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Abstract. This study aims to evaluate the direct natural wet CO5 absorption potential of steelmaking slag, with
a specific focus on the behavior of black and white slag, respectively, collected after the steel production by
electric arc furnace and molten steel refining in a ladle furnace. Slag contains significant amounts of calcium and
magnesium compounds capable of reacting with atmospheric CO, through carbonation, forming stable
carbonates and thereby enabling permanent carbon sequestration. Representative samples of black and white
slag were monitored to assess their physicochemical properties, mineral composition, and carbonation behavior
under natural environmental conditions over time. The investigation seeks to characterize and quantify the
tendency and rate of CO, uptake for each slag type, highlighting differences in carbonation efficiency.
Preliminary findings contribute to understanding the role of steel slag as potential carbon sinks within the steel
industry, supporting sustainability goals. Furthermore, the study discusses the main factors influencing
carbonation, such as particle size, exposure time, and ambient conditions, thereby providing insights into slag
management optimization and the parallel enhancement of CO5 sequestration during slag-yard stockpiling. This
research represents a step forward in incorporating natural carbonation processes of steelmaking by-products
into carbon accounting frameworks and promoting their beneficial reuse in climate change mitigation strategies.
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1 Introduction

The growing concentration of atmospheric carbon dioxide
(COy) due to anthropogenic emissions represents one of the
main drivers of global warming and associated climate
change impacts, including ocean acidification and extreme
weather phenomena [1-3]. To address these environmental
challenges, it is crucial to explore and optimize carbon
capture and sequestration (CCS) processes. It should
therefore come as no surprise that significant technological
advancements have been made in applying CCS to heavy
industries, including cement, iron and steel, oil refining,
and petrochemicals, over the last decade [4]. Nevertheless,
the parallel exploitation of CCS practices based on the
natural capture of atmospheric CO, by heavy industry
production residues can contribute even more to reducing
environmental impact. Specifically, these natural carbon-
ation practices refer to the spontaneous chemical process in
which COy reacts with specific metal oxides to produce

* e-mail: davide .mombelli@polimi.it

stable carbonates over time either without any kind of
acceleration (ambient conditions) or under enhanced
conditions such as higher CO, concentrations, controlled
temperature, and humidity [5,6].

Consequently, the carbonation of alkaline industrial
by-products, such as lime and steelmaking slag, has
attracted increasing interest due to their potential for
permanent CO storage in stable mineral forms [5]. On the
one hand, lime, produced by the thermal decomposition
(calcination) of limestone (CaCOj3) into quicklime (CaO)
and CO,, can naturally reabsorb a portion of the emitted
COy during its lifecycle through carbonation reactions,
where CaO or hydrated lime (Ca(OH),) reacts with CO, to
reform calcium carbonate (CaCOj), thus acting as a carbon
sink [5,7]. This carbonation process is exothermic and
thermodynamically favored. On the other hand, steelmak-
ing slag, the solid residues generated during iron and steel
production and in particular those generated during the
basic oxygen furnace (BOF), electric arc furnace (EAF),
and ladle furnace (LF) processes, contain significant
amounts of calcium and magnesium oxides, which make
them suitable candidates for natural and enhanced
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carbonation [5,8]. Although steelmaking slag has been
traditionally employed in construction and civil enginee-
ring applications, its chemistry and, consequently, carbon-
ation capacity make it an appealing CO, sequestration
medium [9,10]. Studies indicate that the natural carbon-
ation rate of steelmaking slag can reach up to approxi-
mately 30% under ambient conditions. This can increase to
over 50% under optimized, enhanced carbonation con-
ditions by controlling factors such as particle size,
moisture, and CO, exposure [5,11].

Despite the recognized potential, the natural carbon-
ation behavior of black and white slag remains subject to
variability due to differences in mineralogical composition,
exposure time, and environmental conditions. Specifically,
black slag refers to that produced by EAF steel production,
whereas white slag refers to that generated during the
molten steel refining process in LF. Furthermore, the
carbonation potential of slag must be carefully evaluated,
taking into account their mineralogy and respective
mineral phase carbonation kinetics. Indeed, if on the one
hand the free lime contained in slag completes its
spontaneous carbonation within a few years, calcium
silicates and aluminates in slag carbonation kinetics are
slower [9]. It is worthy to mention that the typical
industrial storage times of steel slag often last only a few
months before their reuse or disposal, thereby limiting the
degree of carbonation achievable [5].

Therefore, monitoring and quantifying the natural CO,
absorption of steelmaking slag is essential for incorporating
this property into carbon accounting frameworks and
thereby enhancing the sustainability profile of the steel
industry, which to date mostly focuses on solely the
emissions associated with its products (e.g., pig iron and
steel) and processes [11,12]. Indeed, recent assessments
suggest that by incorporating the natural carbonation of
lime and slag from lime calcination and under current
European market conditions, about 23-33% of the process
COs emissions would be reabsorbed, representing a
significant contribution to emission mitigation when
accounted for over the lifespan of the materials.

Given these considerations, this work focuses on
providing a detailed assessment and monitoring of the
natural wet carbonation of steelmaking slag under realistic
environmental conditions of slag yards. By systematically
analyzing and comparing the progression of CO5 uptake in
black and white slag under such conditions, this study also
alms to provide quantitative insights into their carbon-
ation potential and the underlying mechanisms. The
results will support the development of optimized
management strategies for steel slag, leveraging its
natural carbonation behavior to enhance carbon seques-
tration and promote circular economy approaches within
the metallurgical sector.

2 Materials and methods

Black and white slag representative samples have been
taken from five Italian steel plants equipped with EAF and
LF stations. The average chemical composition of each
sample has been measured by X-ray fluorescence analysis
(XRF) (Tabs. 1 and 2).

As this paper aims to evaluate the natural wet
carbonation of steelmaking slag under conditions as close
as possible to those currently used in the slag yard, the slag
samples were preferentially investigated in their as-
received state to simulate a stockpiling period prior to
any industrial post-processing (e.g., sieving and/or grind-
ing). However, due to the self-dusting phenomenon
affecting white slag after tapping and cooling, its particle
size is for the most part lower than 1 mm already in the as-
received condition. On the contrary, this does not happen
for black slag. As the size distribution of the samples can
affect their capacity to absorb CO, by changing the slag’s
overall surface-to-volume ratio, a comparison toward
carbonation was conducted between the slag in as-received
condition and the sieved fraction below 1 mm. Conse-
quently, a quarter of the slag samples supplied by the steel
plants in as-received condition have been sieved through a
1 mm mesh. This step aims at evaluating the amount of the
coarse slag fraction (>1 mm) and the fine fraction (<1 mm)
contained in each sample. The remaining three quarters
were hence fractioned into two groups: as-received slag and
fine fraction <1 mm. For black slag whose percentage
fraction <1 mm has been less than 5 wt.%, analyses have
been performed exclusively just on the raw portion in the
as-received conditions.

Before curing, fractioned samples have been divided
into 4 aliquots of at least 1.5 kg each. These aliquots have
been cured by displacing them on aluminum trays placed
on a tray cart positioned outdoors under a canopy. The
samples should weigh at least 1.5 kg per tray (compatible
with the particle size distribution of the slag itself), and,
after the first month of storage, they have been
periodically sprayed with tap water every 15 days. To
maintain consistency with the standard slag manage-
ment practices employed in a slag yard, the aliquots were
not rabbled.

The CO, measurement has been performed by the
ELTRA-CS 580 Helios elemental analyzer on roughly 200
mg of slag for each examination trial. Each measurement is
repeated three times to take into account the intrinsic
heterogeneity of the slag.

Since only the amount of CO4 absorbed by the products
one year after production has been of interest, it has been
decided to analyze the material at 1, 3, and 6 months (30,
90, and 180 days) of atmospheric exposure. One aliquot per
each of the investigated slags was taken at the time of
analysis, dried in an oven at 70°C overnight, and then
milled and sieved at 0.1 mm. Dried mass at the beginning
(day 0) and after each period (30, 90, and 180 days) was
also registered.

CO, uptake was calculated according to equation (1) as
proposed by Baciocchi et al. [13]. Although this is the most
common and widespread method to quantify CO4 uptake,
it may either under- or overestimate the effective uptake
due to a lack of accounting for water effects [14].
Consequently, to take into account also the side reactions
of dihydroxylation and hydration that inevitably happen
during carbonation, the final CO, concentration should be
corrected by the ratio of the slag mass before and after
carbonation as proposed by Nielsen and Quaghebeur [14]
equation (2).
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Table 1. Average chemical analysis (wt.%) of the black slag from electric arc furnace (EAF) sampled at steel plant (-
means not detected, “n.m.” means not measured, LOI = loss on ignition).

Sample Steel plant 1 Steel plant 2 Steel plant 3 Steel plant 4 Steel plant 5
<1 mm As received <1 mm As received As received As received As received
% < 1 mm 24.4 6.5 - 2.0 0.6
CaO 24.3 24.4 28.0 29.2 21.0 22.5 24.4
MgO 6.3 6.5 6.2 6.6 4.9 4.3 6.6
SiO, 15.9 16.3 9.6 10.2 10.4 10.5 7.5
Al,O3 13.0 13.3 5.0 4.9 11.6 13.0 3.3
SO; 0.2 0.1 0.2 0.2 n.m. n.m. n.m.
Fe,03 31.3 31.2 40.9 41.5 43.1 39.9 51.6
K,O - - - - 0.1 0.1 -
SrO - - - - - - -
Na,O 0.2 0.2 0.5 0.2 0.2 0.1 n.m.
P,05 0.3 0.3 04 0.5 0.4 0.4 0.3
TiO, 0.6 0.6 04 0.4 0.8 1.0 0.3
Cry03 2.9 3.1 1.8 2.1 3.4 3.4 2.3
Mn;03 5.4 5.6 5.9 6.6 6.2 6.4 6.9
CuO - - - - - - -
BaO 0.2 0.2 0.1 0.1 0.2 0.2 n.m.
ZnO - - - - - - -
V,054 0.2 0.2 0.3 0.3 0.2 0.2 0.2
As,05 n.m. n.m. n.m. n.m. n.m. n.m. n.m.
Cl - - 04 0.2 - - -
ZrO, - - - - - - -
NiO - - - - n.m. n.m. -
MoOsj; n.m. n.m. - - - - -
Nb,O5 - - 0.1 0.1 - - -
WO; n.m. - - - - - -
Tb,4O~ 0.6 n.m. 0.5 n.m. 0.5 0.5 0.5
Eu,0;3 0.1 - 0.1 0.1 - - 0.1
Gd,05 - n.m. n.m. - n.m. n.m. n.m.
LOI -1.6 —-2.3 —-0.4 -3.2 -3.3 —2.6 —4.1

CO2 finar[wt. %] — COzinitial [Wt. %]

COZuptake [Wt%} = 100 — CO9ygpal [Wt%]

100,
(1)

MasSafter carbonation [kg]

; t.| = in. t.70]"
co [W ] COQf al[w %] massbeforecarbonation[kg]

2 uptake
— CO2initial[Wt.%)]

(2)

where COy ipitiar is the CO, concentration detected at day 0,
while CO3 g1 18 the CO, concentration measured at 30, 90,
and 180 days; MaSSpefore carbonation is the dl"y mass of the
sample at day 0, while mass,ger carbonation 18 the dry mass of
the sample after 30, 90, and 180 days.

Caconversion yield was derived according to equation (3)
as proposed by Baciocchi et al. [13]. According to them, Ca
was considered the only species involved in the carbonation
process, as Mg concentrations resulted in an order of

magnitude lower and hence were assumed as non-contributing
to the overall carbonation process. Furthermore, in accor-
dance with previous studies, the CO5 uptakes associated with
either Mg oxides or silicate phases can be considered negligible
with respect to that of Ca oxides [15,16].

Caconversion [Wt%] = COQ uptake [Wt%] A0 /44

CaOimtiayO.715[wt.%} — COZinitjay2.27[Wt.%}'40/100'100,
3)

where CaO ;ujtia is the concentration of CaO measured by
XRF.

Experimental CO, uptake was compared with the
theoretical one. The latter evaluated according to the
Huntzinger model [17] ((equation 4)).

CO, theoretical uptake [Wt%] = 0785(Ca0
—0.56-C0O9-2.27 — 0.7S0s3)
+1.091-MgO + 0.71-Na,O
+0.486-K>0 [w.%] (4)
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Table 2. Average chemical analysis (wt.%) of the white slag from ladle furnace (LF) sampled at steel plant (

not detected, “n.m.” means not measured, LOI = loss on ignition).

W

means

Sample Steel plant 1 Steel plant 2 Steel plant 3 Steel plant 4 Steel plant 5
<Ilmm Asreceived <lmm Asreceived <Ilmm Asreceived <Ilmm Asreceived <lmm  As received
% < 1mm 96.3 56.1 65.8 97.7 41.6
CaO 50.2 49.8 53.2 51.2 42.8 42.9 50.5 50.4 39.3 38.0
MgO 10.1 10.6 4.7 5.1 8.7 8.6 6.4 6.4 9.9 8.5
SiO, 20.7 20.6 6.6 7.2 21.2 21.6 22.0 22.1 11.6 9.1
Al,O3 13.5 13.5 19.1 18.1 14.0 14.2 17.0 17.2 17.1 15.2
S04 4.4 4.3 4.4 4.1 1.0 1.0 1.5 1.5 0.7 0.6
Fe,03 2.0 2.1 3.1 9.3 4.7 5.5 1.9 2.0 12.8 22.6
K,0 - - - - 0.1 0.1 - - 0.1 -
SrO - - - - - - - - - -
Na,O n.m. n.m. n.m. n.m. 0.2 0.2 0.1 0.1 0.1 0.1
P,05 - - - - - 0.1 - - 0.1 0.1
TiO, 0.3 0.3 0.2 0.3 0.4 0.4 0.8 0.8 0.7 0.7
Cr,03 - 0.1 0.1 0.2 0.1 0.2 - - 0.8 1.2
Mn;03 0.4 0.4 0.4 1.1 1.2 14 0.5 0.5 4.4 4.4
CuO - - - - - - - - - -
BaO n.m. n.m. n.m. n.m. n.m. - 0.1 0.2 n.m. n.m.
ZnO - - - - - - - - - -
V.05 n.m. n.m. n.m. - - - n.m. n.m. 0.1 0.1
As,O3 - n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.am.
Cl n.m. n.m. n.m. - - - - - - -
Zr0O, - - - - - - 0.1 0.1 - -
NiO - n.m. n.m. - - - - n.m. - -
MoOsj; n.m. - n.m. - n.am. n.m. n.m. n.m. - -
Nb,O5 n.m. n.m. n.m. - n.m. n.m. - - - -
WO; n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m.
Tb,4O~ n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 1.0 0.9
Eu,03 n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m.
Gd,05 n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m.
LOI —-1.8 -1.7 8.2 3.3 5.4 3.7 —1.1 -1.3 14 —-1.5
EAF slag - as received (a) EAFslag-<1mm (b)

-e-Steelplant 1 -e-Steel plant2 -e-Steel plant 3 -e-Steel plant4 -e-Steel plant5 -e-Steelplant1 -e-Steelplant2

3.5 7.0
= 3.0 = 6.0 —
£25 £50 I S il
8‘2.0 8‘4.0  ———
g 1.5 [~ g 3.0
510 ] 820
o S | o
<05 \%, <10 —

0.0 ? 0.0

0 30 60 90 120 150 180 0 30 60 90 120 150 180

Exposure time to atmosphere [days]

Exposure time to atmosphere [days]

Fig. 1. CO, concentration as a function of exposure time for EAF slag in (a) as-received and (b) below 1 mm conditions.



Table 3. Measurements of CO, concentration (and its conversion to C) based on ELTRA-CS elemental analysis on the slag coming from EAF (day 0 accounts
for the CO, (and C) concentration measured when the samples were received). Values for standard deviation (St. Dev.) are for CO5 and C, respectively.

Steel plant 2 Steel plant 3 Steel plant 4 Steel plant 5

Steel plant 1

St. Dev.
[wt.%)]

0.003 0.001

C
[wt.%] [wt.%)]

CO,
0.011 0.003 0.19

St. Dev.
[wt.%)]

C
[wt.%] [wt.%)]

CO,

St. Dev.
[wt.%]

C
[wt.%] [wt.%]

St. Dev CO,

C
[wt.%] [wt.%)]

St. Dev. CO,

C
[days| [wt.%| [wt.%]

CO,

time

Fraction

[t
0.019 0.005

[wt.%]

0.05

41
0.36  0.016 0.004 0.20

0.69 0.031 0.008 0.29

0.
0.

1.50
1.33
2.52
2.65

0.04 0.003 0.001

0.

0.16
0.20
0.18

31

0.

0.23 0.011 0.003 0.73
0.15 0.013 0.004 0.59

0.19 0.039 0.011

0.21

0.85
0.54
0.68
0.77

0.

0
30

As received

0.005 0.001

05
0.08 0.019 0.005

0.

0.008 0.002

05
05
06

0.16 0.031 0.008
0.20 0.011 0.003

0.010 0.003
0.005 0.001

0.

0.72

90
180
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0.051 0.014

0.12

0.067 0.018 0.43

72

0.

0.25 0.014 0.004 0.24

1.16
1.21
1.30

0.023 0.006 0.92

0.012 0.003
0.018 0.005
0.035 0.009

0.10 0.024 0.007 4.24

38
19
23

< 1lmm

4.42
4.78
6.08

0.33 0.010 0.003
0.34 0.017 0.005
0.40 0.010 0.003

1.

30

1.

90
180

1.66 0.018 0.005

1.45

Slag mineralogy was investigated on both fresh and
cured slag at different exposure times by means of X-ray
diffraction (XRD). Analyses were performed with a
Rigaku Smartlab SE diffractometer in 6-0 configuration
using a Cu tube (Ka, A = 1.54 A) excited at 40 mA and
40 kV on a powder sample rotated at 30 rpm. Diffraction
patterns were acquired from 15° to 70° at 1°/min with
a step size of 0.02°. Diffracted beam was acquired by a
1D D/Tex detector with XRF suppression. For the sake of
brevity, only results of EAF sample from steel plant 1 and
LF slag sample from steel plant 4 are reported and used as
supporting data for the discussion.

3 Results

The results of the performed measurements, provided in
Figure 1 and Table 3, have provided several insights into
CO, absorption of EAF slag over time. Specifically, except
for the as-received EAF slag sample 4, which exhibits a
clear and significant CO, absorption between 30 and
90 days to then stabilize between 90 and 180 days, the
remaining as-received EAF slag samples appear to absorb
the atmospheric CO, slowly and weakly with a linear and
continuous trend after 30 days. The overall absolute CO,
concentration of these latter remains below 1 wt.%,
whereas that of the asreceived EAF slag
sample 4 achieved a value of 2.65 wt.% at the end of
the monitoring period.

On the contrary, the fraction below 1 mm appears to be
more reactive and effective at capturing the CO,. EAF
sample 1 below 1 mm shows a rapid increase in CO,
concentration during the first 30 days of exposure, after
which the CO, concentration tends to stabilize, although a
positive trend is still evident between 90 and 180 days.
However, similarly to the corresponding as-received
sample, the overall captured CO, remains below
1.5 wt.%. Conversely, EAF sample 2 below 1 mm shows
a monotonic increase in CO, of 0.01 wt.% CO, per day,
with significantly higher capacity to capture carbon
dioxide than its respective as-received sample. (Fig. 1b).

The comparison of both CO5 uptake and Ca conversion
trends, shown in Figure 2, reveals a clearer behavior.
Coherently with the CO, absorption, except for the
as-received EAF slag sample 4, the remaining as-received
EAF slag samples (Fig. 2a and ¢) hardly absorb new CO,
due to a very low conversion rate of available CaO. This is
probably because CaO is bound in stable, non-reactive
mineralogical phases. This is particularly pertinent given
that only the natural direct wet carbonation process is
investigated in this paper [18, 19]. Moreover, it seems that
COs, begins to be absorbed only after 90 days. Before this,
negative uptake could probably indicate the development
of other reactions, such as the hydration of alumino-ferrites
and their subsequent calcination-decomposition process
[20—22]. On the other hand, the improved capacity of the
fine fraction to uptake CO; more efficiently is clearly
demonstrated with the two EAF samples below 1 mm,
which exhibit similar uptake values and Ca conversion
yield yet display different behaviors (Fig. 2b and d). EAF
sample 1 below 1 mm seems already buffered, as CO,
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Fig. 2. CO, uptake and Ca conversion yield as a function of exposure time for EAF slag in (a, ¢) as-received and (b, d) below 1 mm
conditions.
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Fig. 4. CO, concentration as a function of exposure time for LF slag in (a) as-received and (b) below 1 mm conditions (standard
deviation of COy concentration measurements ranges from 0.000 to 0.123 wt.%).

uptake remains constant throughout the measurement
time span while EAF sample 2 seems to still possess
sequestration capacity. Nevertheless, the experimental
CO, uptake values are largely far from those calculated by
the Huntzinger model [16]. Indeed, the theoretical CO,
uptake of the investigated EAF slag ranges from 21 to
29.5 wt.%. While it is well known that the carbonation of
steelmaking slag does not reach the theoretical value, such
a significant discrepancy indicates the poor CO, seques-
tration capacity of EAF slag under direct natural wet
carbonation.

The comparison between the CO, uptake determined
by means of equations (1) and (2) for EAF slag samples is
reported in Figure 3. As can be seen, in case of black slag,
the values provided are fully comparable. The only
exception is EAF slag sample 2 below 1 mm, for which
further investigations are still ongoing. A possible
explanation of this behavior relies on the limited hydration
reactions that EAF slag generally undergoes when exposed
to a moist environment, as confirmed by Nielsen and
Quaghebeur [14].

Unlike the EAF slag, the LF slag samples show a
continuous increase in absorbed CO4 over 180 days with a
flattening trend after 90 days of atmospheric exposure
followed by a monotonically increasing trend, as evident in
Figure 4 and Table 4. In particular, among the five
collected samples, LF slag sample 2 has shown the highest
capacity to interact with carbon dioxide. As-received LF
slag sample 2, indeed, reached a CO, concentration of over
7 wt.% after 180 days, whereas the remaining samples
reached captured CO, values between 3 and 4 wt.%
(Fig. 4a). Interestingly, the greater capacity of the fraction
<1 mm to trap more CO, is confirmed, with samples 2, 3,
and 5 absorbing between 1.5 and 2 times more CO, than
their respective as-received counterparts. At the same
time, both samples 1 and 4 behaved exactly as their
respective as-received samples (Fig. 4b). This can be
explained by the fact that these samples are characterized
by a fine fraction of more than 95 wt.% below 1 mm;
therefore, the two sample categories are essentially
identical. The measured results confirm this and demon-
strate the reliability and repeatability of the analytical
technique employed.

CO, uptake for both as received and below 1 mm LF
slag confirms that refining slag has greater sequestration
potential than EAF slag (Fig. 5). Interestingly, the COy
uptake achieved through the natural wet carbonation for
LF slag (10 wt.% for LF sample 2 below 1 mm) is
remarkably similar to that obtained through thin-film
carbonation of EAF slag in a 100% CO, gaseous
atmosphere at 10 bar [13, 23].

The comparison between the CO, uptake determined
by means of equations (1) and (2) for LF slag samples is
reported in Figure 6. As can be seen, in the case of white
slag, the values provided by equation (1) tend to generally
overestimate the amount of CO, uptake. A possible
explanation of this behavior relies on the enhanced
reactivity of mineralogical compounds featuring LF slag
toward hydration.

Although the accelerated carbonation of EAF slag in
thin-film configuration took only 10 h to buffer the CO,
uptake, while the LF slag in the current work took 6 months
to reach a similar condition, the proposed LF slag
management is more sustainable and practical for a steel
plant. This is because slag usually remains in the slag yard
for at least 6 months to completely stabilize its volume and
fully convert all the mineral phases within. Furthermore,
the fact that the samples were not rabble during the
monitoring period allowed the maintenance of a consisten-
cy in the simulation of the slag-yard conditions and,
consequently, of the slag carbonation behavior. As
carbonation is a diffusion-controlled phenomenon closely
related to the degree of interconnected porosity [24], curing
conditions (e.g., the exposure time and conditions to
moisture and COs in the slag yard) are a critical factor in
the formation of porous structures [24]. Longer curing
times result in a higher degree of hydration and a denser
microstructure, particularly in wet conditions [24]. This
induces carbonation resistance and results in a lower
absolute value of carbonation depth [24]. Therefore,
naturally wet carbonated slag takes much longer to reach
the same level of carbonation as thin-film accelerated
carbonated slag. Nevertheless, without changing the
current slag-yard management, it is possible to immobilize
the significant amount of CO, avoiding the expenses for
complicated systems such as environmental chambers or
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é § carbon capture systems (CCS). Additionally, the LF slag
S S samples here investigated performed sometimes better
TS than other LF slag treated through direct aqueous
i e carbonation in the slurry phase. Indeed, both the CO,
uptake (from 3 to 10 wt.% for fine fraction slag) and Ca
2R conversion yield (from 6 to 24 wt.% for fine fraction) were
S S = = much higher than those of the LF slag studied by Lekhak
et al. [25] and Uibua et al. [26]. Furthermore, the CO,
228343 uptake capacity of the fine fraction does not appear to be
e e exhausted, as the curves have not yet reached a plateau.
® o Additionally, the particle size of the carbonated slag in
S 3 the above-cited references was finer (<0.1 mm) than the
c < current one, indicating the viability of using self-dusted
= =83 slag without the need for further grinding and sieving
S S 3o processes to achieve a high sequestration rate. The
e o theoretigal CO.Q uptake calculated for the five LF slag
i s samples investigated ranges from 38 to 46 wt.%. Thus,
intrinsically, LF slag has a double theoretical uptake
o e s o capacity compared with EAF slag. Although the
N experimental values are still far from the theoretical
S 3 = .
ones, the highest measured values and the room for
§ § improvements through prolonged exposure highlight
S a once again the key role of LF slag as a suitable CO,
~ © o storage sink.
23888
===° 4 Discussion
228
S S = - The scientific literature [27] and the current data provided
suggest that CO5 uptake by steelmaking slag is primarily
32 8% the consequence of carbonation reactions, especially when
e the slag is featured by a significant concentration of CaO
SR and MgO. These alkaline oxides can directly react with
SRs CO; to form carbonates (CaCO3z and MgCO3) and the
=< process is certainly favored by:
g é" § § — high concentration of free CaO and MgO;
S S 3o — high surface area, because the higher the fine fraction, the
o © oo o greater is the CO, uptake;
Ao — amorphous or weakly crystalline phases, which are more
prone to CO5 uptake and usually more abundant in white
2o m S slag than in black slag.
= <~ 3 Moreover, the carbonation kinetics are favored by
o a - o moisture. It has been demonstrated that direct aqueous
88328 mineral carbonation shows higher CO, capture efficiency
e ee at room temperature and atmospheric pressure than direct
28Iz dry gas—solid carbonation. Indeed, the latter is slow, has a
P i low conversion rate, and often requires a long time. It can
only be enhanced by applying high temperatures and
BE 28 pressures [18, 19].
<o =~ For the aforementioned reasons, LF slag has a greater
capacity to capture CO, than EAF slag. Indeed, the
S8 2E examined LF slag has almost twice the amount of CaO and
- 1.5 times the amount of MgO as EAF slag samples.
However, the mere concentration of these oxides is not
SR8 enough to explain the capture capacity of a steelmaking
slag. This is because, during both the steel production in
the EAF and its refining in the LF, the several chemical
= species featuring the slag interact with each other, forming
E complex compounds that determine the slag’s mineralogy,
v which in turn governs the slag interaction with the
atmospheric CO,. Consequently, whenever a significant
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Fig. 5. CO, uptake and Ca conversion yield as a function of exposure time for LF slag in (a, ¢) as-received and (b, d) below 1 mm

conditions.

amount of CaQ is present in the slag, the occurrence of free
lime rather than calcium aluminates or silicates will be
probable [28]. Free lime offers highly reactive sites available
for direct carbonation, as shown in reactions (5). Similarly,
MgO also may contribute to CO, capture, but its effect is
much less pronounced than that of CaO.

CaO(S) + HQO(g) — Ca(OH)Z(S)
Ca(OH)Q(S> + COyy) — CaCOjz() + HaOyy

Furthermore, the role of the other chemical species
present in the slag must be considered. SiO, and Fe;O3 may
hinder CO, capture as they saturate the MgO and CaO
content. In contrast, Al,O3; may be beneficial as it stabilizes
calcium silicate hydrates, potentially increasing carbon-
ation rates by maintaining the availability of Ca(OH), [29].
According to the available literature [30], simple silicates
such as larnite (CaySiO,) are more reactive toward
carbonation than ternary silicates such as akermanite
(CasMgSisOg) or merwinite (CasMgSi,Og). This is because
the substitution of magnesium for calcium in calcium
silicate minerals reduces their carbonation reactivity due to
the lower mobility of Mg®" than Ca®" ion [30]. When the
substitution occurs, the newly formed Mg-O bonds are
more difficult to break than the Ca-O bonds. This results in
lower carbonation reactivity [30,31]. This seems to be
confirmed by the current experimental results. Samples

with a high CaO/MgO ratio, especially when accompanied
by a high binary basicity index (CaO/SiOs) exhibited a
pronounced capturing ability. Examples include EAF
sample 4 (CaO/MgO = 5.24; BI, = 2.14) and LF
sample 2 (CaO/MgO = 10.02; BL, = 7.08). Additionally,
they feature a high Al,O3 concentration, which boosts their
capturing effect (13 and 18 wt.%, respectively) (Fig. 7).

The steeper increase and higher plateau in CO, content
in the white slag correspond directly to their higher CaO
concentrations. Conversely, slag from EAF is often higher
in FesO3 and SiO, and lower in available CaO, resulting in
reduced and slower CO, absorption. One of the reasons for
the negative or very low CO, uptake of EAF slag before 90
days is the presence of brownmillerite (Cas(AlFe)s0s5),
which depends strongly on slag basicity and cooling
method [32]. Katoite, also known as hydrogarnet
(CazAly(OH);s) [20] is formed through the hydration of
brownmillerite, as well as mayenite (Ca;2Al;,033) and alite
(CagAlyOg). It generally forms within the first 7 days of
hydration [21]. Hydrogarnet has very low carbonation
reactivity and is highly stable [33], which means that it does
not easily and completely consume or carbonate under
COg-rich curing conditions. In addition, the products
resulting from its carbonation decomposition were
primarily vaterite and aragonite, instead of calcite [22,
34|, which are relatively unstable calcium carbonate
intermediates.
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For both the slag groups, the fine fraction below 1 mm
demonstrates a greater capacity to absorb atmospheric
COs. In particular, the slag coming from the LF shows a
square root relationship over time (Fig. 4b), confirming the
importance of diffusion phenomena in regulating CO,
uptake. In fact, a phenomenon that follows a square root
law is consistent with Fick’s law [35], meaning that the
surface-to-volume ratio of the slag granules increases as the
finer fraction increases, which promotes CO; uptake. To
further demonstrate the key role of the fine fraction in the
behavior of as-received slag, the difference in absolute CO,
concentration measured after 180 days for fine and as-
received slag is plotted against the fine fraction percentage
(Fig. 8). As can be seen, when the fine fraction in the as-
received sample is negligible, its influence on the CO,
absorption capacity of the as-received slag is limited, and
the behavior can mostly be attributed to the slag’s
chemistry (and, consequently, its mineralogy), with the
contribution of the geometrical shape being insignificant.
This results in a significant difference between the values

measured for as-received and below-1-mm samples. As the
fine fraction increases, the differences between the two
groups reduce, as the behavior of the as-received sample is
influenced by both chemistry and the fine fraction. When
the fine fraction becomes predominant in the slag, as in the
case of LF slag that undergoes self-dusting, the difference
between the two groups disappears.

Finally, the mineralogical characterization of both fresh
and carbonated slag confirms the hypothesis that certain
chemical species and mineralogical compounds are respon-
sible for carbonation and clarifies the extent to which this
occurs.

The absence of evident carbonation in as-received EAF
slag sample 1 is clearly visible in Fig. 9a, which shows the
XRD patterns after several days (from 0 to 56). This slag
sample mainly consists of compounds that react poorly
with moisture, such as gehlenite and wustite, which in turn
leads to an absence of hydrate compounds. Although traces
of mayenite are detected, they are probably too low to allow
identifying the corresponding hydrated form (katoite/
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hydrogarnet) even after two months of exposure to air.
This is also confirmed by the absence of vaterite or
aragonite as carbonation products. Similarly, the other
silicates identified, y-dicalcium silicate and merwinite, are
known to participate only minimally in hydration followed
by carbonation under atmospheric conditions and with
limited water contact. Thus, the low carbon captured by
the as-received EAF slag sample 1 is a consequence of its
mineralogy, which is not optimal for sequestrating
atmospheric CO, under non-accelerated conditions. Simi-
larly, it is possible to state that the more than comparable
amount of COy captured by the EAF slag sample 1 below
1 mm in comparison with its as-received counterpart was
due to the exact same mineralogy shared between the two
particle size distributions.

On the contrary, natural carbonation in LF slag occurs
quite quickly, with peaks of calcite clearly identifiable just
after 14 days (Figs. 10 and 11). It is reasonable to assume
that calcite formed through the reaction of portlandite and
moisture according to reaction (5), although portlandite
was not identified even at day 0. Moreover, the progressive
formation of vaterite is observed, which confirms the role of
calcium aluminates (i.e., mayenite) in the development of
katoite/hydrogarnet during immediate contact with water
due to the rapid hydration capacity of calcium
aluminates themselves. Experimental results suggest
that the LF slag samples were characterized by a
sufficient amount and conversion of mayenite to allow
detecting hydrogarnet in the diffraction pattern. As
reported above, the carbonation of katoite leads to the
preferential formation of vaterite rather than calcite.
Increasing the exposure time does not result in
intensification of the carbonate peaks over time. Instead,
the progression in CO, uptake appears to favor the
development of amorphous compounds as evinced by the
increased scattering of the XRD pattern background.
Calcium silicates appear to play a marginal role in

developing carbonation under natural conditions, as
their intensities remained practically unchanged. Final-
ly, periclase hardly hydrates, with only weak peaks of
brucite detected even after long exposure times. Its
carbonation was not identified, which confirms again the
poor reactivity of MgO toward CO, and its limited
contribution to sequestration capacity. From a mineral-
ogical point of view, the particle size distributions of LF
slag sample 4 are very similar (as received, Fig. 10 and
below 1 mm, Fig. 11). However, the peaks associated
with carbonates, especially vaterite and calcite, are less
defined in the as-received sample. This highlights again
the important role of particle fineness (i.e., a high
surface-to-volume ratio) in enhancing CO, uptake and
confirms the results reported and discussed in Figures 4
and 5.

Table 5 summarizes the evolution of mineralogical
composition as a function of time. From these results, it can
be concluded that only some of the several compounds
found in steelmaking slag after solidification drive carbon-
ation. Once formed, vaterite and calcite continue to grow,
as inferred from the growing intensity of the corresponding
diffraction peaks. On the other hand, brucite forms quite
fast, but despite the abundance and availability of
periclase, its concentration remains constant until
day 98 of exposure. It is only after this time that the
intensity of periclase peaks decreases simultaneously with a
slight increase in the intensity of brucite peaks. Nonethe-
less, anhydrous MgCOj3 does not form since it requires a
temperature over 100°C due to the high barrier energy of
Mg?" dehydration [36]. Although calcium aluminates give
a less stable form of calcium carbonate (vaterite), they
react quickly and supply hydrates for carbonate formation.
This is confirmed by the progressive increase in katoite
peaks’ intensity over time. In contrast, calcium silicates
such as larnite, merwinite and gehlenite do not participate
in the hydration reactions and therefore do not contribute
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to CO; capture. Consequently, even with high CO, uptake,
the development of full crystalline carbonate compounds
remains limited, with CO, absorption inducing the
formation of amorphous compounds.

The results so far highlight the CO, sink capability of
steelmaking slag. This may enable steel producers to report
more favorable carbon footprints than those typically
reflected in existing LCA databases. To date, the
Ecoinvent v3.11 database, according to environmental
footprint (EF) method v3.1 [37], states a total carbon
footprint of EAF process equal to 539 kgco2, eq/t0Ngeel-

Following a carbon footprint partitioning between steel
and slag [38], the partitioning factor for carbon steel
production was calculated based on each product’s relative

economic contribution and using a mass ratio of 0.165 tons
of black slag per ton of steel [39] and 0.025 tons of white slag
per ton of steel [40]. This allocation method, suggested by
Testini et al. [41], yielded an initial carbon footprint for
both as-tapped EAF and LF slag equal to 4.8 kg
COy oq/tongae. However, after 180 days of curing in the
slag yard and under specific conditions (EAF Sample 1
below 1 mm), black slag can absorb an amount of
atmospheric CO, equal to 1% of its mass. This translates
to 10 kg of CO, absorbed per ton of EAF slag. The situation
for LF slag is even better. After 180 days of curing, and in
the worst-case scenario (LF Sample 4 below 1 mm), white
slag absorbs an amount of atmospheric CO, equal to 3% of
its mass. This translates to 30 kg of CO, absorbed per ton of
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Fig. 10. XRD patterns of as-received LF slag sample 4 (a). In panel (b), a zoom of the patterns between 24 and 35° 26 is reported
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8—calcite; 9—periclase).

LF slag. Therefore, by subtracting the amount of CO,
absorbed from the initial carbon footprint of the slag, the net
carbon footprint after 180 days of curing of both EAF and LF
slag would result in —5.2 and —25.2 kgcoo eq/tONlag,
respectively. By reallocating these contributions tothe entire
EAF cycle, its initial carbon footprint would be discounted
by 0.28%. The relative reductions associated with EAF slag
and LF slag are equal to 0.85 and 0.64 kg COy ¢y/tongteel,
respectively. This results in a slightly less footprint for EAF
steelmaking, equal to 537.5 kg COg oo/ tonsteol-

5 Conclusion

In this work five EAF slag samples and five LF slag samples
supplied by different Italian steel plants and divided into
two categories, as received and fraction below <1 mm, were
analyzed to investigate their capacity to uptake atmo-
spheric CO, under natural direct wet carbonation
conditions. CO5 concentration was determined by elemen-
tal analysis and measured after 30, 90 and 180 days of
atmospheric exposure.
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The results allow us to conclude that:

— The EAF slag has poor CO, uptake capacity if compared
to LF slag.

— Fine fraction below 1 mm is more reactive toward
atmospheric CO, and demonstrates higher uptake
capacity than as-received slag.

— The sequestration capacity of as-received slag is strongly
influenced by the percentage of its fine fraction. The higher
the percentage of slag granules below 1 mm, the more
similar the CO, uptake is to that of the fine fraction alone.

— Chemical composition is the key determinant for defining
the CO, capture capacity. Slag with ahigh CaO/MgO ratio,
high binary basicity, and significant Al,O3 concentration
carbonates faster and reaches a higher pickup of CO,.

— LF slag is intrinsically more viable to capture a higher
amount of CO,, thanks to its suitable chemical
composition and natural tendency to self-dust into fine
powder below 1 mm.

— LF slag natural CO, uptake was better than laboratory-
controlled carbonation conditions. This will avoid
investments in expensive environmental chambers,
autoclaves, or carbon-capturing systems without any
drastic changes in the management of slag at the slag
yard.

— The mineralogy is directly responsible for the slag
sample’s reaction capacity toward CO,. Calcium alumi-
nates, although they lead to less stable calcium carbonate
forms, like vaterite, act as a buffer in supplying water
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for carbonation. Calcium silicates do not exhibit a
significant role at least in the wet natural carbonation
process.

— Finally, carbonation induces the formation of amorphous
compounds at the expense of crystalline ones.

++

In general, the obtained results highlight the impor-
tance of initial slag selection and processing to maximize its
reactivity by decreasing crystallinity and grain size to
optimize and effective industrial CO, sequestration.

o+ 4+
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