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Abstract. In the steelmaking process, electric arc furnace (EAF) is regarded as a
green production route, as it essentially uses ferrous scraps instead of virgin raw
materials. In addition, the alkaline composition of the slag derived from the EAF
production makes it suitable for carbonation treatment, and specifically for the
permanent storage of CO: through the implementation of the mineralization
process. Therefore, in this study, EAF slag carbonation is performed in a slurry
configuration, at room temperature and ambient pressure, in order to assess the
CO: storage potential under minimized energy consumption conditions.
Specifically, the slurry was prepared at a liquid-to-solid ratio of 3; CO2 with a
partial pressure of 99.9% was fluxed into the slurry at 25 °C under the pressure of
1 bar with a flowrate of 150 L/h, and reaction time of 1 h. Moreover, in order to
investigate the reproducibility of the mineralization process, three tests under the
same conditions were replicated. The carbonation efficiency was estimated to be
around 32%, and the results achieved were compared to previous literature
studies. This research confirms that direct aqueous carbonation is a valuable
method for inducing mineralization in powdered materials. Future investigations
will be aimed at assessing the potential of the carbonated slag to act as
supplementary cementitious material by partially substituting clinker binders in
cement-based manufacts.

Keywords: Electric Arc Furnace slag, Wet carbonation, Industrial waste,
Carbonation efficiency, Supplementary Cementitious Material.

1 Introduction

The Net Zero Emissions by 2050 Scenario estimated that the global average clinker-to-
cement ratio should decrease by 1.0% per year, while it has currently increased by 1.6%
per year [1]. Clinker production is directly responsible of up to 60% of the cement
industry CO2 emissions, since the process involves limestone decomposition into CaO
and CO2 [2].

Together with cement production, crude steel production, and, consequently, steel
slag production have been increasing in the last twenty years [3]. Electric arc furnace
(EAF) allows the production of steel from the metal scrap, accounting as a ‘green’ steel
solution. In 2018, the European production of EAF steel amounted to 69 million tons
[4], while EAF steel slag was reported to be 4 million tons [5]. EAF slag can be
distinguished between EAF C, from carbon steel production, and EAF S from stainless
steel production. The EAF C slag generation has been calculated at three times EAF S



slag[5]. Originally, steelmaking slags were identified as waste and disposed to landfill,
where their alkaline leachates were to be managed. Nowadays, steel slag is qualified as
a by-product thanks to its promising characteristics, with perspectives to be placed on
the market and to be reused in sectors where it is most suitable, without undergoing “end
of waste” operations. In the construction and road sectors, it is mainly used as
hydraulically bound layer and aggregate for concrete and bituminous mix, while its use
as supplementary cementitious material (SCM)is currently under investigation [6]. The
partial substitution of clinker-based cement with steel slag is also standardised by UNI
EN 197/1 [7]. Huijgen et al. [8], [9] have determined that fresh EAF steel slags can
contain three major phases of calcium: portlandite, calcium-iron silicates, and calcium-
iron oxides. This alkaline composition makes them suitable for treatments such as
carbonation, and specifically for the permanent storage of CO; through the
implementation of the mineralization process.

In general, the accelerated carbonation reaction can be carried out in dry or wet
conditions. The aim is to accelerate the natural weathering of silicate minerals, allowing
them to react with CO, in order to form stable products, in particular calcium and
magnesium carbonates. For mineral silicates, as in the case of compounds present in
EAF slag, the reaction kinetics are reported in Egs. (1) [10] and (2) [11].

CaSiO3 + CO2&CaCO0s + SiO2+ 90 ki/mol 1)
% (2Ca0-Si0,) + CO2 & CaCOs + % SiOz + 81 ki/mol (2)

According to different studies [12], the selection of a wet route for the carbonation of
silicates can provide a higher contact frequency between dissolved CO- and calcium
ions with respect to the dry route, performed in absence of water.

Among the aqueous mineralization processes, slurry carbonation emerged as the most
promising one [13]. However, due to the wide range of adopted boundary conditions
(i.e. pressure, temperature) and to the non-homogeneity in the properties of the raw
material, results from the literature are not always consistent [13], [14]. This variability
in the data makes it difficult to define both the actual CO, storage potential of the
material and the energy consumption associated to the process and highlights the need
of further investigation.

To this purpose, in this study, slurry carbonation of EAF-C slag (hereinafter referred
to as EAF slag) is done at room temperature and ambient pressure conditions in order
to assess the CO, storage potential under minimized energy consumption conditions.
Moreover, in order to investigate the reproducibility of the mineralization process, tests
are replicated, and the variability of the results is discussed. A comparison with main
results from the literature is provided as well.

2 Materials and methods

2.1 Material
The slag used in this research was produced by carbon steelmaking process and was
collected downstream the Electric Arc Furnace treatment unit. The initial granulometry



was in the range 0-6 mm, so that a grinding treatment was performed (firstly with a Jaw
Crusher and subsequently with a Jet Mill), providing the particle size distribution (as
determined by laser granulometry, Malvern Mastersizer 3000 AERO S) depicted in Fig.
1. The D10, Dsp and Dgo values, determined by the cumulative curve distribution, were

1.51 um, 9.36 um and 24.1 um, respectively, while the maximum grain size detected
was 50.4 pum.
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Fig. 1. Cumulative and Density granulometric curves of the milled material.

The mineralogical composition of the material was investigated through X-ray
diffraction analysis (XRD, Empyrean Malvern Panalytical) with Cu Ka wavelength
radiation (0.15406 nm) and operating at 40 kV and 40 mA.

The elemental composition was determined by X-ray fluorescence (XRF Rigaku,
Supermini200). Iron, calcium, silicon, aluminium and manganese, all expressed as
oxides, resulted as the most abundant elements in the powder (Table 1).

Table 1. EAF slag chemical composition.

Element Fe,0; CaO SiO; AlLO; MgO MnO TiO, P,Os SO; Other tﬁlx

(%) 295 270 163 104 5.2 4.6 0.6 05 03 0.8 4.8

From the chemical composition of the material, it is possible to calculate the theoretical
maximum extent of carbonation, ThCO,, according to Eq. (3). This equation is based on
the Steinour formula [15], but it is adapted by Huntzinger et al. [16] to generic materials
other than mortars and concrete. The assumption is that all of the CaO (except that
already bound in CaSO4and CaCOs) will form CaCOs, MgO will form MgCOs, and
Na,O and KO (less that bound in sylvite, KCI) will form Na,CO3 and K,COs.



%ThCO,= 0.785(%Ca0 - 0.56-%CaCOs - 0.7-%S03) + 1.091-%MgO + 0.71-%Na,0
+ 0.468(%K0 - 0.632:%KCl) A3)

The ThCO; of the material resulted 23.5%, slightly lower than the total content of
calcium registered.

2.2 Carbonation tests

The slurry carbonation of EAF slag was carried out in a 500 mL flask, using the
experimental set-up depicted in Fig. 2. The flask was filled with the slurry (i.e. slag
suspended in distilled water, at room temperature) which was homogenized through
continuous magnetic stirring. Pure CO, was injected continuously into the flask at
ambient pressure and at a constant flowrate, which was measured with a flowmeter. The
flask was closed with a drilled cap which allows the CO; pipe to enter, but the hole was
not sealed to avoid the generation of a pressurized system. The experiments were carried
out under a suction hood.

In this study, all the tests were carried out at room temperature and under a pressure
of 1 bar. The slurry was prepared with a L/S of 3, adding 100 g of slag powder to 300
mL of deionized water. The reaction time was 1 hour, the magnetic stirrer was set at
1200 rpm and the CO; flowrate was maintained at 150 L/h. The CO; partial pressure in
the gas cylinder was 99.9%. The pH was measured before and after the carbonation: the
initial pH was 11.5 and it decreased to 8 at the end of the experiment.

Three carbonations at the same conditions were repeated to verify the replicability of
the experiment. Once concluded the carbonation process, the solid fraction of the slurry
was separated from the liquid by centrifugation (REMI), for 4 min at 3000 rpm. Finally,
the powder was dried at 60 °C, until the achievement of constant weight.
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Fig. 2. Experimental set-up: (a) magnetic stirrer; (b) glass flask; (c) drilled cap; (d) flowmeter;
(e) CO2 hottle; (f) polyurethane pipe, @ 4 mm; (g) aspiration hood.

2.3 Materials characterization

The dried powder was then analyzed through simultaneous thermogravimetric and
differential thermal analysis (TG/DTA, LABSYS EVO from Setaram) in order to
quantify the captured CO,.

The heating process was made by a starting isotherm at 30°C for 5 minutes, followed
by a heating ramp to 1050°C, at 10°C/min, and a cooling step to 30°C at the same rate.
The weight loss attributed to CO, decarbonation was determined between 550 °C and
850 °C, according to literature [17]-[23] and is expressed by Eq. (4).

meo, (%)= (m550°(111'1m850°C) 100 (4)

1

Where m; represents the mass of the sample, dried at 60°C, subjected to thermal
treatment.
In order to quantify the carbon uptake of the material (%CO2 yptake), Samples were
analyzed by TG/DTA before and after the carbonation, using Eq. (5), as proposed by
Zhang et al. [24]. The COz ke, in EQ. (5), represents the carbon content after the
carbonation (%CO5 conent) SUbtracting the initial carbon content from natural carbonates
(%CO, ;i) ON the initial weight of the sample. %CO; conene aNd %CO, iriia WEre
calculated with Eq. (4).

%CO'2 content'%co2 initial
1- (%COVZ contem'%coz initial)

%CO2 uptake = (5)



The carbonation performance, denoted as nc., Was defined as the amount of CO; actually
captured with respect to the theoretical maximum extent of carbonation (Eq.6).

nca(%): %COZ uptake .

Tho, 100 (6)

XRD analysis were performed on the carbonated powder, in order to detect possible
changes in phase compositions. Finally, Scanning Electron Microscopy (SEM, Hitachi,
Tokyo, Japan) was used to analyze the powder morphology before and after the
carbonation.

3 Results and discussion

3.1 Composition analysis of Electric Arc Furnace slag

Fig. (3) shows both the XRD diffraction pattern of raw and carbonated EAF slag. The
mineral composition of the untreated material mainly consisted of oxide and silicate
phases. In particular, iron and magnesium oxides (FeO, Fe;MgOs), aluminosilicates
(akermanite and gehlenite) and iron manganese oxide (Fe:MnQO,) were detected. The
same phases were present even after carbonation, indicating that they were not reactive
towards CO; under the tested conditions. The main crystalline phase identified after the
carbonation was calcite, indicating the effective carbonation of the powder. Instead,
larnite (Ca;SiO4) and merwinite (CasMgSi20s), detected in the raw powder, were not
determined after the carbonation process, suggesting their participation in the
carbonation reaction. The persistence of aluminosilicates, such as akermanite and
gehlenite, after the carbonation suggests the possibility to improve the carbonation
process efficiency.
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Fig. 3. XRD pattern of raw and carbonated EAF slag. Legend: 1 — Wuestite 96-900-8637 [FeO];
2 — Magnesioferrite 96-900-3624 [Fe2MgO4]; 3 — Akermanite 96-900-6115 [CasMgAIsSiOu4]; 4



— Gehlenite 96-101-1003 [Ca2Al(AISi)O7]; 5 — Calcium carbonate 00-005-0586 [CaCOs]; 6 —
Merwinite 96-900-0286 [CasMgSi2Os]; 7 — Fe2MnO4 96-230-0619; 8 — Larnite 96-901-2791
[Caz2Si04]; 9 — Hematite 96-101-1268 [Fe20s3].

SEM observations (Fig. 4) were performed on both raw (4a, 4c) and treated (4b, 4d)
samples, at different magnifications. Although, in the carbonated powder, it was not
possible to observe the typical morphologies of calcium carbonate phases [25], some
differences can be noted. In fact, the raw particles were characterized by sharp edges
with smooth surface, whereas after carbonation the particles appeared to be more
rounded with wrinkled surface and several ultrafine surface precipitates.

Carbonated
SR TAIEE

Fig. 4. SEM images of the initial (4a, 4c) and carbonated EAF slag (4b, 4d).3.2

Thermogravimetric analysis of Electric Arc Furnace slag

In Fig. (5), the TG/DTA curve of the raw powder and one representative curve from the
three carbonation experiments are reported. To calculate the amount of CaCOgs, it is
necessary to correctly delineate the temperature range in which decomposition takes
place, identifying and correcting for possible couplings with other transformations
involving mass changes. According to literature, a wide temperature range, between 500
°C and 1000 °C, has been established to refer to the decarbonation process. Specifically,
some studies consider the initial decomposition temperature at 500 °C [2], [12], [16],
[26]-[28], while others at 550 °C [17]-[23]; as final temperature, values of 800°C [2],
[29], 850°C [12], [16], [18]-[23], [26], [27] or 1000°C [17], [28] are considered. These



differences can be mainly imputed to chemical purity, defect content, surface area,
crystallite size and morphology [30]. In this work, the range between 550 °C and 850
°C has been considered, as the most commonly accepted [17]-[23], (see dotted lines in
Fig. 5) and used to quantify the CO- released. As for DTA curves the peaks pointing
downwards are associated with endothermic reactions, while those pointing upwards
with exothermic phenomena.

According to the TG result, the weight variation of the original sample between 550°C
and 850°C was not negligible, accounting for 3.4%. The DTA curve of the carbonated
sample shows a broad peak below 200 °C that is commonly associated with the
formation of calcium silicate hydrates (C-S-H), mainly responsible of the mechanical
properties in cement paste. It is worth emphasizing that the mass loss registered due to
C-S-H formation is negligible compared to the mass loss due to carbonates
decomposition. For this reason, hydrates contribution was neglected in the formula
adopted for the CO2 uptake assessment (Eq. 5).
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Fig. 5. TGA (black) and DTA (red) curves of raw and carbonated EAF slag.

The results of carbon content obtained from the three carbonated samples were very
similar (Fig. 6). The standard deviation of the measured carbon content is 0.31%. As for
reproducibility aspects, the low variability of the results, with a coefficient of variation
of the measured carbon content equal to 3.27%, emphasises the reliability of the adopted
carbonation process. The average final carbon content of the material at the conditions
specified in section 2.2 resulted 9.49%, with an average carbon uptake of 6.49%
(calculated according to Eq.5). The carbonation performance (1) obtained with these
experiments is 27.6% with respect to the theoretical maximum CO; uptake (ThCOy).



CO, uptake
12.5%
10.0% 9.81% 9.19% 9.48% 9.49%

6.49%
7.5% 6.85% 6.15% 6.47%

5.0%

2.5%

0.0%
EAF1 EAF2 EAF3 AvgEAF

m Carbon content T Carbon uptake

Fig. 6. Comparison of the three experimental results.

3.3 Carbonation performance

The results can be discussed in comparison with previous literature. Table 2 presents the
main results from other studies, each of them determined under the optimized, best
conditions, in relation to the slurry carbonation of EAF slag. All the parameters reported
in Table 2 have an influence on the carbonation process. The calcium content is typical
of the specific material analyzed but can variate in time also from the same production
plant. The particle size, in the case of EAF slag, is set during the grinding process. The
carbonation performance increases with smaller particle size, but also the energy
requirements will increase. Temperature, pressure and time have proved to increase the
CO; uptake. The CO, flowrate is considered equal to zero for all the experiments
conducted in closed systems. CO, uptake and efficiency (Table 2) are reported based on
different equations than the ones proposed in this paper, due to the lack of data. The
results of this study were harmonized and recalculated consequently. Most of the
previous literature imposed high temperature or pressure in order to maximize the CO;
uptake. The results of this study are in line with the other experiments conducted at room
temperature and ambient pressure [31], [32]. On the opposite, under the same
conditions, a much higher carbonation efficiency (66.5%) was reported by Ibrahim et
al.[33]. However, in this previous work, a significantly higher reaction time was
employed, and the carbonation was carried out in high-salinity water containing extra
Ca and Mg ions, contributing to enhance the carbonation efficiency[34].

Table 2. Summary of the best conditions obtained in this and other studies of wet slurry
carbonation of EAF slag.

Particle CO:
Calcium " Temperature  Pressur ~ Time partial

U CO2 Efficiency
content (°C) e (bar) (h) pressur
(um) o

2
flowrat uptake [] ]

e (L)

References




Bonenfant et al. (2008) [32] 32.80% 106 20 1 24 10 15% 0.3 1L7% 6.6%

Baciocchi et al. (2011) [14] 49.30% 105 100 10 4 10 100% 0 14.0% 36.1%
Uibu etal. (2011) [31] 36.12% 100 25 1 11 10 15% 50 8.7% 30.7%
Uibu etal. (2011) [31] 26.90% 100 25 1 11 10 15% 50 1.9% 9.0%
Baciocehi et al. (2015) [13] 49.30% 150 100 10 24 5 100% 0 28.0% 72.3%
Baciocchi et al. (2015) [13] 49.30% 150 100 10 5 5 100% 0 23.0% 59.4%
Omale etal. (2019) [35] 20.90% 63 20 5 3 5 100% 0 5.8% 35.6%
Ibrahim (2019)[0][33] 40.20% 250 25 5 6.67 17 10% 42 100.0%  316.6%
Ibrahim (2019) [0][33] 40.20% 250 25 1 1533 17  10% 42 21.0% 66.5%
This study 27.00% 51 25 1 1 3 100% 150 6.7% 31.8%

[0] The slurry solution utilized in these experiments was prepared with seawater at high salinity
content.
%CO3 content-%CO2 initial

1-%CO% content

/GCOZ uptake . 5_6 100
%Ca0 44

[*] Calculated according to the equation: %CO; ypaie=

[**] Calculated according to the equation: Efficiency=

4. Conclusions

In this study, slurry carbonation at normal temperature and pressure was conducted on

electric arc furnace slag from carbon steel production. The aim is to capture carbon

dioxide with an environmentally and economically sustainable process in low energy
consumption conditions.
The main outcomes are summarized as follow:

1. The XRD analysis highlighted that larnite is the main compound participating to
the carbonation process, while the other calcium aluminosilicates did not react.

2. The repeated experiments obtained a negligible coefficient of variation 3.27%, and
it is possible to conclude that the carbonation process is reproducible.

3. The average CO. uptake obtained was 6.49+0.35% and the carbonation
performance was 27.6%, a promising result, obtained at room temperature and
ambient pressure.

4. The results achieved are in line with previous literature.

Further investigations will focus on the optimization of the process balancing the
achievement of higher carbonation efficiencies and the preservation of sustainable
carbonation conditions.
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