and 25-30 were dominated by micropores 
and mesopores with fewer macropores. As the curing temperature increased, there was relatively little 
change in the pore size of micropores and mesopores in the specimen blocks, while the pore size and 
distribution of the macropores varied considerably. Among all the specimens, the specimen 120-10 
had the highest distribution of macropores, and the total porosity increased by 4.16% compared tot 
he specimen 25-10. Combined with Table 5, it can be seen that the increase of temperature leads to 
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the increase of porosity in the specimens, especially the increase of macroporosity content. Combined 
with the pore distribution and pore size, it can be seen that an increase in temperature inhibits the 
carbonization of mineral phases such as C2S in the magnesium slag and reduces the filling of pores 
by carbonized products, which leads to a relatively loose pore structure. In the macroscopic level, it 
corresponds to the decrease in the compressive strength of the specimen and the increase in water 
absorption.  

 

 
Fig. 6 Pore size distribution of specimens cured at (a) 10% CO2 and (b) 30% CO2 concentration. 

 

Table 5. Total porosity of the specimen blocks. 

Sample No. Total porosity / % Sample No. Total porosity / % 

25-10 11.40 25-30 9.46 

40-10 13.08 40-30 10.76 

60-10 16.74 60-30 12.16 

80-10 17.18 80-30 13.60 

120-10 18.34 120-30 15.34 

3.6 Microstructures 

Figure 7 shows the SEM images of the specimen blocks cured at 10% and 30% CO2 concentration, 
respectively. It can be seen from the figure that the microstructure of the blocks change from dense 
to loose with the increasing curing temperature, the carbonized products on the surface of the 
specimens decreases gradually. From Fig. 7a and b, it can be seen that the area of carbonizd products 
on the surface of the specimen 25- 10 increased significantly with the increase of CO2 concentration 
than that of specimen 25-30. When the curing temperature was increased to 80 ℃, the carbonized 
products on the surface of the specimen were relatively decreased, and the micro-morphology of the 
specimen did not change significantly as the CO2 concentration was increased (Fig. 7c and d). When 
the curing temperature was further increased to 120 ℃, more pores appeared between the particles of 
120-10 and 120-30 specimens, and the bonding state between the particles deteriorated, as well as the 
morphological shape of the calcium carbonate deteriorated, and the morphology of two samples 
differed greatly (Fig. 7e and f). Combined with the mechanical properties, phases and microstructure 
changes of the specimens, it can be seen that the increase in temperature will reduce the degree of 
carbonization of the blocks, increase the porosity betweenparticles, reduce the density of the specimen 
block, which leads to a decrease in the mechanical properties of the specimen blocks. 
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Fig. 7 SEM images of specimens cured at different conditions. 

4. Conclusion 

In this paper, the effects of CO2 concentration and curing temperature on the carbonization of 
magnesium slag were systematically investigated by simulating industrial flue gas, and the following 
conclusions were drawn: 

(1) The mechanical properties of magnesium slag specimens were obviously affected by the curing 
temperature. For specimens cured with 10% CO2 concentration, the compressive strength of the 
specimen cured at 120 ℃ was 17.75 MPa, which was only 45.11% of that cured at 25 ℃. For the 
specimen cured at 25 ℃, the mechanical properties of specimens were more influenced by the CO2 
concentration, and the compressive strength of the specimens cured at 30% CO2 concentration was 
as high as 63.06 MPa, which was 60.23% higher than that of the specimen cured at 10% CO2 
concentration. The effect of CO2 concentration on the mechanical properties of the specimens 
decreased with the increase of curing temperature. 

(2) With the increase of the curing temperature, the unreacted β-C2S in the magnesium slag increased, 
and the carbonized products decreased. The effect of CO2 concentration on the phases of the 
specimens was small, and the differences of each component was also small. 

(3) The porosity of specimens increased with the increase of curing temperature, which was mainly 
reflected in the increase of the proportion of large pores. The increase of CO2 concentration reduced 
the porosity and improved the densification as well as the mechanical properties of the specimens. 

(4) The curing temperature also had a significant effect on the micro-morphology of the specimen. 
More carbonized products were formed between particles in specimens cured at room temperature. 
The products gradually decreased as the curing temperature increased. 
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