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Abstract: Steel slag, which is the industrial waste produced by the steel-making process,
contains more than 4% unstable free calcium oxide, which limits its applications. The
problem of CO2 emission also needs to be solved; steel slag carbonation can not only achieve
CO2 emission reduction, but also improve the stability of the steel slag. In this paper, the
carbonation of steel slag at different temperatures and reaction times was investigated by
combining mass balance analysis, XRD, and SEM observation. The results showed that,
based on the thermodynamic analysis, a temperature of less than 1100 K is more appropriate
for carbonation reactions. The carbonation of steel slag increases as the temperature
increases within a certain range. Under the condition of the mixture of carbon dioxide and
water vapor as the carbonation atmosphere for 30 min, the carbonation efficiency at 973 K
was shown to be better than that of 873 K; additionally, the carbonation ratio was higher,
and the efficiency of further heating to 1073 K decreased. At 973 K, the effect of carbonate
formation for 30 min was better than that of 15 min, and when the carbonation time
was increased to 45 min, the carbonation efficiency decreased. Moreover, the carbonation
process can make the microstructure of steel slag more compact and reduce the particle size.
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1. Introduction
Steel slag is one of the main industrial solid wastes produced in the steel-making

process. Approximately 100–150 kg of steel slag is produced per ton of crude steel. In 2022,
China’s crude steel output reached 1.013 billion tons, producing about 120 million tons
of steel slag. The cumulative stockpile exceeds 1 billion tons [1]. However, as the overall
utilization rate is relatively low, the problem of the efficient treatment of steel slag needs to
be solved urgently, and there are broad prospects for its utilization. Its mineral composition
includes iron phase, dicalcium silicate (C2S), three calcium silicate (C3S), olivine, and
others [2]. Slag also contains free calcium oxide (f-CaO). Volume expansion occurs during
the hydration process, causing the product to crack, which seriously affects the safe use of
tailing. Iron and steel enterprises mostly use cold slag storage treatment. Prolonged natural
aging can reduce the f-CaO content, but there exists the problem of an excessively long
aging time. The storage process requires large amounts of land, and the leaching of heavy
metal ions can pollute underground water sources, thus causing harm to human health [3].

On the other hand, at present, the greenhouse effect caused by CO2 emissions is
becoming more and more serious. The emission reduction and capture of CO2 have become
hot spots of global research [4], and CO2 emissions have affected environmental, social,
economic, and other aspects. The iron and steel industry is one of the largest carbon-
emitting industries, presenting an urgent need for CO2 capture and storage solutions [5].
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More and more researchers are focusing on combining steel slag utilization and CO2

capture, thereby promoting the green development of the comprehensive utilization of solid
waste in the steel industry. Carbonation allows the permanent storage of the greenhouse
gas CO2 in the solid form of carbonate [6]. Carbonation, as an advanced technology
that uses solid waste to save resources and energy, is an effective method to treat steel
slag [7]. In recent years, the study of the carbonation of steel slag has been increasing
and is mainly divided into direct carbonation and indirect carbonation [8]. However,
indirect carbonation technology is too complex and is therefore not conducive to large-
scale promotion and application. Therefore, in the field of direct carbonation technology,
Chang et al. [9] and Bo et al. [10] used XRD for the phase analysis of steel slag before and
after carbonization and found that the intensity of C2S and C3S diffraction peaks before
and after the carbonization of steel slag decreased, the diffraction peaks of Ca(OH)2 and
f-CaO essentially disappeared, and there were obvious CaCO3 and SiO2 diffraction peaks.
Their study indicated the feasibility of conducting carbonation. By using XRD analysis,
Liang [11] found that a divalent metal oxide solid solution (RO) phase and calcium ferrite
(C2F) basically had no effect on the carbonation reaction, and the proper addition of H2O
was beneficial to carbonation; Fang [12] studied the carbonization efficiency of steel slag
minerals via QXRD and found that portlandite absorbed the greatest amount of CO2 and
the carbon sequestration of γ-C2S, β-C2S, akermanite, merwinite, and cuspidine gradually
decreased. Chang [13] used water to bring CO2 gas into a rotating container with steel
slag, using the rotor to stir the steel slag, and achieved the CO2 capture and fixation of
steel slag in water. The results showed that the maximum conversion of slag was 93.5%
carbon transformation with T = 65 ◦C, a rotation speed of 750 r/min, and t = 30 min.
Stolaroff [14] proposed a feasible technology of slag carbonation that involves spraying
circulating water on a bed of ground slag, a solution containing Ca(OH)2, to collect CO2

from the air. However, the carbonation efficiency is low, the water consumption is large, the
fixed cost is high, and the technology still needs to be optimized. Dong et al. [15] studied
the carbonation reaction of steel slag at a temperature of 350–850 ◦C, a reaction time of
0.5–3 h, and a particle size of 0.074–2 mm. The results showed that the optimal reaction
conditions were 700 ◦C, reaction time 0.5-1 h, particle size 0.18 mm, and the digestion
efficiency of f-CaO can reach 90%. Peng et al. [16] conducted a study on the carbonation of
hot steel slag, and the results showed that by utilizing CO2 gas as a modifier for hot steel
slag, the phase composition of the steel slag improved greatly, and the amount of f-CaO
reduced to less than 1%. The above relevant research indicates that CO2 gas injection in the
disposal process of hot steel slag can significantly reduce the content of f-CaO during the
carbonation process. However, the reaction conditions of direct carbonation are still not
clear; in particular, the optimum temperatures and reaction times are quite different under
pCO2 > 0.6 in CO2-H2O mixed atmosphere. The direct carbonation behavior of slag with
CO2 containing water vapor still need more detailed research.

In our previous work [17], the effects of basicity and FeO content on the slag carbona-
tion with CO2-containing water vapor has been studied and the slag basicity was optimized.
In this paper, based on the previous work, with the accurate control of the mixture of CO2

and water vapor, the effects of temperatures and reaction times on steel slag carbonation
behavior were studied and the reaction conditions were optimized.

2. Materials and Methods
2.1. Experimental Raw Material Preparation

Based on the general composition in various steel-making enterprises [18–23], CaO
content was in the range of 38–47%, CaO/SiO2 binary basicity was in the range of 2.0–4.5,
FeO content was in the range of 20–28%, MgO content was in the range of 4–7%, Al2O3
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content was in the range of 1–6%, MnO content was in the range of 2–5%, and P2O5 content
was in the range of 1–3%. Therefore, the components of steel slag were designed as shown
in Table 1.

Table 1. Chemical composition of the slag (wt%).

Composition CaO SiO2 FeO MgO Al2O3 MnO P2O5

Mass fraction/% 42.00 18.00 26.00 5.00 3.00 4.00 2.00

Since FeO and CaO are not easy to store at room temperature, the preparation is
as follow:

(1) Preparation of FeO: Fe3O4 (Sinopharm, Shanghai, China) and pure iron powder
(Sinopharm, Shanghai, China) were mixed evenly in an agate mortar at a 1:1 ratio.
Then, the sample was pressed into a block and put into a pure iron crucible. With a gas
flow ratio of CO/CO2 = 1:1 at 500 mL/min, the sample was heated up to 1473 K and
held for more than 8 h. After that, the crucible was removed quickly from the furnace,
blowing nitrogen to prevent the sample from oxidizing. The sample was crushed until
the size was less than 200 mesh. The results of XRD analysis are shown in Figure 1.
Comparison of XRD profiles of the prepared FeO and the standard diffraction peak of
FeO shows the prepared FeO can be used for experiments.

(2) Preparation of CaO: CaO was obtained by calcining CaCO3 (Sinopharm, Shanghai,
China) at 1273 K for 12 h; it was removed at 973 K, and the prepared CaO was pure
enough for experiments.
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Before the carbonation experiments, the slag was pre-melted. Since P2O5 is volatile at
high temperature, it was replaced by Ca3P2O8 (Macklin, Shanghai, China) proportionally.
An iron crucible (I.D. 40 mm, O.D. 44 mm, height 10 mm) containing approximately 150 g
samples was put into the constant temperature zone of the tubular furnace. The sample
was heated to 1173 K at 10 K/min and then further to 1723 K at 5 K/min to melt the
sample, maintaining for more than 30 min to ensure uniform composition. The experiments
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were performed in an argon atmosphere with a gas flowrate of 200 mL/min and the gas
purity was larger than 99.999%. After pre-melting, the slag was crushed to a size less than
200 mesh for carbonation experiments and dried in an oven at 378 K for more than 24 h.

2.2. Carbonation Experiments

The experimental apparatus is shown as Figure 2. An alumina crucible (I.D. 20 mm,
O.D. 24 mm, height 50 mm) containing approximately 3 g sample was put into the furnace
with 60 mL/min Ar protection. After reaching the target temperature and then holding
for more than 30 min, the switchover was made from Ar gas to 20 mL/min of water vapor
and 40 mL/min of CO2 to carbonate the slag. After reaching the target time, the gas was
switched to 60 mL/min Ar and cooled to room temperature. The gas flowrates of CO2

and Ar were controlled by a gas mass flowmeter (Alicat, Tucson, AZ, USA, error < 0.1%),
and the water vapor was controlled by a water mass flowmeter (Bronkhorst, Ruurlo,
The Netherlands) to obtain the accurate flow of water into the mixing tank. Then, the
mixing tank was heated at 473 K to ensure the gasification of water and all tubes were
wrapped with heating wires to ensure that the channel temperature was higher than
373 K to avoid water vapor condensation. The experimental program is listed in Table 2.
Experiments U1-U3 are to keep the same reaction time of 30 min and change the reaction
temperatures from 873 to 1073 K; experiments U2, U4 and U5 are aimed to compare the
carbonation effect of different reaction times at the same temperature of 973 K. It should
be noted that in our previous work to study the effects of basicity and FeO content, the
experimental conditions of U2 have been tested [17]. In the present work, based on the
U2 condition, the reaction temperatures and times were adjusted for further study. The
reaction temperatures were selected due to thermodynamic calculation by FactSage 7.0
software in advance, and a detailed description is given in the next section.
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Table 2. Experimental program.

Sample/No. T/K t/min

U1 873 30
U2 973 30
U3 1073 30
U4 973 15
U5 973 45

After experiments, the slag was also ground to a size below 200 mesh in an agate mortar.
The slag was analyzed by X-ray diffractometer (Rigaku, Tokyo, Japan), using Cu target,
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Ka line wavelength 1.5419 A, current 40 mA, voltage 40 kV, and the scanning range was
2θ = 10–90 ◦. Spectra obtained from XRD were analyzed by using Jade 6.5 software. Moreover,
the morphology of slag was observed by SEM-EDS (Zeiss, Oberkochen, Germany). The solid
sample surface was sprayed with Au (10 mA, 120 s); a scanning electron microscope (SEM)
was used to observe the mineral morphology and the energy spectrum (EDS) was used to
analyze the composition. A total of 15 regional points were detected, and the measured values
were averaged to improve the accuracy of the test results.

3. Results and Discussion
3.1. Thermodynamic Analysis of the Reaction

The capture of CO2 by steel slag is mainly due to the influence of f-CaO. The Gibbs
free energy variation of the reactions between CaO, CO2 and H2O are listed in Table 3, and
the trend of ∆rGθ with temperature is shown as Figure 3. It can be seen that the Gibbs
free energy variation of the related chemical reactions at temperatures higher than 1100 K
is positive, indicating that the reacting temperature should be lower than 1100 K for the
carbonation reactions of steel slag to happen spontaneously. Water vapor may become a
carrier for f-CaO reacting with CO2 and it may have a pseudocatalytic effect on accelerated
carbonation according to relevant research [24]. Therefore, for the carbonation experiments,
water vapor was introduced into the carbonation process and the reaction temperatures
were selected as 873, 973 and 1073 K.

Table 3. Reaction equation and ∆rGθ of reaction.

Number Reaction Equation ∆rGθ/(J·mol−1)

1 CaO(s) + CO2(g) = CaCO3(s) −161,300 + 137.23 T
2 CaO(s) + H2O(g) = Ca(OH)2(s) −106,687 + 135.37 T

3 Ca(OH)2(s) + CO2(g) =
CaCO3(s) + H2O(g) −54,613 + 1.68 T
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3.2. Effect of Temperature on the Carbonation Effect of Steel Slag

In order to analyze the effect of slag carbonation, the sample weights before and after
the experiments were determined. Before the experiments, the weights of the empty crucible
and the crucible containing the sample were determined, respectively, and the differential
values were recorded as the initial sample weight as m0 (g); after the experiments, the
crucible with samples was put into the oven and dried at 378 K for more than 2 h. m1 (g) is
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the value of the sample weight, calculated by weighing the total mass and then subtracting
the quality of the empty crucible. The weight gain ratio of steel slag, w, is calculated by the
following equation:

w = (m1 − m0)/m0 × 100% (1)

The weight gain ratios at various temperatures are listed in Table 4. It can be seen
that the three samples of U1, U2 and U3 showed weight gain after carbonation, and the
weight gain rate U2 > U3 > U1, indicating that in the same case, the maximum conversion
of carbonation was at 973 K.

Table 4. Sample mass and weight gain ratio.

Sample
Number

Crucible
Mass/g

Crucible and Sample
Mass Before the

Experiment/g
m0/g

Crucible and
Sample Mass After
the Experiment/g

m1/g w/%

U1 36.4434 39.4475 3.0041 39.4695 3.0261 0.0073
U2 38.8040 41.7967 2.9927 41.8379 3.0339 0.0138
U3 37.6835 40.6845 3.0010 40.7112 3.0277 0.0090

Figure 4 shows the XRD profiles of steel slag samples without carbonation and with
carbonation for 30 min at different temperatures from 873 to 1073 K. The diffraction peak
of f-CaO is evident in the steel slag samples without carbonation. After the carbonation
reaction occurred, the peak of f-CaO diffraction was significantly reduced; both f-CaO
diffraction peaks of the uncarbonated S samples were evident, showing that the high content
of f-CaO. As the carbonation proceeds, with the increase in temperature, f-CaO diffraction
peaks were significantly weakened. Especially at 973 K, f-CaO diffraction peaks became
very small. Meanwhile, the diffraction peak of CaCO3 was enhanced significantly. With
continued heating to 1073 K, the f-CaO diffraction peak change was enhanced; meanwhile,
the diffraction peak of CaCO3 was weakened. It indicated that the decomposition reaction
rate of CaCO3 was accelerated at this temperature, while the carbonation reaction rate
became slower. Therefore, holding the reaction time at 30 min, the suitable temperature
of steel slag carbonation was 973 K. At the same time, it showed from the XRD pattern
that the diffraction peaks of Ca2SiO4 and Ca3SiO5 were significantly strengthened after
carbonation, while the intensity of Ca2Fe2O5 and RO (MgO, FeO and MnO, etc.) did not
change much.
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As for the slag morphology observation, Figure 5 shows the morphology of the
carbonation products at different temperatures via SEM and the EDS map of some example
detected points. It shows that the uncarbonated sample particles were large, and the
size of steel slag particles was significantly reduced after carbonation. There were some
granular crystals in the samples; the reason may be that in the steel slag pore, gas could
diffuse to the steel slag pores under high-temperature conditions to form CaCO3, and
part of the low valence state containing iron oxide or free oxide in the steel slag may react
with f-CaO to form a binding state such as C2S, C3S. Therefore, it showed U2 granular
diameter < U3 < U1, at a time of 30 min; with the temperature increased, the maximum
conversion of carbonation was at 973 K, and when increasing temperature to 1073 K, the
carbonation conversion decreased.
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Figure 5 shows not only the trend of particle size, but also the carbon content trend
between points a and d, which was as follows: U2 sample > U3 > U1 > S. A total of 15 points
were randomly selected in all samples. The carbon content of each sample is listed in
Table 5 and drawn in Figure 6. It shows that the carbon content of each point in U2 was
generally higher than that of U3 and higher than that of U1, which indicated that the best
temperature condition was 973 K in the present experimental conditions. The result was
consistent with the analysis of weight gain ratio and XRD determination.

Table 5. Carbon content at different points at various reaction temperatures (wt%).

Detection Points 1 2 3 4 5 6 7 8 9

S 7.8 5.4 3.9 5.3 7.2 2.7 6 5.3 3.4
U1 8.4 7.1 6.9 8.4 7.7 5.6 6.8 7.0 8.0
U2 9.7 9.9 11.8 13.1 9.1 16.9 13.1 10.7 18.5
U3 8.7 11.7 9.8 11.9 9.8 13.5 11.7 9.9 11.7

Detection Points 10 11 12 13 14 15 Max Min Average Value

S 7.9 6.2 4.0 4.2 5.7 6.0 7.9 2.7 5.4
U1 6.8 9.1 7.2 13.1 8.1 11.1 13.1 5.6 8.1
U2 22.8 9.8 7.3 15.2 13.0 20.0 22.8 7.3 13.4
U3 8.9 7.2 11.7 8.8 12.5 11.6 13.5 7.2 10.6
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3.3. Effect of Carbonation Time on the Carbonation Effect of Steel Slag

Based on the optimum reaction temperature of 973 K, the reaction times were selected
from 15 to 45 min. As seen from Table 6, the three samples of U4, U2 and U5 showed weight
gain after carbonation, and the weight gain ratio U2 > U5 > U4, indicating that the best
reaction time was 30 min under the condition of 973 K carbonation.
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Table 6. Sample mass and weight gain ratio under different reaction times.

Sample
Number

Crucible
Mass/g

Crucible and Sample
Mass Before the

Experiment/g
m0/g

Crucible and
Sample Mass After
the Experiment/g

m1/g w/%

U4 37.4168 40.4166 2.9998 40.4339 3.0171 0.0058
U2 38.8040 41.7967 2.9927 41.8379 3.0339 0.0138
U5 33.2747 36.2742 2.9995 36.2974 3.0227 0.0077

Figure 7 shows the XRD pattern of the steel slag of each treatment group. It shows that
the diffraction peak of f-CaO was evident in the steel slag samples without carbonation. Af-
ter the carbonation reaction occurred, the f-CaO diffraction peak was significantly reduced.
Under the same reaction temperature (973 K), comparing the no-carbonation sample S,
the f-CaO diffraction peak under a carbonation time of 15 min was noticeably reduced;
increasing the time to 30 min, f-CaO diffraction peaks became very small. Meanwhile, the
diffraction peak of CaCO3 was also significantly enhanced, while increasing carbonation for
45 min, the f-CaO diffraction peak change was enhanced. Meanwhile, the diffraction peak
of CaCO3 was slightly weakened. It indicated that 30 min was long enough for carbonation.
An excessively long reaction time may slightly reduce the content of CaCO3. Therefore, the
maximum conversion under the condition of 973 K carbonation is 30 min.
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Figure 8 shows the slag morphology of the carbonation products at different tem-
peratures by SEM and the EDS map of the corresponding points. It shows that the S
uncarbonated sample particles were large, and the steel slag particles were significantly
reduced after the carbonation reaction; moreover, the particle size trend was U2 granular
diameter < U5 < U4, indicating that the carbonation effect at 30 min was better than that of
15 min at 973 K, and the reaction effect was decreased as the carbonation time increased to
45 min.
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From the results of EDS analysis in Figure 8, it was shown that the carbon content
trend between the points a and d was that of U2 samples > U5 > U4 > S. A total of 15 points
were randomly selected in the sample. The carbon content of each sample is shown in
Table 7 and shown in Figure 9. It can be seen that the carbon content of each point in sample
U2 is generally higher than that of U5, higher than U4 and higher than uncarbonated S
number, indicating that the reaction time with the maximum conversion efficiency is 30 min
for 973 K in the present experimental conditions. The result was consistent with the analysis
of weight gain ratio and XRD determination.
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Table 7. Carbon content at different points at various reaction times (wt%).

Detection Points 1 2 3 4 5 6 7 8 9

S 7.8 5.4 3.9 5.3 7.2 2.7 6 5.3 3.4
U4 8.3 7.9 9.2 7.1 7 12.4 8.3 7.6 19.4
U2 9.7 9.9 11.8 13.1 9.1 16.9 13.1 10.7 18.5
U5 7.2 8.9 10.3 13 10.2 12.3 11.9 8.9 15.5

Detection Points 10 11 12 13 14 15 Max Min Average Value

S 7.9 6.2 4 4.2 5.7 6 7.9 2.7 5.4
U4 11.5 7.7 6.6 7 8.9 14.6 19.4 7 9.6
U2 22.8 9.8 7.3 15.2 13 20 22.8 7.3 13.4
U5 14.1 7.3 10.2 14.9 14.2 18 15.5 7.2 11.8
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Based on the above analysis, the summarized carbonation effect under different
conditions is listed in Table 8. Therefore, the optimized conditions of slag carbonation were
a reaction temperature of 973 K and reaction time of approximately 30 min. When the
temperature was low, the reaction rate was low, which meant that the slag carbonation
conversion was low. When the temperature was too high, the formed CaCO3 was relatively
dense, and the gas diffusion was low, which was not conducive to the reaction. Therefore,
the suitable temperature was 973 K. As for the reaction time, 30 min was enough to obtain
the maximum conversion of carbonation in the present work.

Table 8. The carbon content of steel slag under various conditions (wt%).

Carbon Content (%) No-Carbonation 873 K 973 K 1073 K

None 5.4 - - -
15 min - - 9.6 -
30 min - 8.1 13.4 10.6
45 min - - 11.8 -
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4. Conclusions
The influences of the carbonation temperature and time on the steel slag carbonate

in CO2 and water vapor mixed gas were studied by mass balance analysis, XRD analysis,
and SEM-EDS analysis. The observed results and subsequent discussion are summarized
as below.

Based on the thermodynamic analysis, a temperature of less than 1100 K is more appro-
priate for carbonation reactions. The carbonation of steel slag increases as the temperature
increases within a certain range. Under the condition of the mixture of carbon dioxide and
water vapor as the carbonation atmosphere for 30 min, the carbonation efficiency at 973 K
was shown to be better than that of 873 K; additionally, the carbonation conversion was
higher, and the efficiency of further heating to 1073 K decreased. At 973 K, the effect of
carbonate formation for 30 min was better than that for 15 min, and when the carbonation
time was increased to 45 min, the carbonation efficiency decreased. Moreover, in the range
of 873–1073 K and under a reaction time of 15–45 min, the carbonation process can make
the microstructure of steel slag more compact and reduce the particle size.
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