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A B S T R A C T   

Escalating industrial CO2 emissions necessitate innovative carbon capture and utilization strategies. This study 
explores the potential of mineral-carbonation of steelmaking slags, particularly White Slag (WS) and various 
Refractory Wastes (RWs), to mitigate CO2 emissions and valorize industrial wastes. Experiments were performed 
with waste materials from the production lines at CELSA (Barcelona, Spain). We delved into direct aqueous 
carbonation, evaluating the performance and characteristics of these wastes under different experimental con
ditions. Our findings reveal that all slags can effectively sequester CO2. This process is effective not only for pure 
CO2 but also for diluted flue gases under mild conditions (≤ 100 ºC, ≤ 6 bar). Specifically, WS exhibited peak CO2 
sequestration capacities (SC) of 359.79 gCO2/kgslag (pure CO2) and 276.65 gCO2/kgslag (diluted flue gas). In 
contrast, the RWs presented different kinetic, reaching a maximum SC of 311 gCO2/kgslag after prolonged times. 
Given the large inhomogeneity of RWs, individual analysis of distinct RW fractions revealed significant variations 
in carbonation performance. Tundish RW exhibited the highest CO2 sequestration capacity, emphasizing the 
importance of waste source and mineral composition in the carbonation. Chemical and morphological evalua
tions confirmed the transformation of CaO to CaCO3, with MgO remaining largely inert. Additionally, the process 
indicated potential environmental benefits by reducing the mobility of toxic metals, particularly Pb, suggesting 
an ancillary avenue for waste treatment. This study underscores the utility of CO2 mineralization as a dual- 
benefit approach within the circular economy framework, offering insights into its application for sustainable 
waste management and CO2 emission reduction in the steel industry.   

1. Introduction 

Global emissions from fossil fuel combustion and industrial activities 
surpass 36.5 GtCO2 annually [1]. In this context, adopting a circular 
carbon economy is vital for enhancing industrial sustainability. The 
concept emphasizes transforming waste into green valuable resources, 
crucial for reducing carbon footprints [2]. Specifically, CO2 minerali
zation offers a pragmatic approach to advance the circular economy by 
carbon capture, storage, and utilization, while simultaneously 

establishing a waste-to-resource supply chain [3]. In this line, the uti
lization of industrial solid wastes as capture media is particularly 
appealing [4,5]. Multiple industrial wastes may react with CO2 to yield a 
variety of carbonates [6], adding value to the steel [7], metallurgy [8], 
cement [9,10] and mining industries [11], to name a few. Promising 
perspectives are open for alkaline solid wastes in CO2 mineralization, as 
a process able to reduce atmospheric CO2 while transforming the in
dustrial wastes into valuable construction materials [12–14]. Life cycle 
analysis (LCAs) indicate that these processes would be sustainable 
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[15–18], working towards a circular, climate-optimal economy [19,20] 
with a Net-emission reduction [21]. Globally, such a technology could 
reduce 4.02 GtCO2 per year, corresponding to the 12.5% of the 
anthropogenic global CO2 emissions [22]. Even CO2 direct air capture 
has been proven as feasible [23]. 

The steel industry, responsible for nearly 2.9 GtCO2 or 8 % of 
worldwide emissions [24,25], is progressing in emission reduction 
through improved process efficiencies. Nonetheless, these efforts are 
inadequate against set decarbonization objectives [1,24,26–28]. More
over, based on recent estimations [22], 43.5 % of the amount of direct 
CO2 reduction could be just ascribed to the mineralization of iron and 
steel slags. Therefore, the integration of carbon capture and storage 
management protocols into the circular economy framework is crucial 
for aligning with and accomplishing environmental goals [22,29]. 
About 32.4 % of total Steel production consists of by-products (slag, 
dust, process gas, etc.), with another 2.7 % classified as currently 
non-recoverable waste [30,31]. Initially, steel slag was considered waste 
and used to be disposed of in landfills [25]. However, modern efforts are 
redirecting some types of slag away from landfills and instead using 
them as green cementitious materials and quarry fillers [25,32,33]. In 
addition to their uses in building materials, there are a variety of 
interesting potential applications for steel slag, not limited to CO2 
mineralization [34–36], but also covering nutrient recovery [37], 
wastewater treatment [38], and soil enhancement [39]. Consequently, 
effectively utilizing and managing slag has become a pivotal concern 
within the steelmaking industry. Several studies prove that treating steel 
slag through carbonation improves its properties, including enhanced 
hardness and chemical reactivity [40,41]. This development is prom
ising for future applications, such as pavement, cement, and the 
manufacturing of concrete products [32,42,43]. 

Slag–carbonation studies have received considerable attention in the 
waste management and environmental sustainability fields due to the 
remarkable opportunities it is offering. However, some barriers still 
need to be overcome for this technology to be effectively applied on an 
industrial scale. In particular, it’s large scale adoption, requires a careful 
evaluation of the carbonation potential of the different residues of 
several industries as well as the determination of the optimal operating 
conditions to reduce the energy requirement [22,44]. Indeed, although 
numerous studies [41,42,45–52] have comprehensively analyzed the 
carbonation processes of slags, there is still a notable gap in the litera
ture regarding the detailed analysis of these wastes, their origins, and 
their intrinsic properties. Furthermore, research specifically targeting 
the slag generated in the secondary steel industry using 
low-concentration flue gas (<15 % CO2) is scarce. Most mineralization 
studies have focused on slag from the primary steel industry, which 
involves off-gas streams with high carbon dioxide concentrations. In 
addition, no special attention has been paid to refractory waste as a 
potential candidate for CO2 mineralization. Traditionally, Electric Arc 
Furnace (EAF) and Basic Oxygen Furnace (BOF) route slags have often 
been discussed together, and their properties are attributed to the total 
slag output of a particular steelmaking process [53,54]. However, it is 
essential to recognize that each slag is derived from a separate 
sub-process stream. As we will explore in this article, the source of the 
slag has a significant impact on its unique properties, which influence its 
potential for valorization in several ways. White slag (the slag from the 
ladle furnace) is the material most often subjected to mineralization 
reaction analysis. Still, refractory waste (the residue adhering to the 
refractories of the furnace) holds promise as a suitable candidate for 
mineralization, as does white slag, which has elevated basicity owing to 
the presence of metal oxides (e.g., CaO, MgO). 

This gap in understanding the provenance and independent valua
tion of steel slags, from both a practical industrial and academic 
perspective, requires more focused studies. The fusion of these two 
perspectives is crucial for achieving a holistic understanding of waste 
valorization and to boost, especially in the case of materials character
ized by unique properties that make their valuation challenging. This 

study focuses on four different waste streams from the secondary steel 
industry, mainly derived from scrap and recycling processes within steel 
production (Fig. 1a). Among these wastes, white slag (WS) has the 
lowest management costs, and some of it (non-carbonated) finds appli
cation in cement plants and quarry backfills. However, a significant 
proportion still end up in landfills. The other three wastes came from 
demolishing various refractories associated with the EAF, ladle furnace, 
and pouring tundish. Each of these refractory waste (RW) streams has 
different characteristics and chemical composition profiles because of 
the unique interaction between the cast steel of varying chemical 
composition and the specific surface area of the refractories in the 
furnace. As a result, the cost of managing these RW materials varies, 
with tundish RW having the highest price and management complexity, 
primarily due to its high lead (Pb) content. To optimize waste man
agement costs and reduce the concentration of leached heavy metals (e. 
g., Cr, Pb), secondary steel companies often mix this three RW material 
streams into a single waste category called “refractory waste”. This 
pragmatic approach helps to dilute the heavy metal concentrations, 
which is particularly important given that almost all of this waste ends 
up in landfills. Fig. 1b shows the CO2 equivalent emission factor asso
ciated with the primary raw materials used in steel production. In 
particular, the use of methane as a fuel source, mainly in the reheating 
furnaces of the rolling mills, turns out to be the largest contributor to 
CO2 emissions within the secondary steel industry. Fig. 1c provides an 
overview of the annual management costs of the main wastes in real 
steel industry. Among these wastes, white slag and refractory waste have 
the highest annual management costs of 307k€ and 486 k€, respectively. 
This contextual information underlines the potential of CO2 minerali
zation as a promising strategy for simultaneously addressing waste 
management challenges and reducing CO2 emissions in a real industrial 
environment. 

The composition of slag varies depending on the specific process, but 
it generally contains large amounts of calcium (Ca) and magnesium (Mg) 
in various forms, such as oxides, hydroxides, silicates, and aluminosili
cates [35,40,55,56], as well as remnants from the steel production 
process (Fe, Mn, Cr, Ti, S, V, Mn, among others). There are two main 
methods of slag carbonation in the steel industry: direct and indirect. 
The indirect route involves the extraction of Ca+ and Mg+ ions under 
acidic conditions, followed by a reaction with CO2 to form highly pure 
carbonates [25,40,54,57–60]. This method typically incurs higher costs 
[25,35]. In contrast, the direct method includes mineralization reactions 
within the slag, eliminating the need for metal removal. This route is 
divided into two distinct variants: solid-gas contact (with moisture 
content less than 0.2) and solid-liquid-gas interaction, known as aqueous 
mineral carbonation. Compared to the indirect route, which relies on a 
continuous supply of acids for metal extraction, this route offers a clear 
competitive advantage when performed at the source of the waste. 
However, the resulting carbonates often lack the high purity required for 
specific applications, such as food and pharmaceutical industries [53]. 
Nevertheless, they find valuable utility in other applications, such as 
construction and soil additive compounds [40,41,53]. We focused pri
marily on direct carbonation due to its advantages, including 
cost-effectiveness and achieving high carbonation degrees in a shorter 
timeframe. Specifically, we employ direct aqueous carbonation, as the 
presence of water promotes ion dissolution, facilitating the formation of 
carbonate ions, resulting in faster carbonation rates and higher 
carbonation degrees [40,45,46,56,61]. 

In the aqueous phase, the main mineralization reaction, as described 
in Eq.1, involve the initial hydration of free calcium and magnesium 
oxides (f-CaO/MgO) to form Ca(OH)2 and Mg(OH)2, respectively, fol
lowed by carbonation to CaCO3 and MgCO3 [25,41]. However, although 
MgCO3 has a lower enthalpy of formation (–118 kJ/mol) compared to 
CaCO3 (–179 kJ/mol), the charge density of Mg2+ presents challenges to 
the reaction kinetics due to the smaller ionic size and higher lattice, and 
hence the resulting enthalpy. The conversion of MgO to MgCO3 requires 
a change in the MgO lattice, a process that does not readily occur under 
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standard conditions. Surprisingly, MgO remains almost unchanged even 
when exposed to 1 atm CO2 over a temperature range from room tem
perature to 500 ºC. Attempts to improve the reaction rate by increasing 
the surface area of MgO have had limited success. Although increasing 
the pressure could accelerate the reaction, it may not be viable for 
practical applications [62,63]. Consequently, under mild conditions, 
mineralization is almost always associated with converting CaO to 
CaCO3, as will be discussed in this article. Several important interme
diate products have arisen during these reactions, as documented in 
previous research [25,40,64]. Furthermore, it is crucial to underline the 
importance of material composition and crystalline structure, which 
profoundly influence the mineralization of CO2 steel industry slag [25]. 

(Ca,Mg)xSiyOx+2y+zH2z(s) + xCO2(g)→x(Ca,Mg)CO3(s) + ySiO2(s) + zH2O(l)

(1) 

In this context, the present study aims to boost the implementation of 
CO2 mineralization of basic wastes by providing valuable insights into 
the sustainable management of secondary steel industry waste and 
reducing CO2 emissions, ultimately promoting environmentally 

responsible and economically viable waste valorization. In particular, 
we investigate the CO2 sequestration capabilities of four steelmaking by- 
products: white slag, Tundish RW, ladle RW, and EAF RW. We conduct a 
detailed analysis of how different process parameters influence miner
alization. We employ diverse analytical methods to assess the compo
sition and structure of both carbonate and non-carbonate phases in the 
slags and associated residual water. Our research prioritizes mild 
operational conditions to underscore the techno-economic viability of 
these materials’ valorization through CO2 mineralization. Uniquely, we 
evaluate each waste’s reactivity, individually and in combination (spe
cifically for RW), acknowledging their distinct origins and properties. 
Contrasting with the broad generalizations in existing literature, our 
analysis elucidates the distinct CO2 sequestration potentials inherent to 
each specific waste type, thereby advancing more targeted and effective 
strategies for their utilization. 

Fig. 1. a) Flow diagram of steel industry waste origins, b) CO2 equivalent emission factor for raw materials in billet production, and c) Annual waste management 
cost in the steel industry (Negative values indicate losses, positives values indicate income from waste management). Data for this figure was provided by CELSA with 
their permission. 
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2. Materials and methods 

2.1. Materials 

The solid by-products White Slag (WS) and refractories wastes (RWs) 
were procured from Compañia Española de Laminación S.L (CELSA), 
located in Barcelona, Spain. The RW encompasses three distinct types of 
refractories sourced from various stages in the steel production process: 
Tundish furnace refractories waste (TRW), Electric arc furnace re
fractories waste (ERW), and Ladle furnace refractories waste (LRW). For 
clarity in subsequent references, the abbreviation RWs signifies the 
composite of these three refractories wastes. To ensure sample homog
enization, both WS and RWs samples underwent ball mill grinding at a 
rate of 15 s–1 during 30 min, followed by sieving with a 200 µm mesh 
size. Post-screening particle size distribution analysis shows that the 
average particle size for non-carbonated WS and RW is 167 µm and 
35–37 µm, respectively. The processed samples were then securely 
stored within capped containers, ensuring their consistency throughout 
the course of the study. 

2.2. Experimental procedure 

2.2.1. Slurry formation 
Deionized water was employed to create the WS and RW slurries. 

Each sample (WS and RWs) was thoroughly mixed with deionized water 
at a designated liquid-to-solid (L/S) ratio. The pH of the suspension was 
measured before introducing it into the mineralization reactor. The 
experiments were carried out using ratios of 5, 10, 20, 30, and 35 ml/g. 

2.2.2. Mineralization reactor 
We conducted CO2 mineralization in a cylindrical semi-batch reactor 

with an inner diameter of 60 mm and length of 40 mm. A bed-type 
stirrer attached to a magnet at the base of the shaft equipped this 

reactor. A closed section in the agitator accommodates the sludge 
sample for carbonation. The gas is introduced through the agitator shaft 
and distributed inside the chamber containing the solid material, which 
favors the interaction between the gas, solid, and liquid phases. At the 
top of the reactor are three connections: two for gas inlet and outlet, and 
a third for pressure control. For a visual representation of the precise 
geometrical attributes of the reactor, see Figure S16. 

2.2.3. Mineralization experiment 
We conducted mineralization measurements using the experimental 

setup depicted in Fig. 2. We used gas cylinders containing N2 (Praxair, 
99.999 %) and CO2 (Air Liquide, 99.998 %). A set of calibrated mass 
flow Precise control over the composition and flow of the inlet gas 
stream was achieved using a set of calibrated mass flow controllers 
(Bronkhorst EL-FLOW) located upstream of the separation module 
achieved precise control of the composition and flow rate of the inlet gas 
stream. We monitored the actual pressure by using the pressure gauge 
upstream of the reactor and managed pressure adjustments through a 
needle valve in the outlet gas line. All pressure values are given in ab
solute bar unless otherwise stated. A linear power silicone heating cable 
(Ø 3 mm FOR-FLEX NORMAL, Electricfor) was wrapped around the 
reactor to ensure efficient heating of the mineralization reactor. Tem
perature measurement was facilitated by a K-type thermocouple 
(Thermocoax) in contact with the outer wall of the reactor, under the 
control of an EZ-Zone temperature controller (Watlow). We initiated the 
reaction mixture using a magnetic stirring plate below the mineraliza
tion reactor. 

For the white slag (WS), the experimental assessment encompassed 
two gas compositions: pure CO2 and a CO2 (10 %)/N2 (90 %) mixture, 
designed to replicate the off-gas stream from the CELSA rolling mill 
furnace. We maintained a consistent total inlet gas flow rate of 100 
NmL/min throughout the experiments. Initially, we conducted the ex
periments by varying pressures (2, 4, and 6 bar), T (25ºC, 50ºC, and 

Fig. 2. Experimental Set-up for CO2 mineralization with steel wastes and samples characterization techniques.  
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100ºC), stirring rate (100–600 rpm), and liquid-to-solid ratio (5–35 ml/ 
g). Additionally, we determined the maximum carbonation capacity of 
the WS material through an extended 12 h experiment using pure CO2 at 
25ºC, 3 bar pressure, and 500 rpm stirring rate. After completing the 
initial measurement set, we also identified optimal operating conditions. 

Considering the company’s waste blending practice to meet envi
ronmental standards, we later investigated mineral carbonation for the 
refractory waste mixture (RWs) by mixing the individual refractory 
waste (RW) in equal proportions (33 wt% each). The RWs mixture un
derwent testing at different reaction times (15–390 min) and total gas 
pressure (2–6 bar). Furthermore, the carbonatation reaction perfor
mance of each RW was compared (conditions: 60 min and 4 bar). All 
experiments utilized a 20 L/S ratio and 500 rpm. 

From the mineralization reaction, the reacted slurry samples of WS 
and RWs were promptly withdrawn and subjected to filtration through 
quantitative filter paper (Filter-Lab, 0.16 mm thickness, 2–4 μm pore 
size, 55 mm diameter). The resulting filtered carbonated material was 
then dried at 105ºC in an oven for 8 h and stored in a sealed container. 
To homogenize the dry carbonated samples for RWs, we incorporated an 
additional ball milling (15 s-1 for 30 min). Contrarily, this step remained 
superfluous in the case of WS samples due to their inherent homoge
neity. To ensure the reliability of our results, we conducted each mea
surement three times. Considering these replicates, we calculated the 
experimental error based on the standard deviation of the measure
ments, which is represented by error bars in Figs. 3 and 4. 

2.3. Physicochemical characterization 

The thermal characteristics of both white slag and refractory wastes 
were analyzed before and after the carbonation process using a ther
mogravimetric analyzer (TGA/SDTA 851 Mettler). For each analysis, 
approximately 20 ± 3 mg of powdered waste was placed within alumina 
capsules (100 µL capacity). The analysis involved a controlled heating 

program, with a ramp rate of 10 ◦C per minute, spanning from 30 ◦C to 
1000 ◦C, all conducted under a N2 flow environment. To perform the 
semi-quantitative mineral composition tests, X-ray diffraction mea
surements (XRD) were made using a Bruker-AXS D8-Advance diffrac
tometer with vertical theta-theta goniometer, incident- and diffracted- 
beam Soller slits of 2.5º, a fixed 0.5º receiving slit and an automatic 
Air scattering knife on the sample surface. The angular 2θ range was 
between 5 and 80º. The data was collected with an angular step of 0.02º 
at a step/time of 0.5 s. Cukα radiation was obtained from a copper X-ray 
tube operated at 40 kV and 40 mA. Diffracted X-rays were detected with 
a LynxEye-XE-T PSD detector with an opening angle of 2.94º. Quanti
tative phase analysis was derived from XRD powder patterns using the 
Rietveld refinement[65], with TOPAS v6 software. The background was 
modelized with a 2nd order Chebyshev polynomial. The instrumental 
contribution to the diffraction profile was calculated with the Funda
mental Parameters Approach[66]. The relative quantitative phase 
analysis was obtained by refining the Rietveld scale factor for each phase 
and applying the corresponding well-known equations[67]. The peak 
width of each phase was contribution of the crystallite size effect and 
discarding any contribution of the microstrain to the peak width. The 
averaged integral breadth was obtained from the resulting fitted Voigt 
function to the whole diffractogram. The Scherrer equation[68] was 
then applied to obtain the apparent crystallite size (refer to Section 3 of 
the supplementary information for detailed of the Rietveld method 
employed). X-ray fluorescence (XRF) analysis of the four types of waste 
was provided by CELSA. Fourier Transform Infrared Spectroscopy 
(FT-IR) measurements were performed on a Bruker Optics FT-IR Alpha 
spectrometer equipped with a DTGS detector, KBr beam splitter at 
4 cm− 1 resolution and with a one bounce ATR accessory with diamond 
windows. All infrared spectra were collected in a range of wavenumber 
4000 – 400 cm− 1. Semi-quantitative elemental analysis and morpho
logical characterization of the sample were performed using a Field 
Emission Scanning Electron Microscopy-Focused Ion Beam (FESEM-FIB) 

Fig. 3. a) δCaO and SC of WS using pure CO2 and a simulated flue gas mixture; b-e) δCaO and CDSC in function of different reaction parameters using a 9 %CO2 in N2 
gas mixture: b) At different reaction time (15–200 min) and pressure (2–6 bar), c) At different L/S ratios (with t=60 min, stirring rate=500 rpm and T=25ºC), d) At 
different stirring rates (with t=60 min, L/S = 20 ml/g, P = 4 bar and T = 25ºC), and e) At different temperatures (with t= 60 min, L/S = 20 ml/g, P=4 bar and 
Stirring rate=500 rpm); and f) pH value at different reaction times and pressures using gas mixture. 
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with Scios2 FEI equipment, coupled with an electron beam and a 
focused Gallium ion beam. Crystal size was determined using ImageJ 
software. We analyzed the content of the metals in the non-carbonated 
samples and also the leached metals in the residual water after the 
mineralization reaction using Inductively Coupled Plasma Mass Spec
trometry (ICP-MS) with an Agilent 7900 instrument equipped with a 
Micromist concentric nebulizer, Scott spray chamber, platinum interface 
cones, off-axis double lens system, hyperbolic quadrupole mass filter, 
and octopolar collision/reaction cell. A 5–10 mg sample was weighed 
and digested in an acidic solution using a microwave oven at 220 ◦C. The 
solution was then diluted to 5 ml with ultrapure water and analyzed. 
Quantification was achieved using a calibration curve spanning 0–2000 
ppb. Particle size distribution (PSD) analyses were performed in a 
Malvern Mastersizer 2000 equipped with a Hydro 2000SM sample 
dispersion unit. We use approximately 100 – 200 mg of the sample with 
5 ml of ethanol to prepare the emulsion. 

2.4. CO2 sequestration and carbonation degree 

The CO2 sequestration capacity (SC), quantified as the mass of CO2 
sequestered per kilogram of solid waste, was calculated using Eq.2. The 
CO2(wt%) term represent the weight loss attributed to the volatilization 
of calcium carbonate polymorphs (ΔmCaCO3 ) at temperature range be
tween 500 and 900 ◦C [69,70], based on the dry weight at 105ºC 
(m105◦C) and determined by TGA (Eq.3). It is pertinent to note that the 
slags contain an initial CaCO3 content (prior to the carbonation reaction) 
that varies depending on the type of slag. This value was not subtracted 
from the overall quantity of calcium carbonate. Moreover, the conver
sion of MgO to MgCO3 in the waste is expected to be minimal, or absent 
[71]. The challenging magnesium aqueous carbonation conditions, 
requiring CO2 pressures greater than 100 bar, temperature above 144ºC, 
and hours of reaction time, limit such conversion[40]. Therefore, the 
degree of carbonation (δCaO) mainly relies on the transformation of 
total CaO present in the sample (assuming the calcium-bearing com
positions are the main reaction species). This can be calculated using 
Eq.4, where MwCO2 and MwCaO are the molar masses of carbon dioxide 
and calcium oxide, respectively. CaOtotal represents the weight fraction 
of calcium oxide in the solid waste sample before the carbonation re
action, expressed as percentage of dry mass and determined by XRF. 

CO2sequestration

(
gCO2

kgSlag

)

=
CO2(wt%)

100 − CO2(wt%)
× 1000 (2)  

CO2(wt%) =
ΔmCaCO3

m105◦C
× 100 (3)  

δCaO =

CO2(wt%)

100− CO2(wt%)
× 1

MwCO2
CaOtotal
MwCaO

× 100 (4)  

3. Results and discussion 

3.1. Characterization of non-carbonated waste 

Characterization of the different wastes before the carbonation re
action was first assessed. Particularly significant is their CaO content, 
since this will dominate the extent of carbonation. White slag, (WS): XRF 
analysis of white slag (table S5) reveals a total CaO amount of 58 % with 
trace elements (e.g., SiO2, FeO) not expected to contribute to CO2 
sequestration[64]. The X-ray diffraction (XRD) pattern in figure S2a 
allowed us to precisely determine the crystalline mineral compositions 
with a Rietveld approach (table S4). Among the primary phases that can 
potentially release Ca and Mg ions into the water, prominent ones 
include γ-Ca2SiO4 (27.6 %), Ca3Mg [SiO4]2 (8.1 %), β-Ca2SiO4 (6.7 %), 
MgSiO3 (5.5 %), Ca2Al (AlSi)O7 (4.1 %), among other minor compo
nents. Both γ-Ca2SiO4 and β-Ca2SiO4 are the significant phases present in 
OPC (Ordinary Portland Cement). Thus, Ca2SiO4 emerges as the pre
dominant primary phase. These silicate species exhibit varying reac
tivity levels[42], influencing the overall alkalinity of the water and 
subsequently enhancing CO2 retention capabilities. The sequestration 
capacity (SC) estimated by TGA (figure S1a) is 86.73 gCO2/kgslag. This 
corresponds to a CaCO3 content of 17.5 % and a carbonation degree 
(δCaO) of 19.14 %. This calcium carbonate is present in the sample 
before the aqueous mineralization reaction in our reactor, likely 
resulting from a reaction that occurs when the hot and wet slag is 
initially generated as waste with the presence of ambient CO2. More
over, the ICP-MS analysis (refer to table S7) not only discloses that 
calcium (Ca) exhibits the highest concentration at 59.9 mg/g, but also 
identifies the presence of other potentially toxic metals, specifically 
chromium (Cr) with 189 mg/kg, nickel (Ni) with 130 mg/kg, and lead 
(Pb) at lower concentration 23 mg/kg. 

Refractory wastes (RWs): The XRF analysis of the RWs (table S6) re
veals the predominant presence of CaO, constituting 41.2 % of the total 
metal oxides. Additionally, a notable concentration of MgO (22.2 %) is 
observed, along with other metal oxides, such as Fe2O3 or SiO2, that 
should not actively contribute to the mineralization reaction. The XRD 
analysis (figure S4) and its Rietveld quantification (table S2) indicate 
that the crystalline phases that promote Ca+ dissociation are the 
γ-Ca2SiO4 (18.8 %) and β-Ca2SiO4 (8.9 %) forms, alongside minor con
stituents such as Portlandite, selenite, and CaOH2 (6.1 %), Ca2Al2SiO7 
(2.1 %), Ca12Al14O33 (6.2 %), Ca2AlFeO5 (3.8 %), and among others. 
Moreover, the principal mineral phase in the non-carbonated RWs is the 
MgO with 28 %. The calculated initial sequestration capacity (SC) of the 

Fig. 4. Sequestration capacity (SC) and δCaO: a) RWs at different reaction times (15–390 min) and pressures (2–6 bar), b) RWmix at different temperatures (25ºC- 
100ºC) at 2 bar and 60 min reaction time, and c) White slag, Tundish RW, EAF RW, Ladle RW, and RWs at the same experimental conditions (4 bar, t = 60 min, and 
25ºC). All experiments were performed with an L/S ratio of 20 and a stirring rate of 500 rpm. 
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RWs is 26 gCO2/kgslag. This value is lower if compared to the WS. This 
suggests that the RWs (non-carbonated) has comparatively less reaction 
activity with the environment, resulting in a lower initial concentration 
of CaCO3 (6 %) and with a degree of carbonation (δCaO) of 8 %. Further 
XRF analysis of individual RWs indicate that the Ladle RW with a 48.6 % 
CaO has the highest content of this reactive metal oxide, concerning the 
tundish RW (26 %) and EAF RW (23%). The mineralogical character
istics of the individual RWs (figure S2b-d) vary significantly, with each 
RW demonstrating specific traits. Comparing the RWs, the Ladle RW 
exhibits the lowest sequestration capacity (SC) of 22.6 gCO2/kgslag, 
accompanied by a minimal δCaO of 5.9 %. This suggests that although it 
contains a high concentration of CaO, a significant portion has remained 
unreactive with the environment. In contrast, the Tundish RW shows the 
highest SC value of 84 gCO2/kgslag, correlating with a δCaO of nearly 
41 % (high environmental reaction activity). Lastly, the EAF RW dis
plays a moderate SC of 26 gCO2/kgslag, with a δCaO of 14.5 %. 

Upon comparing the concentration of heavy metals analyzed by ICP- 
MS (table S7), we note that the Cr content shows slight variations across 
the refractory wastes. The Tundish RW exhibits the highest value at 
1.97 mg/g, followed by the EAF RW (1.71 mg/g) and the Ladle RW 
(0.473 mg/g). These values are notably higher than the white slag 
(0.18 mg/g). On the other hand, regarding Pb content, the Tundish RW 
has the highest concentration at 371 mg/kg. In contrast, the EAF and 
Ladle RWs showcase considerably lower values of 68 and 51.5 mg/kg 
mg/kg, respectively. This tendency often prompts industries to mix 
these refractory wastes, aiming to lower the heavy metal concentration 
to prevent their excessive leaching into the soil and subsequently curtail 
waste management costs, as mentioned earlier. Upon analyzing the RWs 
mixture, it becomes apparent that both the Cr content (1 mg/g) and Pb 
content (240 mg/g) are reduced from the values observed in the Tundish 
RW, the main source that incurs the highest management costs. Cr, Pb 
concentration in RWs is remarkably higher than that of WS. The 
morphological analysis of both the non-carbonate WS and RWs samples 
will be discussed in Section 3.3, contrasting their characteristics with 
those of their carbonated counterparts. 

3.2. Carbon sequestration and carbonation degree 

The carbonation reaction of WS was thoroughly investigated by 
examining the influence of key process parameters. Initially, we 
compared the mineralization performance using two different inlet 
gases: pure CO2 and a gas mixture simulating typical CELSA flue gas 
(composed of N2 at 90 % and CO2 at 10 %) (Fig. 3a). Under the specified 
conditions (6 bar, 25 ºC, L/S = 20, 500 rpm), the reaction reached its 
completion (carbonation degree plateau) after 60 min with both inlet 
gases. When pure CO2 was employed, the white slag achieved a 
maximum degree of carbonation (δCaO) of 79 %, corresponding to a 
CO2 sequestration capacity (SC) of 360 gCO2/kgslag. In contrast, using the 
gas mixture resulted in a 23 % reduction in carbonation capacity (δCaO 
= 61 % and SC = 277 gCO2/kgslag), despite the significantly lower inlet 
CO2 partial pressure. Notably, the difference in carbonation capacity 
between the two inlet gases increased as the reaction time extended 
(28 % after 200 min compared to 8.3 % after 15 min), indicating a faster 
reaction rate with pure CO2. This discovery underscores the potential of 
WS for capturing CO2 directly from flue gas, eliminating the need for a 
carbon dioxide pre-concentration step. 

Fig. 3(b-f) illustrates the impact of pressure, temperature, stirring 
rate, and liquid-to-solid (L/S) ratio on the mineralization of WS using 
simulated flue gas as the inlet. At 2 bars, the sequestration capacity is the 
lowest and steadily increases up to 259.8 g/kg throughout the 200-min
ute interval. Conversely, SC at 4 and 6 bars only differs at low reaction 
times and reaches the same maximum value after just 60 min (δCaO =
59.95 % and SC = 273 gCO2/kgslag at 4 bars, and δCaO = 61 % and SC =
277 gCO2/kgslag at 6 bars). These findings unveil reaction acceleration 
with increasing pressure. This phenomenon can be attributed to the 
increased dissolution of CO2 in water, driven by the higher total gas 

pressure. Interestingly, despite the lower reaction kinetics, by reducing 
the pressure from 6 down to 2 bars, the maximum sequestration capacity 
remains similar. This demonstrates the potential of this mineralization 
process with WS for CO2 capture from low-pressure steams such as flue 
gases. It’s worth noting that reducing the total system pressure can help 
mitigate the energy consumption associated with the carbonation pro
cess, especially for these applications. Ultimately, we determined that 
the optimal conditions for the subsequent experiments were a pressure 
of 4 bars and a reaction time of 60 min. 

In Fig. 3c, we show the effect of the liquid-to-solid ratio on the 
mineralization reaction. Carbon dioxide sequestration capacity in
creases by increasing the L/S ratio, reaching its maximum at 30 ml/g 
(SC = 330 gCO2/kgslag, δCaO = 73 %) and then decreasing. This obser
vation contradicts previous work, where no significant influence of the 
L/S ratio in the mineralization reaction was found [48,64]. Our study 
shows a 35 % disparity in the SC value (330 compared to 
215 gCO2/kgslag) at the 5–30 L/S ratio. The L/S ratio plays a crucial role 
in the mineralization reaction, influencing the alkalinity of the slurry 
and the ion leaching, thereby impacting the carbonation conversion [64, 
72]. Nonetheless, we opted for an L/S ratio of 20 ml/g for further 
analysis, considering that this value balances the amount of liquid and 
residue, as studied in previous works [25,40,41,45,46,48,61]. It is 
important to mention that while a higher solid/liquid ratio can result in 
a higher degree of carbonation, the amount of water to be treated also 
increases as a significant issue to be considered [72]. 

Since diffusion-controlled reactions govern accelerated mineraliza
tion, the influence of rotational speed on the carbonation efficiency was 
also investigated. The degree of carbonation increases with the rotation 
speed, reaching a maximum at 500 rpm and then decreasing at a higher 
speed (Fig. 3d). These results are in agreement with the literature, where 
it is reported that increasing the stirring rate moderately enhances the 
gas-phase mass transfer rate[73]. It is worth noting, however, that 
excessively high rotational speeds can concurrently diminish the gas 
residence time, subsequently lowering carbonation conversion[41]. The 
optimum stirring rate, 500 rpm in our reactor conditions, balances 
enhanced mass transfer and maintains an adequate residence time for 
optimal carbonation conversion. 

The impact of the temperature on the mineralization reaction 
(Fig. 3e) reveals a decline in the sequestration capacity as temperature 
rises from 25 ºC to 80 ºC. The kinetics of calcium species dissolution can 
be accelerated by elevating the temperature. However, at high tem
peratures, the nucleation and growth of CaCO3 might encounter im
pediments due to reduced CO2 solubility, thus detrimentally affecting 
the carbonation reaction[47,74]. It is important to acknowledge that the 
liquid-to-solid ratio could also decrease within the reactor due to water 
evaporation at high temperatures and affecting the degree of carbon
ation. Prudent caution is thus advised when elevating the working 
temperature of carbonation in the solid-liquid phase to avert decreasing 
CO2 sequestration performance. Conversely, mineralization in the 
solid-gas phase is conducted at significantly higher temperatures 
ranging from 500 to 650ºC[25]. 

Fig. 3f illustrates the pH measured at the end of the mineralization 
process for reaction times up to 200 min. The initial pH of the non- 
carbonated samples is notably high (ranging between 11.5 and 12.1) 
before experiencing an exponential decay over time, reaching pH 7.2 
after 200 min. An increase in the total pressure of the gas mixture ac
celerates the reaction kinetics, resulting in a rapid pH decline. At pres
sures of 4 and 6 bar, the pH drops to 7 after 60 min compared to a pH 8.4 
reached at 2 bar pressure. The pH monitoring serves as an indicative 
gauge of carbonation, as it influences both the dissolution of gaseous 
CO2 and the leaching of calcium ions from the solid matrix of the slags. 
The dominant species in the slag slurry is carbonate (CO3

2− ) when the pH 
exceeds 10.3, while it shifts to bicarbonate (HCO3− ) in the 6.3–10.3 pH 
range. As carbonate plays a key role in the carbonation reaction, the 
effectiveness of carbonation diminishes with decreasing pH values[40, 
41,55]. Consequently, maintaining proper pH control is essential for 
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maximizing carbonation efficiency despite the added costs associated 
with the slag mineralization process. Furthermore, at the maximum 
carbonation capacity achieved using pure CO2 gas (375 gCO2/kgslag), the 
corresponding pH value was 6.6. Since each experiment was replicated 
thrice to ensure reproducibility, we noted a 5 % deviation in the pH 
values. This discrepancy could be attributed to the pH measurements 
after the carbonation experiments. The interval required for reactor 
cooling and depressurization during this waiting period might have 
influenced the precision of the measurement. Continuous pH monitoring 
is recommended for optimal accuracy and enhanced carbonation ca
pacity [41]. 

In the case of RWs, the carbonation reaction was significantly slower. 
The CO2 mineralization reaction with RWs mixture at varying pressures 
(Fig. 4a) does not reach equilibrium even after 390 min (longest reaction 
time we analyzed). The maximum sequestration capacity (SC) observed 
is 311.87 gCO2/kgslag, with a nearly complete degree of carbonation 
(δCaO) of 96.45 %, achieved at 6 bar and 25 ◦C. The reaction’s kinetics 
intensify with increasing CO2 partial pressure. Moreover, we observe a 
rapid pH decay at 6 bar, stabilizing at 7.6 within 60 min (Figure S15). 
Conversely, at 2 bar and 4 bar, the pH decreases to a minimum of 7.6 
after 390 min. A decline in sequestration capacity becomes evident as 
pressure decreases, with values of 259.25 gCO2/kgslag (δCaO = 80 %) 
and 159.39 gCO2/kgslag (δCaO = 49 %) observed at 4 bar and 2 bar, 
respectively. 

The slower mineralization reaction kinetics in RWs are confirmed 
with the pH trend showing a gradual decrease (Figure S15), with a value 
of 9.5 after 60 min of reaction at 4 bar and 25 ◦C, the white slag reached 
pH 6.9 under same operating conditions (Fig. 3f). Nonetheless, rapid 
carbonation in the white slag, facilitated by its fast pH decay, leads to a 
swift obstruction of CO2 sequestration in the slurry. Consequently, even 
at an operating pressure of 6 bar, the white slag achieves equilibrium in 
just 60 min, while the RWs do not reach equilibrium even after 390 min, 
with a difference of approximately 11 % discrepancy in sequestration 
capacity between these two residues, the RWs shows superior SC per
formance at longer reaction times. Moreover, RWs show a 36 % higher 
degree of carbonation than WS. The carbonate formation is directly 
proportional to the Ca and Mg silicate content, as delineated in Eq.1. 
Moreover, maintaining optimal pH levels is crucial for enhancing 
sequestration efficiency in SC. Rietveld analysis from the non- 
carbonated species (Tables S4 and S2) reveals that the White Slag 
(WS) contains a higher γ-Ca₂SiO₄ concentration (27.6 %) compared to 
the Refractory Wastes (RWs) at 18.8 %. This primary reactive agent in 
WS, accelerates pH reduction through rapid Ca+ ion release, thereby 
inhibiting the mineralization process due to a consequent decrease in 
carbonate ion (CO₃2⁻) availability [5]. This is why WS shows consider
able potential for enhanced carbon sequestration, evidenced by its δCaO 
content of 61 %, while RWs show almost complete carbonation. 

The effect of temperature on the mineralization reaction at 2 bar 
pressure and 60 min (Fig. 4b) reveals a 26 % increase in SC (from 90 to 

122 gCO2/kgslag) and δCaO (from 28 % to 38 %) when the temperature 
rises from 25 ◦C to 100 ◦C. This parameter warrants optimization for 
further application and confirms the positive influence of temperature 
on the carbonation kinetics in CO2 mineralization using RWs. Fig. 4c 
compares the sequestration capacity and carbonation degree of WS, 
RWs, and individual components of RWs under the same operating 
conditions (4 bar, 25 ◦C, and 60 min). WS exhibits the highest SC at 
271.7 gCO2/kgslag (with a δCaO = 59.9 %). Tundish RW demonstrates 
the highest carbonation degree (δCaO = 79.5 %), with a sequestration 
capacity of 163.7 gCO2/kgslag, exceeding the rest of refractory waste 
materials. Despite this, the δCaO value of Tundish RW suggests limited 
potential for further improvement in SC after longer reaction times. 

3.3. Characterization of the carbonated solid and aqueous phases 

Fig. 5 shows the SEM-XEDS results that illustrate the structural 
characteristics of both non and carbonated samples of WS and RWs 
along the elemental mapping. The morphological comparison of non- 
carbonated and carbonated WS (Fig. 5a-b) highlights an irregular- 
shaped non-carbonated sample and 2–3 µm cubic-shaped crystals 
(CaCO3) due to slag carbonation. A continuous and compact layer of 
CaCO3 crystals formed a continuous coating on the WS surface, consis
tent with the literature[69]. Elemental analysis indicates an increment 
in carbon content while not quantitatively significant. The correspond
ing elemental mapping (Fig. 5c) reveals a uniform Ca, O, C, and Si 
distribution through the sample. Minor elements such as Mg and S are 
present in focal points in the center of the sample. In contrast, elements 
like Mn, Al, Fe, Ti, and among others, exhibit irregular distribution 
through the carbonated sample (Figure S7c). Semi-quantitative XRD 
analysis (Fig. 6a) confirms the presence of CaCO3 (calcite) as the pri
mary mineral phase, with approximately 50 % in the carbonated WS. 
Comparative analysis of the main mineral phases reveals Ca2SiO4 as the 
initially predominant phase, which undergoes a substantial reduction, 
decreasing from approximately 49–18 %. The MgO remains mostly un
changed during carbonation, confirming its inertness. Several mineral 
phases identified in the non-carbonated WS, such as magnesian Geh
lenite (Ca2Al2SiO7) and Merwinite (Ca3Mg(SiO4)2), are no longer pre
sent in the carbonated WS. Instead, novel mineral phases emerge, 
including Mayenite (Ca12Al14O33), Hibschite (Al2Ca3(SiO4)2), and 
Wollastonite (CaSiO3); for details refer to Figure S3a. FTIR analysis 
(Figure S14a) confirms the presence of characteristic C-O bonds asso
ciated with carbonate samples. The intense band centered at about 
1409 cm–1 corresponds to the ν3 vibrations of CO3

–2 (asymmetric C–O 
stretching), while the peaks at 871 cm–1 and around 712 cm–1 are 
associated with out-plane and in-plane bending (ν2) vibrations of CO3

–2, 
respectively [75–81]. The peak at 1795 cm− 1 can also be ascribed to 
CaCO3[80,82,83]. The increase in intensity of these bands for the 
carbonated WS sample confirms the calcite formation in white slag 
during the CO2 mineralization process. 

Fig. 5. Scanning electron micrographs (SEM) and elemental mapping of the carbonated samples of the white slag (a, c), the refractory wastes (d, f), and non- 
carbonated samples of WS and RWs (b and e, respectively). 
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Morphological comparison of the non-carbonated and carbonated 
RWs mixture (Fig. 5d-e) reveals the formation of tiny calcite crystals 
adhering to the predominantly silicon-based particles following the 
mineralization process. RWs exhibits a more uniform elemental distri
bution (Fig. 5f) of the principal components such as Ca, Si, O, C, and Mg, 
primarily attributed to the homogenization step involving ball milling 
after mineralization. This homogenization step effectively addresses 
initial inconsistency in RWs carbonation, since, without it, the analytical 
results varied across different sampling points due to irregular carbon
ation throughout the sample (in contrast to the high homogeneity found 
in WS carbonation). Fig. 6b shows the XRD analysis for the non- 
carbonated and carbonated RWs. A distinct change in the intensity of 
active phases is observed, with calcite (CaCO3) peaks intensifying and 
Ca2SiO4, in its mineral forms of larnite and olivine, either disappearing 
or exhibiting a partial reduction. Notably, in this case, MgO and Sre
brodolskite (Ca2Fe2O5) show no appreciable change. Conversely, min
eral phases such as Bregidite (Ca14Mg2(SiO4)8), Enstatite (MgSiO3), and 
Quartz (SiO2) emerge in the carbonated RWs. 

FTIR spectra (Figure S14b) reveals a change in the intensity of the 
bands in the 1400–1500 cm–1 range, typically attributed to asymmetric 
C–O stretching vibrations characteristic of carbonates. Additionally, 
peaks around 872 and 712 cm–1 are observed, corresponding to the out- 
of-plane and in-plane bending vibrations from trace carbonate-based 
compounds. These observations confirm the formation of CaCO3 dur
ing carbonation. SEM, XRD, and FTIR analyses reveal the absence of 
MgCO3 formation in the RWs. This underscores that the mineralization 
process can be exclusively attributed to the formation of Calcite. 
Furthermore, after the carbonation of each one of the individual RW, the 
morphological analysis (Figure S11) reveals the consistent formation of 

calcite layers enveloping solid particles, being more pronounced in the 
EAF RW and Ladle RW. Examining active mineral phases (Fig. 6c-e), 
calcium olivine (CaSiO4) is the primary phase in the EAF RW and Ladle 
RW. 

The analysis of the aqueous phase after the mineralization process is 
critical to understanding the effectiveness of the process. Previous 
studies[40,45,48,57,84] suggest that mineralization plays a funda
mental role in preventing the leaching of heavy metals. Thus, it is 
essential to evaluate the composition of aqueous residues and explore 
the possibility of recycling them within the carbonation process[50]. In 
the case of WS (Figure S12), we observe a significant increase in the 
concentration of metallic ions in the early stages of the carbonation 
process, including Ti (reaching up to 56 µg/L), Al (reaching up to 
1051 µg/L), Fe (reaching up to 64.5 µg/L), Ni (up to 5.5 µg/L) and Pb 
(reaching up to 612 µg/L). These metals leach in the liquid phase and 
disappear in the solid residues at short carbonation times. However, 
these metallic elements become trapped again within the solid matrix as 
part of the calcium oxides at longer reaction times. Their liquid phase 
concentration decreases to 10, 0.44, 46.2, and 7.5 µg/L for Ti, Al, Fe, 
and Pb, respectively. Ca, Mg, and to a lesser extent Cr and Ni, increase 
their concentration monotonically as the mineralization reaction pro
gresses. At the 200 min reaction time, they reach 373, 274, 2.5, and 
17.6 µg/L, respectively. 

The concentration of Ca in RWs carbonation wastewater (Figure S13) 
peaks at 130 mg/L after 200 min, followed by a gradual decline. Simi
larly, Si exhibits a pronounced increase up to 200 min, followed by a 
slower growth rate with 92 mg/L after 390 min. Mg, Al, and Cr con
centrations steadily increase with reaction time, reaching 2458 mg/L, 
923 mg/L, and 13.5 µg/L after 390 min. Fe, Ti, and V show no 

Fig. 6. XRD patterns of non-carbonated and carbonated samples of a) White Slag, b) RW mixture, c) Tundish RW, d) Electric Arc Furnace RW, and e) Ladle RW.  
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significant change up to 200 min but exhibit an exponential increase, 
reaching final values of 11.14, 666, and 57.6 µg/L, respectively. Pb 
concentration decreases exponentially after 60 min of reaction, reaching 
negligible levels (2 µg/L) by the end of the experiment. Furthermore, 
Figure S13i demonstrates that even at short reaction times, Pb concen
tration remains negligible (<3 µg/L) as the partial pressure of CO2 in
creases. These analyses that confirm the minimum leaching found serve 
to ensure the potential interest of these mineralization protocols. 

3.4. Outlook 

The presence of free calcium oxide (free-CaO) and calcium hydroxide 
(Ca(OH)2) in steel slag typically hinders its application in concrete, 
asphalt aggregate, road base, and fill materials due to associated issues 
with water absorption and expansion[45]. Carbonation treatment 
eliminates reactive calcium-rich components (e.g., free-CaO, Ca(OH)2, 
Ca2SiO4) from White Slag and Refractory Wastes, making them safer and 
more sustainable. The sequestration capacities (SC) and carbonation 
degrees (δCaO) reported in this study fall within the range reported in 
the existing literature. Using pure CO2 gas, the δCaO ranges from 53 % 
to 86 %, while 20–30 % CO2 gas mixtures produce δCaO between 28 % 
and 57 % [22,25,32,40,54,57]. This study is focused on flue gases with 
lower CO2 concentrations, diverging from prevalent studies centered on 
higher CO2 concentrations typical of blast furnace emissions[32]. 

Moreover, our study introduces Refractory Wastes (RWs) as carbon 
capture materials exhibiting high conversion rates (96 %) under 
extended carbonation reaction times, marking a significant area for 
subsequent inquiry. Future research should focus on detailed, source- 
specific investigations to effectively manage and utilize slag waste in 
mineralization processes. It is essential to thoroughly validate the cor
responding carbonated residues to confirm their efficiency as alternative 
materials in construction, which will encourage their wider use. 

While our study has advanced our comprehension of the minerali
zation process in steelmaking wastes (white slag and refractories waste), 
several perspectives warrant exploration to develop a more compre
hensive approach to managing these wastes through mineralization. 
These perspectives and avenues for future research encompass a) 
Rigorous Techno-Economic Analysis: Conducting an exhaustive techno- 
economic analysis is imperative. This should contain diverse scenarios 
and models for circular economic integration with complementary in
dustries. By quantifying costs, energy inputs, and potential savings, such 
an analysis will provide a clearer picture of the economic feasibility and 
sustainability of waste mineralization. b) Leaching Studies for Heavy 
Metal Stabilization: Further investigations into leaching are essential to 
validate the effectiveness of mineralization in stabilizing heavy metals 
within the solid carbonate residue. This research is pivotal for under
standing the long-term environmental implications and safety of 
carbonated waste material. Finally, a c) Validation of Carbonated Wastes 
as Construction Material Additives: Robust validation studies are required 
to ascertain the viability of utilizing carbonated waste materials as ad
ditives for construction materials. This exploration could potentially 
lead to the development of sustainable and environmentally friendly 
construction practices. By addressing these crucial aspects, future work 
can contribute to advancing waste mineralization and its integration 
into a broader sustainable industrial ecosystem. 

4. Conclusions 

Mineralization offers a promising pathway to simultaneously address 
CO2 emissions and the valorization of high-basicity waste materials, 
demonstrating the feasibility of a unified CO2 capture and storage 
approach using industry byproducts, and promoting circular economy 
principles. Our study introduces a comprehensive approach focused on 
the mineralization of both White Slag (WS), along with Refractory 
Wastes (RWs) from electric arc furnace, ladle furnace, and tundish, 
highlighting their untapped potential within the secondary steel 

industry. 
Carbonated White Slag achieved a peak CO2 sequestration capacity 

of 276.65 gCO2/kgslag (10 % CO2 gas mixture) and 359.79 gCO2/kgslag 
(pure CO2). These results highlight the potential for direct mineraliza
tion using rolling mill furnace off-gases, eliminating the need for energy- 
intensive CO2 pre-concentration step. 

Optimization studies revealed peak performance for WS at 60 min, 
4 bar, 25 ◦C, and a liquid-to-solid ratio of 20 (271.67 gCO2 kgslag). RWs, 
while exhibiting slower kinetics, reached a higher maximum of 311 
gCO2/kgslag after 390 min. Additionally, Tundish RW showed the 
highest carbonation degree (79 %) and CO2 sequestration capacity (165 
gCO2/kgslag) among the individual RW fractions. Furthermore, solution 
pH plays a critical role in the mineralization reaction, and strategies to 
control pH during the mineralization process warrant further 
investigation. 

Characterization studies (SEM, XRD, TGA, FTIR, and ICP) confirmed 
CaO as the primary reactant in the mineralization process, while MgO 
remained essentially inert in these conditions. Only structural and 
mineralogical changes in calcic compounds were detected. 

Addressing environmental concerns, particularly for Tundish RW 
because of its higher Pb content, our findings suggest that the carbon
ation process may also stabilize heavy metals like Pb. Reduced Pb con
centration in filtrated water as the mineralization reaction progresses 
indicates that harmful metals could be trapped within the carbonated 
material. This warrants further investigation as a potential waste 
remediation strategy. 

In summary, our results demonstrates the potential of mineralization 
to address both CO2 emissions and a wide range of waste streams within 
the steel industry, contributing to sustainable industrial ecology. The 
successful use of the steel industry off-gas emphasizes the potential for 
immediate implementation and emissions reduction. Additionally, sta
bilizing heavy metals in carbonated material presents a promising 
approach for future innovations in waste management. 
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Structural characterization of gel-derived calcium silicate systems, J. Phys. Chem. 
A 114 (2010) 10403–10411, https://doi.org/10.1021/jp1053502. 

[82] A.G. Xyla, P.G. Koutsoukos, Quantitative analysis of calcium carbonate polymorphs 
by infrared spectroscopy, J. Chem. Soc. Lond. Faraday Trans. 85 (1) (1989) 3165, 
https://doi.org/10.1039/f19898503165. 

[83] J. Kiefer, A. Stärk, A.L. Kiefer, H. Glade, Infrared SPectroscopic Analysis of the 
Inorganic Deposits from Water in Domestic and Technical Heat Exchangers, /4, 
Energies 11 (2018) 798, https://doi.org/10.3390/en11040798. 

[84] H.-J. Ho, A. Iizuka, H. Kubo, Direct aqueous carbonation of dephosphorization slag 
under mild conditions for CO2 sequestration and utilization: exploration of new 
dephosphorization slag utilization, Environ. Technol. Innov. 28 (2022) 102905, 
https://doi.org/10.1016/j.eti.2022.102905.  

Santiago Capelo Avilés, a chemical engineer specializing in 
sustainable industrial processes, is pursuing an industrial 
doctorate at the Chemical Research Institute of Catalonia 
(ICIQ) in collaboration with steel manufacturer Compañia 
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