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Abstract

Large amounts of steel slag (SS) and CO, are produced by the steel industry worldwide. Indirect aqueous carbonation of
SS using Ca and Mg is a promising way for carbon capture, utilization, and storage (CCUS). However, some Ca and Mg
enriched in refractory minerals affect the extraction efficiency. Therefore, understanding the phase transition of various
Ca- and Mg-bearing minerals in strong or mild acidic solutions is of vital importance for SS-based CCUS. This work evalu-
ated the leachability of common minerals of SS in an acidic solution based on thermodynamic analysis and leaching tests.
The results showed that the order of leachability of the phases is as follows: CaO > (Ca;Al,0q, y-Ca,Si0,, Ca;MgSi, Oy,
and Ca,MgSi,0,) > (Ca,,Al 4,053, CaAl,0,, and Ca,Fe,0s). Under the experimental conditions employed in this study, an
amorphous phase of silica gel and aluminum hydroxide formed in the dissolution process of Ca;MgSi,Og, CazAl,04 and
Ca,,Al 4055 phases, which covered the surface of the particles hindering further decomposition. Moreover, a Ca-depleted
layer was observed after leaching of Ca,MgSi,0,, Ca,Al;,04;, CaAl,O,, and Ca,Fe,0s, and their phase transitions were
studied and a mechanism was proposed in this work.
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New phases or Ca-depleted layers formed on the surface of the Ca- and Mg-bearing mineral particles of steel slag after
leaching in an acidic solution, and the phase transition behaviors and mechanisms are related to the crystal structure of the

minerals.
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Introduction

Steel slag (SS) and CO, are two major waste products of the
iron and steelmaking process. The utilization of SS is still
below 30% in some major steel-producing countries, such
as China and India [1]. It is recognized that SS-based carbon
capture, utilization, and storage (SS-based CCUS) process is
a promising way for simultaneous mitigation of CO, emis-
sions and re-exploitation of wastes [2]. At present, process
of SS-based CCUS proposed can be divided into direct (gas-
solid) routes and indirect (leaching or extraction before car-
bonation) routes [3]. The direct SS-based carbonation has
been plagued by moderate kinetics [4]. It has been proposed
that precipitated calcium carbonate (PCC) can be produced
via indirect SS-based CCUS, by selective extraction of Ca**
with an aqueous solution, such as acid (e.g., HCI, HNO;,
CH;COOH, or HCOOH) and an ammonium salt (NH,CI,
NH,NO;, or CH;COONH,) [5, 6]. However, the leaching
of Ca from SS is often found to be incomplete and poor [7],
which affects the efficiency of SS-based CCUS.
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It is generally recognized that the low ion extraction yield
and efficiency are attributed to the fact that Ca and Mg are
distributed over various mineral or amorphous phases in SS
[8]. Doucet [9] analyzed the mineralogical composition of
SS before and after treatment with HNO; by X-ray diffrac-
tometer (XRD) and found that lime (CaO), larnite (Ca,SiO,),
and calcite (CaCO;) were the most reactive Ca-bearing
phases, whereas brownmillerite (Ca,Fe; ;Mg Sij305)
was the most insoluble Ca phase. Likewise, the work of
Raghavendra [10] suggested that the solubility characteris-
tics of phases present in SS may be substantially different.
Thus, it could be expected that the SS recovery yields may
be improved by enriching Ca and Mg into water-soluble
phases though controlling the crystallization process of the
molten slag [11, 12]. The phase modification method has
been applied in stainless steel slag for stabilization of Cr
[13-15] due to the potential risk of toxic Cr%* release [16,
17]. Recently, Zhao et al. [18] remediated stainless steel slag
with MnO for the dual goals of Cr immobilization and Ca
recovery. The results indicated that phase modification of SS
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before an SS-based CCUS process is a promising pretreat-
ment method that improves the carbonation efficiency. One
of the targets of the work of the present paper is to clarify
the leachability of various minerals ((Ca/Mg)-silicates, -alu-
minates, -ferrites, and oxides) and provide a reference for SS
phase modification.

In addition, surface passivation behavior is another fac-
tor that affects the extraction of Ca, Mg, and Fe from SS,
presumably based on the effect of particle size and the for-
mation of a Si-rich layer [19, 20]. However, some results
indicated that not all Ca-bearing silicate phases, such as
pure dicalcium silicate (Ca,Si0O,) and tricalcium silicate
(Ca;Si0s), leave behind a Si-rich leached layer after dis-
solving as these mineral phases belong to the orthosilicate
family [21]. Thus, there is still limited understanding of the
mechanisms behind minerals leaching. The second goal of
this work is to shed light on the phase transition behavior of
each mineral during the leaching process.

This work systematically evaluated the leachability of
common minerals ((Ca/Mg)-silicates, -aluminates, -fer-
rites, and oxides) in SS through thermodynamic calcula-
tions. Furthermore, several principal Ca-bearing phases
were synthesized and a series of acid corrosion and leaching
tests were carried out to study the leachability and leaching
mechanisms.

Experimental
Raw Material Preparation and Characterization

A series of typical minerals encountered in argon oxygen
decarburization (AOD) slag, electric arc furnace (EAF)
slag, ladle furnace (LF) slag, and basic oxygen furnace
(BOF) slag were synthesized by the twice-sintering
method [22], including y-dicalcium silicate (y-Ca,SiOy,,
v-C,S), akermanite (Ca,MgSi,0,, C,MS,), merwinite
(CazMgSi,04, C3MS,), calcium aluminate (CaAl,O,,
CA), mayenite (Ca;,Al;,O53, C|,A5), tricalcium alumi-
nate (CazAl,Of, C;A), and dicalcium ferrite (Ca,Fe,0Os,
C,F) phases. The specific types of minerals, sintering

parameters, and melting point [23, 24] are presented in
Table 1 for the seven synthetic mixtures. Analytical grade
calcium oxide (CaO), magnesium oxide (MgO), silica
(Si0,), aluminum oxide (Al,05), and hematite (Fe,05)
were used for synthesis. The chemicals were stoichiometri-
cally blended in a ball mill under ambient conditions for
each mineral. In all milling runs, the agate ball to pow-
der weight ratio was 10:1. The rotational speed was set
at 200 rpm during the milling process for 120 min. After
that, the resultant mixture (15 g) was briquetted into a
round pie (4 cm in diameter, ~ (0.8 cm in thickness) under
30 MPa to achieve good contact between the particles. The
pressed tablets were fired in a furnace at the air atmos-
phere twice to obtain a pure mineral phase, with grinding
and briquetting between firings. The twice-sintered sam-
ples were cooled in the furnace for use. In addition, the
CaO phase was chemically pure without firing.

The purity of synthetic minerals was confirmed by pow-
ered X-ray diffraction (XRD) using a Philips X’Pert X-ray
diffractometer, equipped with copper ka radiation. The
XRD pattern was recorded in the 2-theta range 10-70°,

counting 4°-min~".

Thermodynamic Analysis

The decomposition thermodynamics in an HCI solu-
tion of the minerals was computationally analyzed by
FactSage (version 8.0) using a reaction model. The com-
putational minerals include silicates (CaSiO;, y-Ca,SiO,,
a-Ca,Si0,, Ca;Si0s, Ca;Si,0,, Ca,MgSi,0,, Ca;MgSi, 0O,
and CaMgSi,0yq), aluminates (CaAl,O,, Ca;Al,O), ferri-
tes (CaFe,0,, Ca,Fe,05), and RO phases (CaO, FeO, and
Fe,0;). The phases of calcium aluminate (C;,A 4033, C|,A)
and B-dicalcium silicate ($-Ca,SiO,, B-C,S) were excluded
from the decomposition thermodynamic calculation due to a
lack of relevant thermodynamic data, which is likely because
of its metastable behavior [25]. The thermodynamic data of
the minerals and solution were based on the FToxid, FThelg,
and FactPS databases. The thermodynamic data of available
phases were all at a temperature of 298—-373 K and 1 atm.

Table 1 Phase types, sintering

: . Phase type Synthesized minerals Sintering tem-  Sintering Melting point
paramet.ers, an.d meltmig point of perature (K) time () K)
synthesized mineral mixtures
Silicate v-Dicalcium silicate (y-Ca,SiO,, y-C,S) 1673 24 2403
Akermanite (Ca,MgSi,0,, C,;MS,) 1673 24 1731
Merwinite (Ca;MgSi, 04, C;MS,) 1673 48 1871
Aluminate Calcium aluminate (CaAl,O,, CA) 1773 24 1878
Mayenite (Ca,,Al;,053, C\,A;) 1673 24 1686
Tricalcium aluminate (Ca;Al,Oq, C;A) 1623 24 1808
Ferrite Dicalcium ferrite (Ca,Fe,0s, C,F) 1673 24 1711

@ Springer



394

Journal of Sustainable Metallurgy (2021) 7:391-405

Leaching Testing

A series of leaching experiments were undertaken to
investigate the leachability of the studied minerals in
acidic solutions. For this purpose, 2 g of the mineral
combined with 250 mL of 0.1 mol-L~! HCI was added to
the reaction vessel for each experiment. To avoid particle
size influence on the dissolution kinetics, a size fraction
of 50—74 pm was used for all samples. A magnetic stirrer
was applied at a constant stirring speed of 500 rpm dur-
ing the leaching process, except for the studies of the C,F
phase, where mechanical stirring was used. The leaching
experiments were carried out at room temperature for 2 h.
After this, the slurry was filtered through 0.45 pm mem-
brane filters under reduced pressure (about —0.1 MPa)
in a filtration vessel to yield a leachate and then moved
into a 500 mL volumetric flask. The concentration of
dissolved Ca in the leachate was determined by plasma-
optical emission spectrometry (ICP-OES) and chemical
analysis. The leachability of minerals was assessed based
on the Ca extracted to a 0.1 mol-L ™" HCl solution, and the
leaching yield of Ca was determined as
CoaXMp, XV

R= ——"— x100%
mX we,

where Cc, is the concentration of Ca®* in the leachate
(mol-L™!), M, is the molar mass of calcium (g-mol™),
V is the volume of leachate (L), m represents the sample
mass of minerals powder (g), and w, is the stoichiometri-
cal mass fraction of Ca in the minerals.

To study the dissolution mechanism of minerals, a
series of surface corrosion experiments of minerals were
carried out in HCI solution (0.1 mol-L™!, 250 mL) at room
temperature. Six sample minerals briquettes (y-C,S pow-
der) were grinded and polished to produce smooth and
flat surfaces. No water or alcohol was used during the
grinding and polishing process since silicates and alumi-
nates are easily hydrated [26]. The mineral phases after
grinding and polishing were placed in six glass beakers
containing HCI solution (0.1 mol-L~!, 250 mL), respec-
tively. After 48 h of corrosion reaction at room tempera-
ture, the sample was removed and the corroded surface
was carefully rinsed with deionized water to wash off the
residual ions, such as C1~, Ca®*, and Mg?*. After that, all
the corroded phases were dried at 90 °C for 10 h. Before
and after the corrosion test, all investigated samples
were analyzed by scanning electron microscope (SEM),
equipped with energy-dispersive X-ray spectroscopy
(EDS). Furthermore, the surface roughness after acid
corrosion was measured with an Olympus 3D measuring
laser microscope (3DMLM).
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Results and Discussion
Characterization of Synthetic Mineral Phase

XRD patterns of the synthetic mineral phases are shown
in Fig. 1. The main peaks corresponding to the synthetic
phases are marked with a star in the diffractograms.
Most of the minerals synthesized by twice-sintering are
relatively pure. In the C;A phase, traces of C;,A,; were
detected.

The lattice constants of the seven synthesized minerals
were calculated by the WPPD (whole powder pattern fit-
ting) method [27], as shown in Table 2.

Theoretical Analysis

Figure 2 presents the enthalpy change (AH) of decom-
position as a function of temperature in the range of
298-373 K for a series of pure minerals in HCI solution
based on FactSage 8.0. It is seen that the decomposition
reactions of silicate, aluminate, ferrite, and RO phases
in the acidic solution are all exothermic (AH <0), which
implies that increasing the temperature (298-373 K) pro-
motes the ion extraction from the minerals. The findings
are consistent with the experimental results of Doucet [9].
Furthermore, temperature is seen to have a slight effect on
the AH of the dissolution reactions in the solution.

The Gibbs free energy (AG) of the extraction reactions
were calculated using FactSage 8.0 software. As shown in
Fig. 3, according to thermodynamics, all the aluminate,
ferrite, and silicate phases can release Ca** and Mg>* ions
in the acidic solution at room temperature. The Fe?* can
be thermodynamically eluted from FeO. The decomposi-
tion reaction of Fe,05 is thermodynamically limited at
298-373 K, which indicates that Fe*>* cannot, in theory,
be eluted from hematite (Fe,O5) under the studied condi-
tions. This may be a good result for iron recycling, since
the high-valent iron (Fe>*) can be enriched in leaching
residue.

A more negative value of AG means better conditions
for a spontaneous reaction. Therefore, from the perspec-
tive of thermodynamics, the leachability of minerals was
evaluated based on the AG of the reaction of a unit mole
of minerals with acidic solution. A diagram of the reaction
advantage region of the studied minerals in the here used
acidic solution at 298 K is shown in Fig. 4. The area where
AG < — 400 kJ (equilibrium constant K is about 10770)
was taken to correspond to a high-reactivity zone, the area
with — 400 kI < AG <— 190 kJ (10733 <K< 10770) to a
reactivity zone, and the area with AG> — 190 kJ (equi-
librium constant K is about 10*33) to an inert zone. The
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Fig.1 XRD patterns of the seven synthetic mineral mixtures
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Fig.2 Enthalpy change (AH) of reactions between the studied a silicate, b ferrite, and aluminate and ¢ RO mineral phases and HCl acidic solu-

tion in the temperature range from 298 to 373 K, computationally

phases existing in the corresponding areas were corre-
spondingly called high-reactive phase, reactive phase, and
inert phase. As shown in Fig. 4 C;A, C5S, and C;MS, are
highly reactive phases, C;S,, C,F, C,MS,, a-C,S, v-C,S,
and CaO are reactive phases, while the remaining six min-
erals are inert phases for the decomposition reaction.

@ Springer

Leaching Behavior

Understanding the dissolution character of minerals is essen-
tial for resource recovery and utilization. Herein, a batch of
leaching tests were processed at room temperature, aimed to
assess and compare the leachability of primary Ca-bearing
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Fig.4 Reaction advantage region diagram of the studied mineral
phases in acidic solution at 298 K

phases in SS (silicate, aluminate, ferrite, and CaO phases).
Figure 5 shows that the different types of mineral elicit a
distinct Ca extraction yield. CaO shows a relatively high
solubility (Ca®* leaching yield > 80%), followed by the sili-
cates (leaching yield >45%), and most of the aluminates and
ferrite, which were classified as inert phases (leaching yield
<30%). The experimental results are roughly consistent with
findings of the thermodynamic calculations.

Similar experimental results were obtained in ammonium
salt solutions. The CaO phase is the more reactive Ca-bear-
ing phases [22], which indicates that SS containing a high
proportion of free CaO may be especially desirable for Ca
extraction and utilization [28, 29]. Indeed, Teir and Elo-
neva [5, 6] reported that around 30% of calcium from BOF
slag can be leached out with water. However, SS generally
contains a minor amount of free CaQO, while silicates and
aluminates are the primary Ca/Mg-bearing phases [30]. In
this work, the aluminates (C;,A; and CA) were categorized
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as inert phases, so another leaching process may be chosen
for Al-rich SS followed by carbonation. The leaching yield
of the C,F phase is 13%, which means that a considerable
amount of Fe will be presented in the non-dissolved leached
slag residues. This demonstrates that it is promising to meet

Before leaching

the dual goals of carbon sequestration and iron recovery in
a CCUS process using SS.

The different Ca-containing phases gave different Ca dis-
solution under the present experimental conditions. Intrigu-
ingly, there is a discrepancy between the theoretical and
experimental leachability of some minerals, especially for
the C,F phase. It is expected that the difference is related to
the dissolution behavior and crystal structure of the miner-
als, or the quality or applicability of the thermodynamic data
for these silicates for the current calculations.

Leaching Mechanism

It is necessary to establish the relationship between the crys-
tal structure and the dissolution mechanism, which can help
understand and predict the leachability of the phases. CaO
usually has a high leachability due to its simple CaO bond-
ing mode [31]. This section aims to provide insight into the
leaching mechanism of the minerals (silicates, aluminates,
and ferrite) based on the crystal structure.

Silicates
SEM-EDS and 3DMLM were employed to examine the

morphology features of minerals before and after corro-
sion. As shown in Fig. 6, it can be observed that the surface

After leaching

aching
Y '8

After leaching

Fig.6 SEM images and 3DMLM image of a C;MS, and b C,MS, briquettes before and after 0.1 mol-L~' HCI leaching for 48 h and 90 °C dry-

ing for 10 h
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before leaching was smooth and turned rugged after 48 h
of leaching. Etch pits of different depths appeared on the
surfaces of the two silicates during leaching. A thin and
bright layer was observed on the C;MS, phase surface after
leaching (Fig. 6a), and a similar was observed in the BOF
slag after treatment with ammonium salt [20]. The layer was
confirmed by EDS analysis to be a silica gel (with an aver-
age molar Si/O ratio of 1:4). On the contrary, the morphol-
ogy of C,MS, after corrosion was different from C;MS,: no
new phase was formed on the corroded surface (Fig. 6b).
Quantitative EDS spot analyses showed that the elemental
composition was Si and O and traces of Ca and Mg.
Furthermore, a white flocculent precipitate was observed
in the leachate of C;MS, after two weeks of leaching; the
same had been observed in the slag leachate under the
ammonium chloride solution leaching [32]. The precipitate
formed was identified to contain Si and O by EDS, which
has the same phase composition as the layer obtained at the
C;MS, phase surface after corrosion. Therefore, the silica
gel formed on the corrosion surface of C;MS, is derived
from the polymerization of silica [33, 34]. In contrast, no
white precipitate was found in the C,MS, leachate, indicat-
ing that most of the Si remains in the bulk phase without
being dissolved and derives a Ca-depleted siliceous layer.
These different dissolution behaviors of Si in C;MS,
and C,MS, are apparently related to the crystal structure of

Fig. 7 a Crystal structure of

C;MS, with b an isolated silica (a)
tetrahedron [SiO4]4_ and ¢ crys-

tal structure of C,MS, d with a

dimer unit [Si,0,]°

minerals, schematically shown in Fig. 7. The [SiO4]4_ tetra-
hedra and the strongly distorted cation-polyhedra are typical
features of the silicates. The difference between C,MS, and
C;MS, lies in the association of [SiO,]*~ tetrahedral units,
as shown in Fig. 7b and Fig. 7d. Figure 8 presents schemati-
cally the leaching mechanism of C;MS, and C,MS, under
the studied condition. Generally, minerals dissolution is the
macroscopic manifestation of bond breakage in crystals.
Acid-assisted dissolution preferentially breaks the M—O
(M =Ca, Mg) bond due to the weak bond energy, leading
to protonation, forming -Si—-O-H groups [35, 36]. There-
fore, both C;MS, and C,MS, can release Ca and Mg into
the solution. Since the [SiO4]4_ tetrahedron is isolated in
the C;MS, crystal, H* can easily replace cations and form
-Si—O-H groups in the solution (Fig. 8b). Two or more
-Si—O-H groups aggregate and form a relatively dense sil-
ica gel precipitate [33, 37], as shown in Fig. 8a. Therefore,
further decomposition of the C;MS, phase is limited by the
rate at which species move across the interface of the silica
gel [38, 39].

However, two [SiO4]4_ tetrahedra sharing corners form
a more complex dimer structure ([Si207]6_) in C,MS,
(Fig. 7d). Figure 8d shows the C,MS, reaction pathway
of the dissolution occurring in the acidic solution in two
steps. The dissolution of minerals would prefer to break the
weaker bond. Thus, the protons give priority to breaking

Ca,MgSi,0;
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/&:& @ Si
u e e o
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and d C,MS,

the O-M (M =Ca, Mg) bonds, leading to the formation of
-Si—O-H groups (step 1). It is widely accepted that only the
Si group present in the minerals as a small molecular weight
unit or decomposed into small groups by a strong acid, Si
group can be dissolved into the solution and with the fur-
ther dissolution of cations [21]. Since the -Si—O-—Si groups
exist in the dimer structure ([Si,0,]%7), the macromolecular
group cannot be directly dissolved, except for that the Si—O
bonds are broken by protons (step 2) [40]. Based on the fact
that no new phase was observed on the corroded surface of
C,MS,, but instead a Ca-depleted siliceous layer, it can be
concluded that the bridge oxygen bond in the C,MS, crystal
was obviously not broken by protons. Thus, only the first
step of decomposition of C,MS, occurs under the experi-
mental acid conditions. Hence, a higher concentration of H*
may be needed to completely decompose the C,MS, phase
due to the high strength of the Si—O bonds [41]. Therefore,
the nature of crystal structure of the mineral plays a central
role for the dissolution.

Aluminates
Figure 9 shows the morphological features of the three alu-
minate minerals before and after leaching in 0.1 mol-L ™

HCl solution for 48 h. It can be observed that the precipitates
unevenly covered the C;,A, and C;A surfaces after leaching

@ Springer

and exhibited a non-uniform etch pit and corrosion depth
(Fig. 9b, c). Furthermore, numerous flocculent precipitates
separated from the C;A and C,,A, leachates after two weeks
also proved that the new phase formed after leaching. Work
shown demonstrated that the solution first becomes supersat-
urated with respect to an aluminum hydroxide phase. In this
work, the EDS results also confirmed that the new phase was
aluminum hydroxide. The coupled interfacial dissolution-re-
precipitation (CIDR) can describe the dissolution behavior
of C;A and C,,A; under the studied conditions [42, 43].
In addition, a Ca-depleted layer also derived on the C,A,
surface after corrosion, which contained Al, O, and trace of
Caby EDS. The results indicated that most of the Al remains
in the bulk phase without being dissolved. For CA, small
etch pits and cracks appeared on the surface during leaching
(Fig. 9a). EDS results indicated that the corroded surface
contained Ca, Al, and O and a significant decrease in Ca/
Al ratio at the surface, which indicates that a Ca-depleted
layer was left after Ca dissolution for 48 h. Therefore, C;A
shows higher leachability than C;,A5 and CA, which is con-
sistent with the results obtained from the leaching test in
Sect. Leaching behavior. The formation and adsorption of
a new amorphous phase on the surface of C;A is the main
obstacle for further leaching. In contrast, the inertness of CA
is mainly due to the complex crystal structure. The leach-
ing of C,,A; is dually affected by the adsorption of the new
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Fig.9 SEM images and 3DMLM images of a CA, b Cj,A,, and ¢ C;A briquettes before and after leaching in 0.1 mol-L~! HCI for 48 h and

90 °C drying for 10 h

phase of aluminum hydroxide and the crystal structure under
the studied conditions.

Figure 10 shows the crystal structure of C;A with cubic
unit cell and reaction pathway of the C;A dissolution occur-
ring in the acidic solution. C;A is composed of a closed
six-member ring of aluminum tetrahedra ([Al0,5]'®”) and
calcium polyhedral stacking [44]. The dissolution process
of the C;A phase in the acidic solution is divided into three
steps. Due to the relatively stable closed ring structure, the
H" ion in the solution first attacks the CaO bond and forma
an [A16018H12]6_ group (cf. Figure 10c) [45]. The remain-
ing H will destroy the six-membered aluminum ring and
decompose it into small molecular weight groups in the
solution (AI(OH)4+) as depicted in Fig. 10d [46]. Finally,
the dissolved AI(OH),* ions precipitate and are adsorbed

on the C;A surface. In the C;A, C,,A,, and CA phases, the
molar ratio of Ca/Al in the aluminates decreases from 1.5
to 0.5, which makes the association of six-membered ring
([AlgO,5]'®) in the crystal become more complicated. The
work of Fabian and co-workers [25] suggested that the non-
bridging oxygen (NBO) over the Al-tetrahedral structure (T)
index shows that the atomic structure may affect the leaching
extent of the synthetic calcium aluminate slags. The man-
ner of association of Al-tetrahedron in the crystal character-
izes the complexity of crystal structure, which has the same
effect as the NBO/T index and can evaluate the sensitivity of
phase leaching to a certain extent. C;,A; is here composed
of a positively charged framework, [Ca,,Al,40¢,]**, with
12 subnanometer-sized cages in a cubic unit cell [47]. In
the CA crystal structure, [A104]5_ tetrahedra are bonded to
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each other and form a network structure. The complexity of
crystal structure increases from the ring framework to the
network, which indicates that a higher H* concentration is
needed to attack the Al-O network structure and decompose
the aluminates fully. Therefore, under the acid concentration
in this experiment (0.1 mol-L™! HCI), H* can severely dis-
integrate the structure of ring in C;A, and partially destroy
the framework structure in the C;,A,, while having a very
weak effect on the network structure in the CA.

Ferrite
Figure 11 shows 3DMLM and SEM images of the C,F
briquette before and after leaching. The C,F gave simi-

lar result as CA and C,MS, when it comes to changes
of morphology transformation before and after corrosion.

Before leaching

After leaching § /
v e,

EDS results indicate that the chemical composition of
the corroded surface contains Fe and O and traces of Ca.
SEM-EDS analysis revealed that the Ca-depleted layer
was obtained after C,F extraction in the acidic solution.
Some Fe also dissolved from the bulk phase and the lea-
chate was light yellow (Fe**). A more considerable amount
of Fe remains in the bulk phase due to the chain structure
of Fe polyhedron. Figure 12 shows the crystal structure
of C,F. In the experiments of this work, the acidity of the
solution was not strong enough to attack the oxo-bridged
oxygen bond in the single-chain polyhedron. Based on the
results of the poor leaching yield of powder C,F (Fig. 5)
and morphological feature of the Ca-depleted layer left
on the corroded surface, it is reasonable to believe that
no decomposition or partial decomposition of the chain
structure occurs upon acid track.

After leaching

Fig. 11 SEM images and 3DMLM image of C,F briquette before and after 0.1 mol-L~! HCl leaching for 48 h and 90 °C
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Fig. 12 a Lattice diagram and b (a)

iron polyhedron diagram of C,F

crystal structure ® O
@ Ca
@® Fe

Conclusions

The leachability of common minerals in steel slag ((Ca/Mg)-
silicates, -aluminates, -ferrites, and oxides) in an acidic solu-
tion was evaluated by thermodynamic analysis. Furthermore,
seven principal Ca- and Mg-bearing phases (y-C,S, C,MS,,
C;MS,, CA, C|,A4, C3A, and C,F) were synthesized and a
series of leaching tests were carried out to study the feasibil-
ity for later application in CO, capture. CaO showed a high
Ca leachability in an acidic solution, followed by C;A and
silicate phases, while C|,A,, CA, and C,F phases showed
a relatively poor Ca dissolution characteristics. The incom-
plete dissolution of Ca-bearing phases was attributed to the
crystal structure feature and the formation of precipitated
phases. Under the experimental conditions applied, the dis-
solution of C;MS,, C,,A,, and C;A phases was accompanied
by the release of elements and the formation of new phases.
A precipitated silica gel and aluminum hydroxide may cover
the surface of the particles hindering a further decomposi-
tion. In the dissolution processes of C,MS,, C,A,, C,F,
and CA phases, more Ca was leached than Si, Fe, and Al
elements, resulting in a Ca-depleted layer at the surface of
the particles. Thus, the difference in dissolution behavior
of the elements is indeed related to the crystal structure of
the minerals.

The study confirms that phase modification of SS before
SS-CCUS is necessary because some Ca is enriched in the
refractory minerals, such as CA and C,F phases. In addition,
the results discussed in this paper also give valuable infor-
mation on phase modification of SS for CO, sequestration,
which makes Ca and Mg enriched in CaO, C;A, and silicates
for improving Ca extraction yield. Moreover, the future work
will study of phase modification of SS through controlling
the crystallization process of the molten slag. The modified

SS will be used for indirect carbon capture to reduce CO,
emissions and simultaneously the amount of SS.
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