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Abstract  At present, one of the strategies to reduce 
the embodied carbon of cement is to partly replace 
clinker with metallurgical slags. In this perspective, 
this study investigates the accelerated aqueous car-
bonation of electric arc furnace slag as possible treat-
ment for its reuse in the cement industry. In view of 
developing a low-energy and industrially integrated 
process, mild carbonation conditions were selected: 
ambient pressure, low liquid-to-solid ratio, minimised 
temperature (between 20  °C and 60  °C) and short 
duration time (ranging from 20 to 60 min). To opti-
mise the carbonation process, a design of experiments 
was developed. The Response Surface Methodology 

showed a non-representative trend along time. There-
fore, a non-linear model was adopted for a better 
prediction of CO2 content above 50 min. The results 
were satisfactory with an optimum CO2 uptake of 
7.7% and the carbonation degree obtained, 30.2%, 
was the highest registered in previous literature for 
open systems. Moreover, a literature analysis on pre-
vious aqueous and wet direct carbonation of Electric 
Arc Furnace slag was carried out using Principal 
Component analysis. This exploratory data analysis 
identified the most effective carbonation parameters 
based on the reactor type and suggested the investiga-
tion of further parameters such as liquid-to-solid ratio 
and CO2 flow rate and partial pressure, maintaining 
the perspective of a sustainable process.

Keywords  Carbon capture and utilisation · EAF 
steel slag · Direct aqueous carbonation · CO2 uptake

1  Introduction

Within the industrial sector, the steelmaking and 
cement industries are acknowledged as the primary 
contributors to global CO₂ emissions, accounting 
for about 15% of total anthropogenic carbon release 
[1]. In order to mitigate its impact, the cement 
industry has identified a range of industrial by-
products that can be employed as partial substitutes 
for clinker, which is responsible for the majority of 
emissions associated with its production. Among 

F. Bonfante · G. Ferrara (*) · J.-M. Tulliani · P. Palmero 
Department of Applied Science and Technology, INSTM 
R.U. Lince Laboratory, Politecnico Di Torino, Corso Duca 
Degli Abruzzi 24, 10129 Turin, TO, Italy
e-mail: giuseppe.ferrara@polito.it

F. Bonfante 
e-mail: Francesca.bonfante@polito.it

J.-M. Tulliani 
e-mail: jeanmarc.tulliani@polito.it

P. Palmero 
e-mail: paola.palmero@polito.it

P. Humbert · D. Garufi 
CRH Innovation EMAT, De Klencke 10‑12, 
1083 HL Amsterdam, The Netherlands
e-mail: phumbert@crh.com

D. Garufi 
e-mail: dgarufi@crh.com

http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-025-02661-6&domain=pdf
http://orcid.org/0000-0002-0774-8279


	 Materials and Structures          (2025) 58:127   127   Page 2 of 18

Vol:. (1234567890)

these by-products, granulated blast furnace slag is 
extensively utilised [2] and can substitute up to 95% 
of clinker [3]. At the same time, steelmaking indus-
try is implementing adaptive strategies to reduce its 
emission, shifting towards more sustainable pro-
cesses. Figure  1, adapted from [4–6], illustrates the 
generation process of various types of slags derived 
from cast iron and steel production. Blast furnace 
slag is generated as a by-product of the ironmaking 
process, which is a necessary precursor to the steel-
making process through the Basic Oxygen Furnace 
(BOF). The latter produces BOF slag that is consid-
ered to have lower hydraulic properties with respect 
to blast furnace slag [7]. The electric process, which 
commences with steel scrap and avoids the utilisation 
of molten iron, is being adopted on an ever-growing 
larger scale. Over the course of a decade, global pro-
duction of electric arc furnace (EAF) steel increased 
from around 452 million tonnes in 2012 to 531 mil-
lion tonnes in 2022 [8, 9]. This process generates 
huge amounts of slag, and precisely ≅ 120 to 170 kg 
per ton of steel produced [10].

EAF slag can be classified according to the differ-
ent typologies of steel, with the designation EAF-C 
applied to slag derived from carbon steel production 
and EAF-S to that produced from stainless/high alloy 
steel. The composition of EAF slag is highly variable 

due to the addition of different compounds and due 
to the heterogeneity of the feed material, particularly 
of the steel scrap. Literature has been focusing on 
different routes for treatment and reuse of EAF slag, 
including its application in asphalt mixtures [10], as a 
filler in nitrile butadiene rubber [11], as inert material 
[12] and aggregates [13], with particular emphasis on 
its use in the construction sector [5]. However, the 
large-scale reuse of EAF slag is still under investiga-
tion due to some challenges, namely its alkaline com-
position, the high-volume instability and the possible 
leaching of hazardous metals [5, 14, 15].

A smart approach implies the accelerated carbona-
tion of steelmaking slag, which combines the CO2 stor-
age to volume stabilisation [16], demonstrating both 
economic and environmental benefits [2]. For these 
reasons, many studies have focused on direct EAF 
slag mineralisation aiming at maximising the degree 
of carbonation of EAF slag and its stabilization for 
further reuse. Research on direct carbonation of EAF 
slag started by studying the CO2 sequestration capac-
ity of a slag suspension along with time and at ambi-
ent conditions [17]. Subsequently, Baciocchi et al. [18] 
compared the performances of EAF slag carbon cap-
ture in different configurations, i.e. wet (liquid-to-solid 
ratio < 1.5) and aqueous carbonation (liquid-to-solid 
ratio > 5), at high temperatures and pressures. Omale 

Fig. 1   Iron and steel making processes and steel slags generation
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et  al. [19] studied the effects of reaction time, pres-
sure and liquid-to-solid ratio on a Malaysian EAF slag. 
However, these studies considered only one parameter 
at a time, thereby neglecting the potential interactions 
between them. Only a limited number of studies have 
employed a multivariable approach [20]. Pan et al. [21] 
investigated the combined effect of temperature, rotat-
ing speed and slurry flow rate in a rotating packed bed 
reactor, while Ibrahim et  al. [22] examined the effect 
of gas flow rate, liquid-to-solid ratio and inert parti-
cles fraction in an inert-particles spouted bed reactor. 
Although the positive correlation of time and the accel-
erating effect of temperature on the reaction kinetics 
have been previously observed, the mutual interaction 
between time and temperature has never been investi-
gated. This aspect is crucial for the purposes of a costs-
benefits analysis and process optimisation.

To cover this gap in knowledge, this paper aims to 
study the effects of direct aqueous carbonation on EAF 
slag properties and composition, with a particular focus 
on the combined effect of time and temperature. These 
parameters were selected as significantly affecting the 
sustainability of the carbonation process. In the con-
text of developing an industrially integrated low-energy 
process, only mild carbonation conditions were inves-
tigated. Multivariate principal component analysis was 
proposed as a means of taking a comprehensive look 
at the literature on wet carbonation of EAF slag. This 
innovative approach allowed for a summary and dis-
cussion of the significance and effect of carbonation 
parameters and setups.

2 � Materials and methods

2.1 � Materials characterisation

Electric Arc Furnace slag was collected from steelmak-
ing manufacturing at the downstream EAF unit from 
carbon steel production, meaning an EAF-C slag typol-
ogy. The initial granulometry of the material was in the 
range 0–6 mm. Grinding and milling processes reduced 
the grain size to a maximum diameter of 50  µm, 
providing the slag designated as as-received. The 

material’s chemical composition was assessed using 
Rigaku Supermini 2000 X-ray fluorescence spectrom-
eter (Rigaku, Japan) and reported in Table 1. The main 
elements observed in the slag, conventionally expressed 
as oxides, were Fe2O3, CaO, SiO2 and Al2O3. Signifi-
cant amounts of magnesium and manganese oxides 
were detected as well.

Based on the material’s chemical composition, 
the carbonation potential (ThCO2) can be calculated 
according to Eq. (1) [23].

EAF slag carbonation potential resulted in 25.4%, 
considering the calcium carbonate percentage, as dis-
cussed in paragraph 3.1.

X-ray diffraction analysis was used to identify 
crystalline phases. The X-ray diffractometer Malvern 
Pan’alytical Empyrean (Malvern Pan’alytical, The 
Netherlands), in Bragg–Brentano configuration, was 
equipped with a copper anticathode (CuKα1 radiation, 
λ = 0.154056 nm) operating at 40 kV and 40 mA, and 
a PIXcel detector. 2θ spanned from 5 to 70° with an 
angular step of 0.006° held for 23 s.

The particle size distribution before and after the 
carbonation was characterised through laser granulom-
etry (Malvern Mastersizer 3000 AERO S, UK).

Thermogravimetric/Differential Thermal Analy-
sis (TG–DTA, LABSYS EVO from Setaram, France) 
was used for qualitative and quantitative evaluation of 
changes in the material composition. Analyses were 
carried out up 1050 °C at a rate of 10 °C/min in alu-
mina crucibles with N2 as carrier gas at a flow rate of 
20 L/min.

Particles’ morphology was characterized using Phe-
nom XL scanning electron microscope (SEM, Phenom, 
Ambler, PA, USA) equipped with an energy-dispersive 
X-ray spectroscopy (EDS) detector and operating at 
15  kV accelerating voltage. Before SEM characteri-
sation, as received and carbonated EAF slag samples 
were coated with a layer of gold (about 30 nm) using 
SPI Module sputter.

(1)
%ThCO2 = 0.785

(

%CaO − 0.56 ⋅%CaCO3 − 0.7 ⋅%SO3

)

+ 1.091 ⋅%MgO + 0.71 ⋅%Na2O

Table 1   Chemical 
composition of as-received 
slag by XRF analysis

Chemical composition (wt.%)

Na2O MgO Al2O3 SiO2 P2O5 SO3 CaO TiO2 MnO Fe2O3 Other LOI

0.11 5.35 10.50 16.20 0.54 0.30 27.10 0.55 4.74 30.80 0.71 3.11
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2.2 � Direct aqueous mineralisation and CO2 uptake

The equipment employed for the mineralisation pro-
cess was previously described in Bonfante et al. [24] 
and is illustrated in Fig.  2. The carbonation set-up 
consisted of a glass flask (500  mL), a crystalliser, 
a magnetic stirrer with a hot plate and the CO2 bot-
tle, which was connected to the flask by a tube. To 
ensure temperature control, the flask was immersed 
in a crystalliser. Aqueous carbonation was performed 
by mixing 80 g of fine EAF slag powder and 240 mL 
of deionized water. The fixed parameters adopted for 
aqueous carbonation were ambient pressure, a liquid-
to-solid ratio (L/S) of 3, and a 99.9% CO2 flow rate 
(FR) of 150 L/h. Reaction time and temperature were 
varied to study their effect on the EAF slag carbona-
tion efficiency. Indeed, the flask was sealed with a cap 
that had been drilled to facilitate the passage of the 
CO2 tube in order to mitigate water evaporation at 
elevated temperatures. This ensured that, despite the 
system’s open configuration, water evaporation and, 
consequently, variations in the L/S ratio were negli-
gible. The slurry obtained following carbonation was 
subjected to centrifugation, and the separated residue 
was subsequently dried in an oven for a period of 24 h 
at a temperature of 60 °C (see Fig. 2). This tempera-
ture was selected to prevent the partial loss of C-S–H 
bound water. The dried specimens were constituted of 
a fragile slag residue that was readily pulverised with-
out necessitating further mechanical reduction.

Two methods were employed to quantify the CO2 
content, following the authors’ previous studies [25, 
26]: Thermogravimetric-Differential Thermal Analy-
sis (TG–DTA) and thermal decomposition in a fur-
nace. TG–DTA and thermal decomposition allow 
the quantification of CO2 as weight loss occurring 
between 550 °C and 850 °C, where complete calcium 
carbonate decomposition occurs [27–29]. The CO2 
content ( mCO2

 ) is quantified through Eq. (2), in which 
m550 °C and m850 °C are the mass of the sample, respec-
tively measured at 550 °C and 850 °C, while mi is the 
mass of the sample before the thermal treatment. For 
both methods the measurements were repeated three 
times.

Based on these CO2 quantification techniques, 
the literature agrees with the adoption of Eq.  (3) for 
calculating CO2 uptake. This equation describes the 
CO2 captured material’s initial mass, assuming that 
the CO2 captured is the only contribution to the mass 
gain.

In order to compare the results from different 
studies, the carbonation degree, denoted as ηca and 

(2)mCO2
(%) =

(m550◦C − m850◦C)

mi

⋅ 100

(3)

%CO2uptake =
ΔCO2

mi

≅
mCO2carbonated

− mCO2initial

1 − mCO2initial

Fig. 2   Experimental set-
up adopted for aqueous 
carbonation
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expressed as the ratio between the CO2 uptake and 
the carbonation potential (Eq. (4)), is preferably used.

were ThCO2 is the theoretical CO2 uptake assessed by 
Eq. (1).

2.3 � Design of experiment

In order to optimize the mineral carbonation param-
eters, a Design of Experiments (DoE) was devel-
oped through Minitab software (Minitab, PA, USA). 
A set of ten experimental runs was designed using 
Response Surface Methodology (RSM). The RSM 
approach is based on maximizing the informa-
tion with a minimum number of experiments con-
ducted [30]. A Central Composite Design (CCD) 
was selected to analyse how the two independent 
variables, reaction time (min) and temperature (°C), 
affect the system response (i.e. the CO2 content after 
carbonation). The experimental design space created 
consisted of a temperature varying between 20 °C and 
60 °C and a reaction time between 20 and 60 min, a 
timeframe that can be integrated into industrial pro-
cesses. The experimental points investigated, and the 
corresponding coded units are reported in Table  2. 
The CO2 content of the mineralized EAF slag, after 
the eleven experiments generated by RSM, was quan-
tified by thermal decomposition.

2.4 � Multivariate principal component analysis

Principal Component Analysis [31] is a tool for unsu-
pervised exploratory data analysis. The objective of 
the analysis was to facilitate a comparative assess-
ment of the findings from various literature studies, 
which considered different operational parameters. 
The application of this decomposition technique 
allows for the reduction of the number of variables 

(4)�ca(%) =
%CO2uptake

ThCO2

⋅ 100

of the starting domain by deriving a new set of vari-
ables, the so-called Principal Components (PCs), 
obtained from a linear combination of the initial vari-
ables. The first PC is selected along the direction of 
maximum variance in the data, and the following 
orthogonal components are selected to maximize the 
variance at every step. Equation  (5) represents the 
PCA decomposition equation.

in which X is the matrix of the original data, while 
X̂ represents the modelled matrix, F is the number of 
PCs, t and p represent respectively scores and load-
ings (the two vectors that describe each PC), while 
E describes the unmodeled part, also called the 
“residuals”.

Principal Component Analysis was performed 
using the PCA toolbox (for MATLAB) [32] under 
MATLAB software (2017b, Mathworks, MA, USA) 
environment.

3 � Result and discussion

3.1 � Effects of carbonation on EAF slag properties 
and composition

The granulometric curves of EAF slag, before and 
after the carbonation process, are depicted in Fig. 3. 
Both materials exhibited a monomodal distribution. 
However, as-received EAF slag showed pronounced 
inflection points, and was characterized by D10, 
D50 and D90 values of 1.5 µm, 9.4 µm and 24.1 µm, 
respectively. Following the carbonation process, the 
distribution of particles was observed to undergo 
a reduction in the frequency of the finest particles, 
which is likely attributed to agglomeration. The 
D10, D50 and D90 values were recorded as 3.6 µm, 

(5)� =

F
∑

f=1

tf ⋅ p
T
f
+ � = ��

T
+ � = X̂ + �

Table 2   Coded levels of each parameter with corresponding real values used in CCD

Parameter Extreme minimum 
( −
√

2)
Low (− 1) Center (0) High (+ 1) Extreme 

maximum 
(+ 

√

2)

Temperature (°C) 12 20 40 60 68
Time (min) 12 20 40 60 68
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10.8 µm and 23.5 µm, respectively. Overall, the par-
ticle size of the EAF slag, both before and after car-
bonation, was found to be comparable to the typical 
particle size distribution of cement, although slightly 
finer.

XRD patterns of as-received and carbonated EAF 
slag are displayed in Fig. 4. As-received EAF slag 
was mainly composed of iron oxide (FeO), alumi-
nosilicates (i.e., akermanite, Ca4MgAl3SiO14, and 
gehlenite, Ca2Al2SiO7), larnite (Ca2SiO4) and mer-
winite (Ca3MgSi2O8). Besides, low intensity signals 
attributable to calcite (CaCO3) and iron manganese 
oxide (Fe2MnO4) were also detected. After the car-
bonation, the peaks related to calcium carbonate 
showed an increased intensity. On the other hand, 
larnite was no more detected, confirming the partic-
ipation of this compound in the reaction described 
by Eq.  (6), as previously observed in other studies 
[6, 33]. Peaks related to merwinite were also less 
intense in the carbonated sample indicating a pos-
sible involvement in the reaction. In fact, merwinite 
can react with CO2 to form calcium/magnesium car-
bonates (Eq. 7). However, no magnesium carbonate 
is detected in the carbonating powder. As shown in 
studies analysing the carbonation of steel slag in 
autoclave conditions, merwinite is the slowest min-
eral to carbonate and can result in the production of 

non-carbonate amorphous matter [34]. Given the 
mild operating conditions adopted in this study and 
the absence of merwinite peaks after the carbona-
tion, partial carbonation of merwinite to form cal-
cium carbonate and an amorphous phase would be 
consistent with the literature.

As expected, the other phases did not show any 
reactivity towards carbonation under the mild con-
ditions tested.

TG–DTA curves of EAF slag are reported in 
Fig.  5. These measurements were essential for 
confirming the validity of the selected tempera-
ture range, particularly in preparation for the ther-
mal decomposition measurements. Furthermore, 
TG–DTA analysis ensured the absence of other car-
bonates, such as magnesium carbonate, that might 
influence the correct temperature range to inspect. 
The initial content of CO2 (mCO2 initial), obtained 
from the TG curve in the 550  °C–850  °C range, 
resulted in 1.6% (± 0.2%), providing an average 

(6)
(

2CaO ⋅ SiO2

)

+ 2CO2 → 2CaCO3 + SiO2

(7)
Ca3MgSi2O8 + 4CO2 → 3CaCO3 + MgCO3 + 2SiO2

Fig. 3   Particle size distri-
bution of as received and 
carbonated EAF slag



Materials and Structures          (2025) 58:127 	 Page 7 of 18    127 

Vol.: (0123456789)

Fig. 4   XRD pattern 
(Cu-Kα1 radiation 
λ = 0.154056 nm) of 
as received (black) and 
carbonated (green) EAF 
slag. Reference codes: W – 
96–900-8637, A – 96–900-
6115, L – 96–901-2791, 
G – 96–101-1003, m – 
96–900-0286, M – 96–900-
3624, C – 00–005-0586, F 
– 96–230-0619 

Fig. 5   TG and DTA curves 
of as-received (black) and 
carbonated (green) EAF 
slag
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CaCO3 content of 3.7 wt%. The content of CO2 vis-
ibly increased after 1 h of carbonation (mCO2 carb) at 
ambient temperature (~ 20 °C), reaching an average 
value of 8.8% (± 0.6%). Due to the increased con-
tent of carbonates, it is also possible to observe a 
shift in the DTA peak of calcium carbonate from 
765 °C of as-received slag to 815 °C of carbonated 
slag [35].

Figure  6 shows the SEM observations of EAF 
slag before and after the carbonation process. Before 
the carbonation, the surface of the particles appears 
generally smooth (Fig.  6 a and b) and characterized 
by sharp edges. After the carbonation, it’s possible 
to observe fine precipitates on the particles’ surface 
(Fig. 6 c and d). In order to better characterise the sur-
face chemistry of these particles, EDX analysis was 
carried out on the different morphologies individu-
ated. Figure  7 provides the energy dispersive X-ray 
spectroscopy (EDS) spectra  for each point analysed 
and the corresponding elemental weight percentage. 

Point 1 is positioned on the smooth surface of an EAF 
slag particle: the elemental analysis provided O, Ca, 
Si and Al as the main elements (Fig.  7a), attribut-
able to calcium silicates and aluminosilicates. EDX 
analysis on Point 2 showed the presence of Fe in a 
significant amount (Fig. 7b), suggesting the position-
ing on an iron oxide agglomerate. Point 3 is located 
on the small precipitates on the surface of the carbon-
ated material: here the neat predominance of O and 
Ca elements (Fig. 7c) makes it possible to associate 
such precipitates to the calcium carbonate phase, in 
agreement with previous studies [36]. Point 4 is posi-
tioned on the same particle, but in a region where less 
precipitates are present: here Ca, O and Si have the 
highest atomic percentage, suggesting the occurrence 
of carbonation on a calcium silicate particle, in agree-
ment with XRD results (Fig. 7d).

Fig. 6   Scanning electron 
microscopy of EAF slag as 
received a, b and carbon-
ated c, d at lower (a, c) and 
higher (b, d) magnifications
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3.2 � Response surface methodology and non‑linear 
models

The adoption of RSM and CCD allows the simulta-
neous study of the two parameters and their interac-
tions. The 10 measurements of CO2 content, selected 
according to the CCD and calculated with the thermal 
decomposition using Eq.  (2), are listed in Table  3. 
The experiment of the central point (EAF3) was 
repeated two times.

The linear model regression (Eq. (8)) accounts for 
86.3% of the variance (R2), with a standard error (S) 
of 0.45%.

Although both the variance and the standard error 
are within acceptable limits and the model can fit the 
experimental data points with reasonable accuracy, 
this equation has a limit after a certain reaction time. 
In fact, it is possible to identify a maximum CO₂ con-
tent within the experimental space, specifically at 
33 °C and 52 min, which results in a decline in CO₂ 
uptake after 52  min, while it is expected to follow 
an asymptotic trend [19, 22]. In order to have a suit-
able trajectory at higher reaction time, a non-linear 

(8)

CO
2
content(%) = 3.78 + 0.1162 ∗ T + 0.1183 ∗ t

− 0.0017 ∗ T2
− 0.0011t2

Fig. 7   EDX analysis of the points identified in EAF slag as-received a and b and carbonated c and d 
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regression (NL-reg) model based on the same dataset 
was proposed (Eq. (9)).

Standard error (0.45) and optimum temperature 
(33 °C) of this new model were found to be equivalent 

(9)
CO

2
content(%) =

7.6336 ⋅ t

5.40943 + t
+ 0.103403 ⋅ T

− 1.58273E − 3 ⋅ T2

to those of the linear model, thought, in this case, 
the CO2 content trend is better described as the new 
equation predicts its continuous increase along with 
the reaction time. Figure  8 illustrates the predicted 
CO2 content values, as calculated using the NL-reg 
model (Eq. (9)). The predicted optimum temperature 
and the highest reaction time within the experimen-
tal space are highlighted in red. Equation (9) suggests 

Table 3   Experimental 
values of CO2 content (%) 
obtained from EAF slag 
along with their percent 
errors

Obs Uncoded units Coded units CO2 content (%)

T(°C) t(min) X-T(°C) Y–t(min)

EAF1 20 60  − 1 1 8.36%  ± 0.06%
EAF2 20 20  − 1  − 1 7.51%  ± 0.08%
EAF3 40 40 0 0 8.47%  ± 0.05%
EAF3B 40 40 0 0 8.61%  ± 0.02%
EAF4 60 20 1  − 1 6.06%  ± 0.37%
EAF5 60 60 1 1 6.87%  ± 0.05%
EAF6 11.72 40  − √2 0 7.61%  ± 0.06%
EAF7 40 11.72 0  − √2 6.89%  ± 0.05%
EAF8 68.28 40 √2 0 7.07%  ± 0.02%
EAF9 40 68.28 0 √2 8.75%  ± 0.11%
EAFopt 35 60  − 0.25 1 8.63%  ± 0.07%

Fig. 8   3D response surface plot of CO2 content of EAF slag: effect of time and temperature at ambient pressure, L/S = 3, 
FR = 150 l/h
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that the CO₂ content increases by approximately 7% 
during the initial hour of carbonation, and then by a 
mere 0.3% during the subsequent hour. Consequently, 
the maximum reasonable reaction time was set at 
60 min, and the investigation space was not extended.

Based on the optimum conditions identified, a fur-
ther experiment was conducted at 35 °C and 60 min 
(EAFopt, in  Table  3) to verify the prediction of the 
models. The CO₂ content at optimum conditions 
resulted of 8.63%, while the predictions of the lin-
ear and non-linear models were 8.78% and 8.69%, 
respectively. The non-linear model better fits the 
experimental data, which, however, stays within the 
confidential interval (95%) in both the models’ pre-
dictions. The two models exhibit a comparable trajec-
tory below 30 min.

To separately investigate the effect of time and 
temperature on the carbonation degree, representa-
tive curves are shown in Fig.  9 fixing one of the 
two considered operational parameters. Specifically, 
curves fitting both linear (Fit-L) and non-linear (Fit-
NL) regression models are reported as well as the 
experimental point data. Considering the effect of 
time on the carbonation rate (Fig. 8 a–c), it is possi-
ble to observe the typical asymptotic trajectory of the 

CO2 content. This behaviour is consistent regardless 
of temperature, which seems to affect the carbona-
tion efficiency but not the asymptotic trend. In fact, as 
confirmed by previous studies [19, 22], the carbona-
tion degree is directly proportional to the reaction 
time until a plateau is reached, which is caused by the 
saturation of the carbonated material.

Figure  8d–f show that both models can correctly 
predict the parabolic trajectory of CO2 content along 
with the temperature axis and that this trend is not 
affected by the reaction time. The effect of tempera-
ture has been mainly studied in pressurised environ-
ments, where it is known to be directly proportional 
to the CO2 uptake [18, 36, 37]. In this study, the car-
bonation process was conducted in an open system. 
Therefore, two opposing effects can be expected with 
increasing temperatures. It has been demonstrated 
that elevated temperatures facilitate the rate of the 
calcium dissolution reaction [21], thereby enhancing 
its availability for carbonation. Conversely, the solu-
bility of CO2 in the slurry decreases with temperature 
increase. Thus, an arc trend is going to describe the 
effect of temperature on the CO2 uptake, depending 
on the specific kinetic of the material under study.

Fig. 9   Interaction plot of the experimental observations (Obs.), the linear regression model (Fit-L) and the non-linear regression 
model (Fit-NL)
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The optimum temperature value is defined by a 
threshold above which the carbonation rate dimin-
ishes. This is a crucial aspect to consider in view of 
industrial applications aimed at optimising the effi-
ciency of the process.

It is worth to emphasise that the model can be 
adopted to optimise the proposed mineralisa-
tion process by considering the mutual interaction 
between the operational parameters, i.e. time and 
temperature. For instance, elevating the temperature 
from 20  °C (Fig.  8 a) to 40  °C (Fig.  8 b) enables 
a reduction in reaction time by 50% while obtain-
ing a CO₂ content almost unchanged (with values 
of 8.4% and 8.1%, respectively). This data can pro-
vide valuable support in defining future applica-
tions to optimise the process not only in terms of 
CO₂ content but also in terms of the process carbon 
footprint. In fact, the potential applications of this 
study are designed to utilise industrial flue gases, 
rich in CO2 content, that have already reached such 
temperatures. In addition, the exothermic process of 
carbonation itself also generates suitable tempera-
tures for large volumes of slurry that should be not 
neglected.

A detailed Life Cycle Assessment analysis could 
incorporate this information together with the other 
processes involved and quantify the beneficial contri-
bution in terms of CO₂ emission reduction. In particu-
lar, the overall CO2 cut needs to balance the involved 
energy-demanding steps. In this regard, the transport 
of EAF slag from the production site to the carbona-
tion plant could prove to be a high carbon footprint 
step. Similarly, the grinding pre-treatment, the drying 
of the material and the treatment of the residual solu-
tion can be considered as energy-intensive processes.

A possible effective application is represented by 
a well-designed integration of the wet carbonation 
process into the cement production plant. This not 
only would contribute to optimise the treatment of the 
residual material, by providing filter press, and allow-
ing the redirection of high temperature gases in the 
slag drying step, but it also would promote the use of 
the carbonated product as supplementary cementi-
tious material. A previous study by the authors [38] 
highlighted that the most significant impact in terms 
of reducing the carbon footprint will be derived not 
only from the CO₂ uptake of the EAF slag, but also 
from its final reuse, particularly in the case of partial 
cement substitution.

3.3 � CO2 uptake and literature comparison

The CO2 uptake at the optimum point (identified at 
35 °C and 60 min) was calculated from Eq. (3), and 
resulted in 7.7%. Nevertheless, the comparison with 
literature does not solely rely on CO₂ uptake; the 
carbonation degree is also a useful parameter in this 
regard. Indeed, it facilitates the comparison of the 
extent of the carbonation process based on the amount 
of reactive compounds available in the original mate-
rial. The carbonation degree was calculated from CO2 
uptake and ThCO2 using Eq. (5). With a carbonation 
potential of 25.4%, obtained through Eq.  (1) from 
XRF and TG analyses, the corresponding carbona-
tion degree was approximately 30%. Table  4 pre-
sents a list of previous aqueous and wet carbonation 
studies on EAF slags carried out in different reactors 
and carbonation conditions. For the purposes of this 
study, only a selection of experiments was included, 
specifically the cube, central and optimum points 
(i.e. EAF1-5 and EAFopt). Before analysing the data 
in more detail, it is worth noting that the degree of 
carbonation (η) achieved in this study was the highest 
recorded in the literature for open systems.

As shown in this table, there is a large number 
of parameters affecting the CO2 uptake and the car-
bonation degree. Furthermore, the variety of con-
figurations and conditions employed complicates the 
process of analysis and comparison of the results. 
Consequently, this study proposes an exploratory 
analysis through PCA, which facilitates the analysis 
of a multivariate dataset by reducing the original vari-
ables into a smaller number of new variables. This 
method facilitates the visualisation of system vari-
ability, allowing for the identification of both which 
parameters are significantly affecting the response 
and the nature of this effect. The model was built 
on the 32 experiments listed in Table 4, including 7 
variables. The variables can be divided into input and 
output parameters. Input parameters are the set condi-
tions: temperature (T), CO2 partial pressure (Conc.), 
time (t), liquid-to-solid ratio (L/S) and flow rate (FR); 
while the output parameter selected is the carbonation 
degree (η). The particle size, which is a fundamental 
parameter for the carbonation, was not included due 
to the lack of representative data. In fact, the values 
reported in the literature studies refer to the maximum 
particle size of the tested materials, therefore not rep-
resentative of the actual granulometric distribution. 
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For what concerns the output parameter, the carbona-
tion degree was preferred with respect to the CO2 
uptake thanks to the incorporation of the ThCO2, 
which allowed to partially eliminate from this sys-
tem the great variety of composition typical of EAF 
slags. However, the CO2 uptake was integrated as 
response of the model. After the matrix selection, the 
data are standardised and it is possible to evaluate the 
best number of PC, based on their eigenvalue (> 1), 
the cumulative variance (> 80%), as in accordance to 
literature [39], and the corresponding minimum root 
mean square error of cross-validation. These three 
conditions were satisfied for 4 PCs (see Fig.  10). 
The explained variance (EV) of the so-obtained PCA 
model accounted for 89.7%. The information mod-
elled by PCA were first inspected by looking at the 
loadings plot, which shows the relations among the 
original variables and the new PCs. PCs, in fact, can 
be interpreted as new axes from which it is possible to 
evaluate the data with the best angle.

Only PC1 and PC2 are shown in Fig. 11 since the 
aim of this analysis was to identify how the input var-
iables affect the carbonation degree; therefore, as PC3 
and PC4 were not representative of the carbonation 
degree(respective load factors: 0.074 and − 0.036), 
they are not depicted in the graph. For what concerns 
PC1, with an EV of 37.6%, η appears to be directly 
proportional to pressure, time, temperature and partial 
pressure, while the other parameters have negative 
load factors and, therefore, are indirectly proportional. 
Although a high FR should be directly proportional to 
η, in pressurised systems it is usually fixed to zero. 
Based on these considerations, PC1 seems to be well 
representative of pressurised systems. Along PC2, on 
the other hand, FR, with a high load factor, is directly 
proportional to η, as well as L/S, while P and t are not 
significative. With these specifications, PC2 can well 
describe the open systems, in which, as previously 
mentioned, temperature can positively affect the car-
bonation degree, but it is not possible to reach high 
values. The low load factors of partial pressure along 
these PCs can be explained by the few data of experi-
ments carried out at different CO2 concentrations.

Figure 12 shows the scores plot, which represents 
the modelled data, integrated with the loadings plot 
for a better interpretation of the multivariate space. 
Each experiment is labelled with its number from 
Table 3, it’s filled according to the colour bar (repre-
senting the CO2 uptake), and it’s shaped according to 

the legend, which divides the dataset into four groups 
based on the type of reactor adopted. The disposition 
of the dataset along PC1 and PC2 allows to group 
back the dataset based on their reactor type, which 
is possible especially due to the different conditions 
of applicability that can be adopted. Looking again 
at the loadings, it is possible to notice that increasing 
partial pressure and temperature always affect posi-
tively the carbonation degree even if their effect is not 
highly significant. Concerning the response adopted, 
the CO2 uptake, it is clearly disposed along with the 
carbonation degree and, while it is possible to indi-
viduate the same experiment with highest η and CO2 
uptake as the 19 [21], obtained with a rotating packed 
bed reaction, the second highest η was obtained by 
24 and 25 [36] in supercritical conditions and the 
second highest CO2 uptake by [37] in a pressurised 
reactor. In particular, the supercritical CO2 condi-
tions, obtained at high temperature and at the highest 
pressure, are well separated from the others, also due 
to the longest reaction time of the dataset. The good 
results of RPBR and IPSBR, even though at lower 
pressures, are obtained thanks to the ability of these 
reactors to maximise the contact with the CO2 and the 
introduction of other, more specific parameters such 
as slurry flow rate, inert particles fraction and water 
conductivity (seawater adoption).

Pressurised systems are located in the central 
part of the graph and develop along the direction 
of η, obtaining good carbonation results at higher 
temperatures, pressures and CO2 concentrations, 
with limited effect due to L/S. Few experiments 
operated in open systems are reported in the litera-
ture [17, 40] apart from this study. Open systems 
can only operate at ambient pressure and have a 
simpler setup with respect to the other reactors. 
Even though in these studies it was not possible to 
operate under pressure, thanks to the adoption of 
a high CO2 flow rate, reasonable time, improved 
temperature and suitable liquid-to-solid ratio, the 
open systems path was finally similar to that of 
pressurised systems, along the direction of improv-
ing carbonation degree. Two different considera-
tions drove the adoption of a low L/S ratio. In fact, 
even though higher L/S results in lower viscosity 
of the slurry and easier dissolution of CO2, it low-
ers the ionic strength (together with the solubility 
of reactive phases [37, 41]) and produced higher 
volumes to be treated after the carbonation process. 
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A responsible use of PCA can extract new sugges-
tions for the improvement of EAF slag aqueous car-
bonation. In particular, future work could explore 
the combined effect of CO2 flow rate, partial pres-
sure and L/S or focus on the adoption of additives 
or high conductivity solutions, which boosted the 
results of Ibrahim et al. [22] at the same conditions.

4 � Conclusions

This study investigated the accelerated aqueous car-
bonation of electric arc furnace slag in an open sys-
tem. As a challenge, the goal was to enhance the CO2 
uptake capability of the slag by operating under mild 

conditions, with a view toward developing a low 
energy, industrially integrated process. To achieve 
this, ambient pressure, low liquid-to-solid ratio, and 
minimised temperature and time conditions were 
adopted. In order to optimise the carbonation process, 
while at the same time maintaining soft conditions, a 
design of experiments was developed.

A central composite design was adopted to evalu-
ate the CO2 content capacity of EAF slag and exam-
ine the individual and combined effects of the operat-
ing parameters of time and temperature on the uptake. 
The Response Surface Methodology showed a non-
representative trend along time, therefore a non-linear 
model was adopted for a better prediction of CO2 con-
tent above 50 min. The results were satisfactory with 

Fig. 10   Selection of optimal components for PCA: a Eigenvalues; b Cumulative variance; c Root mean square error of cross-valida-
tion (5 groups for venetian blinds cross-validation method)

Fig. 11   PC1 and PC2 vs 
variables loadings plot
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an optimum CO2 uptake of 7.7% and the carbonation 
degree obtained, 30.2%, was the highest registered in 
previous literature for open systems.

A literature analysis on previous aqueous and wet 
direct carbonation of EAF slag was carried out using 
Principal Component analysis. This exploratory data 
analysis allowed to identify the most effective car-
bonation parameters based on the reactor type, sug-
gesting the investigation of further parameters such as 
L/S and CO2 flow rate and partial pressure for open 
systems, maintaining the perspective of a sustain-
able process. In this regard, the proposed methodol-
ogy, incorporating the utilisation of the proposed 
experimental configuration for the construction of the 
RSM-based model, can be expanded to encompass 
the investigation of alternative operational param-
eters. Furthermore, this approach can be adopted 
for any material type to assess the carbonation effi-
ciency of the process in relation to the parameters 
under consideration. Another potential approach for 
enhancing EAF slag CO2 uptake, whilst maintaining 
an ecological perspective, involves the quantification 
and removal of the non-reactive metallic iron phase 
by magnetic separation. This strategy has been pre-
viously proposed in other studies for the recycling 
of iron into the steelmaking process [42]. A detailed 

Life Cycle Assessment analysis will be necessary to 
account for all the processes involved and verify the 
real impact of wet carbonation in terms of CO2 emis-
sions reduction. At the same time, further attention 
should be directed to the evaluation of carbonated 
EAF slag as supplementary cementitious material, 
with the ambitious goal to provide a process able to 
mitigate both the steelmaking and the cement indus-
tries CO₂ emissions.
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