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A B S T R A C T   

Heavy carbon industries produce solid side stream materials that contain inorganic chemicals like Ca, Na, or Mg, 
and other metals such as Fe or Al. These inorganic compounds usually react efficiently with CO2 to form stable 
carbonates. Therefore, using these side streams instead of virgin chemicals to capture CO2 is an appealing 
approach to reduce CO2 emissions. Herein, we performed an experimental study of the mineral carbonation 
potential of three industrial steel slags via aqueous, direct carbonation. To this end, we studied the absorption 
capacities, reaction yields, and physicochemical characteristics of the carbonated samples. The absorption ca
pacities and the reaction yields were analyzed through experiments carried out in a reactor specifically designed 
to work without external stirring. As for the physicochemical characterization, we used solid-state Fourier 
Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscope (SEM). 
Using this reactor, the absorption capacities were between 5.8 and 35.3 g/L and reaction yields were in the range 
of 81–211 kg CO2/ton of slag. The physicochemical characterization of the solid products with solid FTIR, XRD 
and SEM indicated the presence of CaCO3. This suggests that there is potential to use the carbonated products in 
commercial applications.   

1. Introduction 

The energy sector and the so-called “heavy carbon industries” (i.e., 
cement, steel, and iron manufacturing) are responsible for most of the 
anthropogenic CO2 emissions (Baena-Moreno et al., 2021; Luo et al., 
2023). In particular, the iron and steel industries are the largest emitters 
of greenhouse gases, accounting for 8–12% of CO2 emissions (Baciocchi 
et al., 2010; Gerres et al., 2021). Examples of measures that could 
decrease CO2 emissions in these industries are carbon capture, utiliza
tion, and storage (CCUS) (González-Arias et al., 2022; Sabri et al., 2021; 
Wang et al., 2022; Yagmur Goren et al., 2024), or the production of 
green steel (i.e., HYBRIT project in Sweden (HYBRIT, 2023)). None
theless, they are still under development and far from full deployment, 
hence further research is required to advance these technologies and 
allow their large-scale implementation (International Energy Agency, 

2022). 
On the other hand, heavy carbon industries usually produce solid 

side streams that can be used, for example, as cementing materials (J. 
Liu et al., 2022a; Y. Liu et al., 2022b). Some of these side streams contain 
inorganic compounds such as CaO, MgO and other metal oxides which 
can react with CO2 to form carbonates. They might also contain chem
icals that are considered hazardous and thus could have adverse envi
ronmental impacts if released to the environment. Therefore, it is 
important to valorize these materials and ensure that they do not end up 
in landfill. In this context, utilizing these side streams to capture CO2 
could be a very interesting approach to reduce CO2 emissions while 
simultaneously improving the management of the side streams, as dis
played in Fig. 1. In fact, in a recent review of our team, we have dis
cussed the importance of using these side streams to capture CO2 
(Baena-Moreno et al., 2022). 
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In the case of the iron and steel industry, the side streams produced 
are known as steel slags (Ragipani et al., 2021). Steel slags have already 
been proposed to capture CO2 via mineral carbonation (Ragipani et al., 
2021). There are two main paths for carbonation (Baena-Moreno et al., 
2022): (1) Direct carbonation, which consists of a direct gas-solid re
action (dry route) or aqueous reaction (wet route) between CO2 and the 
slags (Li et al., 2022). Gas-solid direct carbonation is chemically simple, 
but it requires high temperatures (500–700◦C) to produce acceptable 
performances (Baena-Moreno et al., 2022). Aqueous carbonation ach
ieves better reaction rates at mild conditions, although the reaction 
mechanisms are usually complex (Ho et al., 2021); (2) Indirect 
carbonation, which is a multi-step process that aims at extracting alka
line metals from the material and carbonating them. Indirect carbon
ation allows to obtain products of higher quality, but the overall costs for 
extraction-carbonation are high (Baena-Moreno et al., 2022). 

Direct aqueous carbonation occurs in a series of steps (Luo and He, 
2021). Metal ions from the solid material leach into the water until they 
reach their saturation point, causing a rise in the pH of the mixture. 
Equation (1) below describes this process, where M can be Ca or Mg. CO2 

dissolves in the alkaline medium forming CO2−
3 and HCO−

3 (Equations 
(2) and (3)) and subsequently reacts with the metal ions leading to the 
precipitation of metal carbonates according to Equation (4). As metal 
ions are consumed in this process their concentration in the aqueous 
medium drops below the saturation point, allowing for the dissolution of 
more metal ions from the solid material. Thus, the carbonation process 
and leaching of metal ions are in dynamic equilibrium. 

MO(s) +H2O(l) ↔ M2+
(aq) + 2OH−

(aq) (1)  

CO2(g) + OH −
(aq) ↔ HCO−

3 (aq) (2)  

HCO−
3 (aq) + OH−

(aq) ↔ CO2−
3 (aq) + H2O(l) (3)  

M2+
(aq) + CO2−

3 (aq) → MCO3(s) (4) 

CaO and MgO have a low solubility in water and the dissolution of 
metal ions is further hindered if they are in the form of silicate com
plexes (Kim and Kazonich, 2004). If the leaching of metal ions is very 
slow the carbonation reactions might occur on the surface of the solid 
particles, causing the formation of a layer of metal carbonates which 
hinders further dissolution of the metals. Therefore, the liquid-to-solid 
ratio as well as the method for wetting the solids are important pa
rameters for enhancing the leaching of metal ions and thus optimizing 
the carbonation extent of these materials. 

Many works have been performed previously for steel slag carbon
ation focusing on the study of various parameters. Accelerated carbon
ation with the use of 100% CO2 in the gaseous phase has been 
investigated in a lot of works, such as (Chang et al., 2012; Lekakh et al., 
2008; Pan et al., 2013). Less attention has been given to carbonation 
with lower concentrations of CO2, more representative of industrial flue 

gases (Bonenfant et al., 2008; Ghacham et al., 2016). Bonenfant et al. 
studied the carbonation of ladle furnace slag and electric arc furnace slag 
with a gas flow of 15% CO2 and 85% N2 under ambient conditions in a 
slurry reactor (Bonenfant et al., 2008). They performed a series of 
leaching steps to enhance the carbonation capacity and concluded that 
ladle furnace slag had far superior carbon sequestration capacity 
compared to electric arc furnace slag, capturing 0.247 g of CO2/g of slag. 
Ghacham et al. evaluated the effect of pressure, gas-to-liquid ratio and 
liquid-to-solid ratio in a batch reactor with 18.2 % CO2 in the gas phase 
for ladle furnace slag (Ghacham et al., 2016). They found that the op
timum conditions were 10.69 bar of pressure, 3:1 gas-to-liquid ratio and 
4–10:1 liquid-to-solid ratio. Other factors that have been studied are the 
effect of particle size, operating temperature, reactor type, etc. as has 
been discussed in some review papers (Luo and He, 2021; Ragipani 
et al., 2021; Zhao et al., 2020). More efforts to increase the carbonation 
efficiency of steel slags include the use of ultrasonic waves and addition 
of chelating agents, such as EDTA (Luo and He, 2021; Yang et al., 2021). 
Ultrasonic waves transfer energy into the aqueous medium, assisting the 
leaching of metal ions and they have been found to yield higher metal 
ion leaching than mechanical stirring. The addition of EDTA in aqueous 
mixtures of steel slags was found to promote the leaching of Ca2+ and 
Mg2+ by generating H+ in the aqueous medium and then chelating with 
the metal ions, leading to higher carbonation yields (Yang et al., 2021). 

While there is a plethora of research around the carbonation of 
steelmaking slags, industrial applications still remain challenging. This 
fact according to Zhao et al. is caused by: (I) Differences in the 
composition of the slags depending on where they come from; (II) 
Limitation of reaction kinetics; (III) Challenges concerning energy con
sumption and economic costs (Zhao et al., 2020). To address these 
challenges and to boost the scalability of carbonation of steel slag for 
CO2 capture, in this paper we evaluated the mineral carbonation po
tential of three different steel slags via aqueous carbonation. The three 
different steel slags came from Höganäs, a world leading manufacturer 
of metal powders for powder metallurgy based in Sweden, which gives 
the study a relevant industrial impact. The three steel slags come from 
three different points of the steel manufacturing process: (1) 
manufacturing of direct reduced iron (known as sponge iron); (2) ladle 
furnace; and (3) electric arc furnace. Their commercial names, provided 
by the supplier, are “Petrit T″, “Petrit L″, and “Petrit E″ respectively, and 
this is how the materials will be addressed from now on. Studying three 
different slags might help to evaluate the suitability of each type for 
carbonation, hence shedding some light on the effect of different com
positions. In order to fulfill challenges (II) and (III) mentioned, we 
performed the carbonation reactions in aqueous phase, which enhances 
the carbonation kinetics and thus prompts considerable energy and cost 
reductions since it is carried out at ambient conditions. The aim of our 
work is to estimate the absorption capacities of the slags, as well as to dig 
into the physicochemical characteristics of the carbonated product. 

2. Materials and methods 

2.1. Materials 

Table 1 includes the composition of the three steel slags. The 

Fig. 1. Aqueous carbonation process scheme.  

Table 1 
Main composition (wt%) and annual production of the different steel slags.  

Chemical Petrit E Petrit L Petrit T 

CaO 40 48 37 
MgO 10 13 – 
SiO2 15 11 18 
Al2O3 6.5 9 9 
FeO 25 13 – 
Fe2O3 – – 7 
C – – 20 
Annual production (kton) 15–18 4–5 17–20  

E. Leventaki et al.                                                                                                                                                                                                                               



Environmental Research 252 (2024) 118903

3

composition is given in oxide form and the analysis was provided by 
Höganäs. The gas flow composition was 15% CO2 and 85% N2, to imitate 
a typical concentration of CO2 in post-combustion flue gas. The gas flow 
rate was 200 mL/min. 

To obtain information on the particle size of the materials SEM im
ages were analyzed with the software FIJI (ImageJ), by measuring the 
dimensions of 40 particles per steel slag. For the carbonation experi
ments, four different Solid/Liquid (S/L) ratios were evaluated, from 50 
to 200 (g/L), for the three types of slags. The mixtures were stirred 
before the carbonation experiments to allow the metal ions to leach into 
the aqueous medium. Initially, the stirring time was investigated by 
testing the absorption capacity of each steel slag of one S/L ratio (50) 
after 2 and 24 h of stirring. Then the rest of the experiments were con
ducted after stirring for 24 h to ensure maximum performance. To 
investigate the effect of the metal ions dissolution in water, control ex
periments were conducted where mixtures of S/L = 50 were stirred for 
24 h and then centrifuged to separate the supernatants (liquid phase) 
from the pellets (solid phase). Subsequently, carbonation experiments 
were performed only on the supernatants. 

2.2. Experimental setup and methodology 

Fig. 2 depicts our experimental setup. The reactor was customized to 

avoid stirring and hence save energy while ensuring good mixing thanks 
to the motion of the gas bubbles. It was 3D printed with a stereo
lithography (SLA) 3D-printer (Form 3+, Formlabs), and designed with 
the software Autodesk Fusion 360. The gas bottles of CO2 and N2 were 
connected to two Mass Flow Controllers (MFC) from Brooks Instrument 
and the flow rate and composition of the final mixture was adjusted with 
a standalone controller (0254, Brooks Instrument). The gas entered the 
reactor through the end of the tube at the bottom. The reactor outlet was 
connected directly to a CO2 sensor (ExplorIR, GSS) measuring the con
centration of CO2 every 5 s. The sensor operates with the use of a low- 
power LED optical technology and a nondispersive infrared (NDIR) de
tector tuned at the wavelength of 4.26 μm, where CO2 has a particularly 
strong signal. 

The experiment would be stopped once the outlet flow had the same 
composition of CO2 as the inlet, meaning that CO2 was no longer 

absorbed into the liquid phase. For the materials Petrit L and E, the 
carbonation process lasted very long, and for the most duration, the 
absorption of CO2 was very small. This phenomenon will be discussed in 
the results section. For the sake of saving time, in such cases, the end of 
the experiment would be set to when the outlet flow reached 14% of 
CO2. Thus, for the sake of comparison between the slags, all the graphs 
of Petrit T carbonation were also plotted until 14% CO2 in the outlet 
unless otherwise specified. The reactor was closed with a lid to avoid gas 
losses and had three connections, the gas inlet, outlet and an insert spot 
for a pH probe (HQ430D, HACH) which was sampling the pH of the 
liquid phase every 10 s. 

The information of the outlet gas % of CO2 was used to obtain the 
rate of absorption and absorption capacity in the following way: 

Knowing that the inlet flow was FIN,N2 = 200 mL/min with 85% N2 
and since N2 is an inert gas that is not held up in the reactor, the outlet 
flow of N2 was the same as the inlet 

FOUT,N2 = FIN,N2 = 200
(

mL
min

)

*85% = 170
(

mLN2

min

)

(1) 

Thus, the total flow rate of the outlet was 

FOUT,N2 + FOUT,CO2 = 170
(

mLN2

min

)

+ FOUT,CO2

(
mLCO2

min

)

(2) 

Based on Equation (2), the outlet composition of CO2 (CO2%OUT) was 

CO2%OUT =

FOUT,CO2

(
mLCO2

min

)

170
(

mLN2

min

)

+ FOUT,CO2

(
mLCO2

min

) (3)  

Thus, the outlet flow of CO2 (FOUT,CO2 ) can be expressed according to 
Equation (4). 

FOUT,CO2

(
mLCO2

min

)

=

CO2%OUT*170
(

mLN2

min

)

1 − CO2%OUT

(4) 

Since CO2%OUT was given every 5 s from the sensor, FOUT,CO2 can be 
deducted from Equation (4). The density of CO2 can be assumed to be 
1.8*10− 3 g/mL according to (The Engineering ToolBox (2018)), which 
is reasonable as the temperature measured by the pH-meter sensor was 
in the range of 21–23 ◦C for all the experiments. So, the mass of absorbed 
CO2 can be calculated using Equation (5).   

2.3. Physicochemical characterization 

Once the experiments were completed, the carbonated mixtures 
were dried in an oven at 50 ◦C for 48 h for further analysis. The solid 
powders were analyzed with solid state FTIR, XRD and SEM. Solid state 
FTIR data were obtained with attenuated total reflectance (ATR) sam
pling method (ATR-FTIR), using a Bruker Vertex70v instrument. Each 
analysis was accumulated by 64 scans in a range from 4000 to 400 cm− 1 

with a resolution of 4 cm− 1 using RT-DLaTGS detector. XRD measure
ments were performed on a D8 Discover Bruker instrument. The patterns 
were recorded in a diffraction angle range of 2θ from 10 to 70◦ with a 
scan step of 0.02◦ per second. The diffractograms were recorded using 
the software DIFFRAC.EVA V5.2 and analyzed with the help of the 

Fig. 2. (A) Scheme of the experimental setup and (B) Picture of the setup. Two 
gas bottles, one with CO2 and one with N2 were connected to an MFC where 
they were mixed at the ratio of 15:85 and sent to the reactor at the flow rate of 
200 mL/min, a pH meter installed in the reactor measured the pH and the 
reactor outlet led to a CO2 sensor. 

Mabsorbed CO2 =

(

FIN,CO2

(
mLCO2

min

)

− FOUT,CO2

(
mLCO2

min

))

*5s*
1
60

(
min

s

)

*0.0018
( g

mL

)
(5)   
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Crystallography Open Database. Additionally, the crystalline phases 
present in the carbonated materials were identified using the program 
QualX (Altomare et al., n.d.). Quantitative Phase Analysis (QPA) by 
Rietveld method (Paufler, 1995) was also performed using the TOPAS 
Academic suite program (“TOPAS-R, Version 4.2,” 2009). SEM images 
were taken using a FEI Quanta 200 FEG ESEM instrument. Images were 
recorded at 20 kV using a secondary electron detector (LED). Elemental 
analysis by Energy Dispersive X-ray Spectrometry (EDS) was conducted 
on the samples after carbonation. The samples were coated with gold 
before the SEM analysis to increase the image quality. 

3. Results 

3.1. Particle size 

The particle size of the three slags is presented in Table 2. Petrit T 
had the smallest particle size, with a mean of 7.1 μm and Petrit E had the 
highest mean size of 250.1 μm, while Petrit L was in between. It was 
decided to not crash the materials Petrit L and E into finer powders, in 
order to evaluate the carbonation potential of these materials as 
received from the industry. As will be seen in the following sections the 
particle size is an important factor contributing to the carbon capture 
efficiency of these materials. 

3.2. Overview of the carbonation process 

Fig. 3 shows the CO2 percentage in the outlet of the reactor, CO2 
absorption according to the aforementioned calculations and pH over 
time for the S/L = 50 aqueous mixtures of Petrit T, L and E. It can be seen 
that for all the materials the gas outlet started with no CO2 at time 0, but 
quickly sprinted to a high level once the experiment started. Plenty of 

information can be derived about the carbonation of the materials from 
these graphs. Each steel slag will be discussed separately. 

For Petrit T, the outlet CO2 concentration had an initial jump, 
reached the maximum of 10.3% 3.5 min into the experiment and then 
decreased to 9.3% within a minute before starting to increase again. 
Following that, in the next 10 min, the outlet CO2 rose up to 12% and 
then gradually kept increasing for the next 45 min until the outlet 
concentration matched the inlet. All the Petrit T mixtures displayed the 
same pattern in the outlet CO2 concentration. This initial spike and 
subsequent reduction in the outlet CO2 could be associated with an 
equilibrium shift in the carbonation reactions. It could be speculated 
that when CO2 is introduced into the liquid it immediately reacts with 
the Ca(OH)2 that is dissolved in water, forming CaCO3. Thus as the water 
is no longer fully saturated with Ca(OH)2, CaO from the solid material is 
dissolved and immediately reacts with CO2. This phenomenon has also 
been discussed in (Han et al., 2011). These inconsistencies in the outlet 
concentration of CO2 were also reflected in the pH curve. The spikes in 
the pH curve occurred when the CO2 concentration in the outlet 
exhibited slight drops, which can mean that new metal ions were dis
solved increasing the pH and subsequently the CO2 capture rate. The 
rate of CO2 absorption was higher at the beginning and slowly decreased 
as the pH dropped. 

Petrit L displayed extremely slow carbonation even at the lowest S/L 
ratio. At the beginning of the experiment the CO2 outlet spiked to 12.5% 
within the first 6 min and 1 h after that it reached 14%, but it took 
another 6 h of increasingly slower CO2 absorption until the outlet con
centration reached the inlet. This also translates in the CO2 absorption 
curve, as the first 0.4 g of CO2 were absorbed within 60 min of 
carbonation and another 0.4 g were absorbed by the end of the experi
ment. The pH curve showed an initial fast drop to 9.15 after 6 min, then 
a jump to 10.19 within 3 min and then a downward slope after that. The 
lowest pH of 7.20 was reached at around 34 min and then there was a 
very slow rise to 7.54 at the end of the experiment. Similar pH trends 
have been reported before by Li et al. (2014) which studied the 
carbonation of Mg(OH)2. According to this article, at high pH Mg(OH)2 
reacts with CO2 towards the formation of MgCO3 which is insoluble in 
water. If the surface of the undissolved MgO is covered with MgCO3 then 
more Mg2+ ions cannot leach out into the water, but as CO2 continuously 

Table 2 
Mean, minimum and maximum values of the particle sizes of Petrit T, L and E.  

Steel slag Mean size (μm) Min (μm) Max (μm) 

Petrit T 7.1 0.7 63.1 
Petrit L 131.6 16.8 927.0 
Petrit E 250.1 5.6 1384.7  

Fig. 3. Graphs of CO2 outlet, absorption and pH with time for (A) Petrit T S/L = 50, (B) Petrit L S/L = 50 and (C) Petrit E S/L = 50.  
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flows into the mixture the pH drops and the MgCO3 starts to turn into Mg 
(HCO3)2 which is water soluble and thus leaching into the water leaving 
the surface of the MgO uncovered so that more of it can react. 

Petrit E, which also contains MgO displayed a similar performance as 
Petrit L. It did not take such a long time, but it did display very slow 
carbonation after the gas outlet reached 14% of CO2. For these two 
materials, for the sake of reducing the experiments to more manageable 
durations, the rest of the mixtures (S/L = 100–200) were carbonated 
until the gas outlet reached 14% CO2 concentration. 

To investigate the contribution of leached metal ions coming from 
the pretreatment to the overall carbonation process, mixtures of S/L =
50 were prepared for all the steel slags by stirring for 24 h and then 
isolating the liquid medium via centrifugation. The carbonation evolu
tion of the supernatant samples is displayed in Fig. 4. The total ab
sorption of the supernatant solutions was around 0.11, 0.08 and 0.06 g 
of CO2 for the Petrit T (Fig. 4A), L (Fig. 4B) and E (Fig. 4C) respectively. 
This accounts for 17%, 10% and 15% of the total absorption in the 
mixtures of Petrit T, L and E, respectively. Due to the low solubility of 
Ca2+ the aqueous media reach their saturation levels at quite low 

concentrations. Thus, after stirring for 24 h, most metals which can react 
with CO2 towards carbonation are still inside the materials in solid form. 
Nevertheless, the authors believe that the stirring pretreatment en
hances the wetting of the solids, allowing the metals to be more easily 
accessible, which contributes towards a fast carbonation process 
without the requirement for intense operating conditions, such as high 
pressure. The curves of pH in Fig. 4 were significantly smoother than 
those in Fig. 3, supporting the theory that the irregularities in the pH 
curves of Fig. 3 stem from the shifts in equilibrium between the solid and 
aqueous Ca as the carbonation progresses. 

3.3. Carbonation performance for mixtures of different S/L ratios 

Fig. 5 shows the absorption of CO2 in all slags and at all S/L ratios. It 
can be observed in Fig. 5A, B and C that for all the slags higher S/L ratio 
resulted in higher absorption of CO2. This was expected as higher 
amount of solids in water means that there are more metal oxides 
available to react with CO2. Fig. 5D displays the CO2 absorption of the 
three slags at S/L = 50, where, as mentioned before, the carbonation was 

Fig. 4. Graphs of CO2 absorption and pH with time for the filtrates of (A) Petrit T S/L = 50, (B) Petrit L S/L = 50 and (C) Petrit E S/L = 50 after stirring the mixtures 
for 24 h. 

Fig. 5. Absorption of CO2 for all mixtures of (A) Petrit T, (B) Petrit L and (C) Petrit E, where the dashed lines in (A) correspond to 14% CO2 in the outlet, as well as 
comparison between the different slags for (D) S/L = 50 and (E) S/L = 200. 
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carried on until the outlet CO2 matched the inlet. The Figure shows that 
Petrit T had a higher rate of absorption. Petrit L and E had similar ab
sorption rates at the beginning, but while Petrit E diverged and slowed 
down, displaying the lowest total absorption, Petrit L carried on leading 
to the highest total absorption of the three. If the goal of the process was 
to fully carbonate the materials perhaps it could be chosen to opt for 
very long operation times for the Petrit L and E, which would also lead to 
high carbon capture. However, if the purpose is to design a system for 
CO2 absorption, it would be more beneficial to select shorter process 
times, which will lead to partial carbonation of the material. Looking at 
the CO2 absorption of the S/L = 200 mixtures (Fig. 5E), which went on 
until 14% CO2 in the outlet, it is easier to conclude that Petrit T is the 
leading material in terms of absorption capacity and reaction times. 

3.4. Absorption capacity versus yield of carbonation 

The comparison between the absorption capacity and carbonation 
yield of the steelmaking slags is displayed in Fig. 6. As mentioned before 
the absorption capacity increases with increasing S/L ratio. However, 
the yield of carbonation follows an opposite trend, meaning that with 
increasing S/L ratio the carbonation of the solids decreases. This is 
related to the equilibrium between dissolved and solid metals in the 
mixtures. At high S/L ratios, the Ca2+ ions saturate the water quickly 
and act competitively against the rest of the Ca2+ in the material. As CO2 
is introduced it may react with the CaO in solid form, creating an 
insoluble layer of CaCO3 on the surface of the solid particles, hindering 
the leaching of more metal ions. This result draws emphasis to the 
particle size, as the slag with the lowest particle size (Petrit T) was 
shown to have the highest absorption capacities for all S/L ratios. 
Smaller particle size increases the surface of the solids, thus allowing 
more metal ions to leach out and react with CO2. 

This suggests that the S/L ratio is a crucial parameter when designing 
a large-scale process. On the one hand, lower S/L ratio allows for better 
utilization of the materials. Thus, if the purpose of the process was to 
obtain enhanced, carbonated steel slags, then the S/L = 50 could be 
preferred. But, on the other hand, it must be considered that lower S/L 
ratio entails higher reactor volumes, hence leading to extra costs. If an 
industrial process were to be designed for the purpose of treating flue gas 
to remove most of its CO2 content, then several in-line reactors could be 
used to capture as much of the CO2 as possible. In such a process the in- 
line reactors could contain mixtures of rising S/L ratio, starting from 50 
in the first one and increasing to more potent mixtures to counteract the 
lower concentration of CO2 entering each reactor. This, however, is only 
a speculation and further optimization is required to obtain the best 
performing system depending on the purpose of the application. 

3.5. Physicochemical characterization 

The solid particles formed during the reaction were analyzed by solid 

state FTIR, XRD and SEM. The analysis of samples with S/L ratio 150 is 
displayed below. This ratio was chosen as it is near the middle of the S/L 
ratio range tested. Physicochemical characterization was also conducted 
for the samples of S/L 50 and 200, but they did not display significant 
differences. It must be noted that the solid powders analyzed were the 
ones dispersed in the solution. During the preparation of the solutions, 
big solid particles (stone-like shapes) were observed in the bottom of the 

Fig. 6. Absorption capacities and yield for: (A) Petrit T; (B) Petrit L; (C) Petrit E. The bar data correspond to the absorption capacity and the line graphs correspond to 
the yield of carbonation. 

Fig. 7. FTIR of solid powders (experiment at S/L = 150) for Petrit T, Petrit L 
and Petrit E. 
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Fig. 8. XRD of solid powders (experiment at S/L = 150) before and after carbonation for: (A) Petrit T; (B) Petrit L; (C) Petrit E. The experimental curves are 
represented in black, the calculated data in red and the difference between them is in purple. 
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reactor. These solids were assumed to be a side stream of the reaction 
and its analysis is out of scope. 

Fig. 7 shows the FTIR spectra of the steel slags before and after 
carbonation. The intense peaks at around 1415 cm− 1 and 875 cm− 1 

which appeared after carbonation correspond to the asymmetric 
stretching and out-of-place bending of CO2−

3 , respectively (Salman et al., 
2015). In fact, very similar spectra were obtained in previous works for 
CaCO3 analysis (Baena-Moreno et al., 2019a,b,c). This fact confirms a 
high presence of carbonate in the solid formed, opening new potential 
paths for utilization of the powders. Small peaks of the Si–O, Al–O and 
aluminosilicate bonds could also be distinguished in the spectra. The 
peaks at 812, 900 and 931 cm− 1 could belong to Si–O stretching of Q1 

tetrahedra and the peaks at around 957, 968 and 977 cm− 1 might 
correspond to the Si–O Q2 bond (Yu et al., 1999). The peaks that 
appeared at 843 and 852 could potentially belong to the Al–O bond and 
the broad band at around 1015 cm− 1 has been found to belong to 
Si–O–Al (Yusuf, 2023). The small peak at around 1640 cm− 1 in Petrit L 
before carbonation belongs to water (Yu et al., 1999). Petrit L and E 
before carbonation also displayed a small band at around 1128 cm− 1, 
which might belong to the Si–O Q3 bond (Yu et al., 1999). After 

carbonation, the small peaks of Si–O bonds were lost due to the strong 
signal coming from the carbonates. However, the aluminosilicate band 
at 1015 cm− 1 could be distinguished in Petrit T and E. We could spec
ulate that this band arises because some of the Ca that initially existed in 
silicate complexes leached and formed CaCO3 leaving an excess of Si and 
thus promoting the formation of more aluminosilicate bonds. An intense 
peak of the Si–O bond at 977 cm− 1 and a shoulder of the Al–O bond (852 
cm− 1) were also visible in the Petrit L sample after carbonation. 

Once confirmed by FTIR that the predominant species are carbonates 
(most probably CaCO3), it is important to investigate the crystal poly
morphs of the solid powders. To this end, XRD was used. XRD is not only 
useful to identify different carbonate species (i.e., CaCO3 or MgCO3), but 
also to distinguish different crystal polymorph forms. For example, in 
the case of CaCO3, three main crystal polymorphs form: calcite, arago
nite, and vaterite (Baena-Moreno et al., 2019b). Fig. 8 shows the X-ray 
diffraction patterns of the slags before and after carbonation. As can be 
seen at first sight, quite different results were obtained for the different 
slags. For example, for Petrit T (Fig. 8A) the sample before carbonation 
displayed patterns characteristic of Ca2SiO4 and CaO, as well as other 
structures. Petrit L and E had peaks characteristic of Ca2SiO4, CaCO3 and 
MgO before carbonation (Fig. 8B and C). After carbonation, the 

Fig. 9. SEM of solid powders for: (A) Petrit T before carbonation; (B) Petrit T after carbonation; (C) Petrit L before carbonation; (D) Petrit L after carbonation; (E) 
Petrit E before carbonation; (F) Petrit E after carbonation. The carbonated samples are the ones from the experiment at S/L = 150. The EDS analysis is shown on the 
right of the images. Small peaks of Au appeared due to the Au coating on the samples. 
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crystalline phases present in the materials were analyzed by Rietveld 
refinement. The major crystalline phase present in Petrit T after 
carbonation was calcite, as can be seen in Fig. 8A (Tyutyunnik et al., 
2003). However, two very low-intensity, unfitted peaks were also pre
sent near 35.5 and 52 2Ө degrees. The peak at 35.5 2Ө degrees could 
belong to Fe3O4 according to the Crystallography Open Database. The 
peak at 52 2Ө degrees could not be identified. The peaks present in the 
diffractogram of Petrit L after carbonation belonged only to CaCO3 
polymorphs (Fig. 8B). The two contributing polymorphs were found to 
be calcite and aragonite with 72.74% and 27.26%, respectively. Lastly, 
in carbonated Petrit E, CaCO3 was also the predominant phase, as can be 
seen in Fig. 8C. It was mainly in the form of calcite, with a contribution 
of 95.73%, but a small percentage of aragonite (4.27%) was present as 
well. This analysis was challenging due to the existence of three peaks, 
which could not be fitted at 30.9, 42 and 60.9 2Ө degrees. The peak near 
30.9 2Ө degrees could belong to dolomite (CaMg(CO3)2) and the other 
two could be attributed to FeO. This is a very encouraging result since 
the predominance of calcite could allow utilization of the materials for 
example for volume substructure in order to create stable conditions for 
subsequent land constructions and buildings. Another area of use is as 
materials for road construction or aggregates in asphalt (Baena-Moreno 
et al., 2020; Sorrentino et al., 2023). 

Further physicochemical information on the morphology of the solid 
samples was obtained with SEM, as shown in Fig. 9. The morphology of 
the samples before carbonation (Fig. 9A–E) is different among the virgin 
slags. For example, a sponge-like morphology was observed for Petrit T, 
while a rock-alike shape was found for Petrit E. Nonetheless, for the 
carbonated samples, we saw more similar morphologies than for the raw 
ones. According to previous references, calcite presents a tetrahedral 
morphology. This morphology can be seen in Fig. 9B (Petrit T carbon
ated) and Fig. 9F (Petrit E carbonated) (Baena-Moreno et al., 2019b). 
EDS analysis showed a high content of Ca in these structures, confirming 
that they are most probably calcite. Small amounts of Si, Mg, Al and Fe 
were also detected on the crystals, suggesting that the formed calcite is 
not pure, which is expected given the complex composition of the slags. 
For the carbonated sample of Petrit L, a mix of tetrahedral- and 
needle-alike morphology was observed (Fig. 9D). EDS showed that the 
needle structures had a high content of Ca and thus, in accordance with 
the Rietveld refinement these structures could be identified as aragonite. 
These results match with the FTIR and XRD analysis, hence validating 
the overall physicochemical characterization performed. 

4. Conclusions 

In this work, we evaluated the mineral carbonation potential of three 
industrial steel slag via aqueous carbonation. To this end, we studied the 
absorption capacities, yields, and physicochemical characteristics of the 
carbonated samples. In agreement with the results obtained, we can 
conclude the following facts: (1) Petrit L had the highest absorption 
capacity, but it was reached at a very slow rate; (2) Petrit T presented the 
best performance in terms of CO2 absorption rate, while Petrit E was the 
worst performing out of the three both in absorption rate and capacity; 
(3) For all the slags, the absorption capacities increase with the increase 
in S/L ratio, with values between 5.8 and 35.3 g/L; (4) The yields follow 
an opposite trend (values in the range 81–211 kg CO2/ton of slag), 
meaning that we can make better use of the slags with low S/L ratio, but 
this would require larger reactor volumes; (5) The physicochemical 
characterization of the solid product indicated CaCO3 was a major 
product of the carbonation, suggesting that there is potential to use this 
carbonated product in commercial applications. 

All in all, our results can help to gain some insights into the 
carbonation potential of different steel slags in processes with low en
ergy consumption. Nonetheless, further future work must be carried out 
to have the knowledge needed to scale up the process. In this line, future 
works could explore the use of spatially resolved techniques for example 
magnetic resonance imaging to gain insights into the kinetics of the 

process as well as on the mixing and flow patterns that happen during 
the reaction. This could help to obtain valuable data for developing 
robust computational fluid dynamics models which will be helpful to 
optimize reactions and process design. 
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