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Abstract—Carbon mineralization technology involves reactions between carbon dioxide (CO,) and alkali earth metals
such as calcium and/or magnesium to form thermodynamically stable solid carbonates (i.e., CaCO;, and MgCO;), and is
currently being recognized as a promising method of both storing and utilizing CO,. In particular, industrial solid wastes
such as steelmaking slags (steel and iron slags) are considered to be suitable alkaline feedstock for carbon mineralization.
The aqueous carbon mineralization process of steelmaking slags generally includes the extraction of alkali earth metals in
a low pH condition, followed by carbonation with CO, at a high pH. However, since steelmaking slags often exhibit lim-
ited leachability depending on their physicochemical properties, it often has an important role in the design of the car-
bon mineralization process. Here, the leachability of the steel slag was examined in both acidic and basic conditions. The
extraction kinetics as well as the various operating factors, such as temperature, and particle size distribution, under an
acidic condition were also examined for the potential carbon sequestration using the alkaline wastes.
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INTRODUCTION

Carbon mineralization processes can simultaneously store and
utilize CO, captured from anthropogenic emission sources, such as
a coal-fired power generation plant, and accordingly have attracted
recent attention [1-3]. The carbon mineralization process involves
spontaneous reactions between alkaline sources (e.g., Ca or Mg
ions) and CO, to form solid carbonates which exhibit quite lower
energy levels compared to atomic carbon (~178 kJ/mol) [4]. Numer-
ous studies on carbon mineralization have adopted the aqueous pH
swing process over multi-step methods. Generally, the pH swing
process extracts alkali metal ions from naturally occurring or indus-
trial feedstocks under low pH conditions using various acids (e.g.,
hydrochloric acid (HCI), nitric acid (HNO,), sulfuric acid (H,SO,),
acetic acid (CH;COOH), and ethylenediaminetetraacetic acid
(EDTA, C;0H,(N,Os) [5,6]. The metal ions precipitate with CO, in
the elevated pH conditions, forming solid carbonates [7,8]. As
feedstock for the alkali metals, either natural silicate minerals (e.g,,
wollastonite, olivine, serpentine) [9,10], or industrial wastes (e.g, steel-
making slags, coal ashes, and mining wastes) [2,11], can be consid-
ered as a feedstock. Moreover, industrial wastes hold particular
benefits [12]: (i) Since industrial wastes exhibit a higher reactivity
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than natural minerals, they can significantly reduce operating costs
for pre-treatment processes, as well as the use of extraction solvents.
(ii) Industrial sources often make it possible to reduce the trans-
portation cost of both CO, and alkali metal feedstocks for the car-
bonation process, because the industrial sectors which produce
steelmaking slags and coal ashes also discharge large amounts of
CO,. And (iii), the industrial wastes often contain not only a con-
siderable amount of alkali metals but also other valuable elements
(e.g, Si, Fe, Al, or rare earth elements), which may be concentrated
and recovered during pH swing-induced precipitation.

Since global steel production is expected to continue growing for
the foreseeable future, it will be generating a huge amount of steel-
making slags [13]. The current management options for steelmak-
ing slags are either disposal via landfills, or recycling as a granular
base or as an aggregate material for construction applications. How-
ever, these simple uses can result in the leaching of hazardous metal
elements from reclaimed slags, causing environmental issues. In
contrast, since hazardous metal elements can be eliminated by the
carbon mineralization process, steelmaking slags would have more
plausible options for disposal or recycling. The carbon footprint of
the steelmaking industry can also be lowered [14].

Steelmaking slags have various physicochemical properties de-
pending on the types of ore and process. They generally contain a
considerable amount of Ca and/or Mg. As a result, they have the
potential to sequester 6-45% of the CO, generated by the steelmak-
ing industry [11]. For this reason, steelmaking slags have recently
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been considered a promising storage medium for CO,. Motivated
by the above advantages, studies have reported on various carbon
mineralization processes, integrated with extraction and carbon-
ation steps [15,16]. Note that the steelmaking industry uses a variety
of ores/coals and process conditions; thus, steelmaking slags exhibit
distinct compositional and structural properties, which often has
an important role in the design of the pH swing process.

Herein, we investigated the leaching behavior of elements in the
steel slag under basic and acidic conditions. Since steel slag often
exhibits basicity, because of its elemental composition, direct ex-
traction with strong acids can lead to large increases in pH during
the acidic elemental extraction. Accordingly, the leachability of the
major elements in the steel slag in deionized water was examined.
The reaction kinetics of the steel slag under acidic conditions, includ-
ing reaction rate-limiting region, and activation energy, was calcu-
lated. The particle size distribution and their effects on the elemental
extraction were also examined.

MATERIAL AND METHODS

1. Materials

Steel slag was supplied by a Korean steelmaking company. To
examine the elemental leaching behavior of the steel slag, deion-
ized water and HNO; (70%, Sigma Aldrich, Inc., USA) were used.
The deionized water was obtained from a water purification sys-
tem (HIQ-L, Coretech Co., Ltd., Republic of Korea).

2. Elemental Extraction of Steel Slag

The elemental extraction behavior of the steel slag was investi-
gated in a batch reactor system. The particle size of the steel slag
was controlled to between 54 and 200 pm. For the deionized water
extraction, the raw steel slag was dissolved in deionized water (500
ml). The solid to liquid ratio (S/L ratio, kg/l) was adjusted to 1: 20,
1:5, or 1:3. The extraction was performed while stirring at 300
rpm for 30 min. The temperature was maintained at 25 °C. After
the reaction, the leachate was filtered using 0.2 pm filter paper and
dried at 70°C in a convection oven (OF-02GW, Jeio Tech Co., Ltd.,
Republic of Korea) for 24 h.

For the HNO,; leaching, the elemental extraction kinetics of the
steel slag was examined in 300 ml of 0.001 M HNO,; solution. Since
elemental extraction is affected by ligand type, as well as re-precip-
itation induced by dissociation into hydrated protons, the solution
pH was maintained for approximately 3 for 2 h to minimize these
effects. Reaction temperature was set to 25, 30, and 40 °C with a 1/
1,000 of S/L ratio, and stirring rate was 700 rpm to minimize the
limitation of mass transfer. During the extraction, the solution pH
was measured using a pH meter (5220, Mettler-Toledo International
Inc., USA), and slurry samples were extracted thirteen times, sepa-
rated by a 0.2 um syringe filter.

To investigate the effect of the particle size distribution on the
elemental extraction, raw steel slag powder was sieved and then
particle size (d,) was controlled to d,<150 pm, 150 pm<d,<300 um,

300 pm<d,<600 um, and d,>600 um. The S/L ratio was set to 1:20,
and 50 ml of 1 M HNO; was used. The extraction was conducted
for 2 h at 25 °C with a stirring rate of 300 rpm. After the extraction,
filtration was conducted and then the residues were dried in a
convection oven at 70 °C for 24 h.
3. Characterization of Steel Slag and Extraction Residue

The composition of the raw steel slag was analyzed using X-ray
fluorescence (XRE, Axios FAST, PANalytical B.V,, Netherlands).
The crystalline structure of the raw steel slag was analyzed using
powder X-ray diffractometer (PXRD, D8 Advance, Bruker Co.,
Germany). To characterize the mineralogical structure in the steel
slag, the PXRD pattern was obtained in the 26 range of 10-70°
with a step size of 0.02°, using CuKe radiation (A1=1.5406 A) with
a generator voltage of 40kV and a generator current of 40 mA. A
particle size analyzer (PSA, LA-960, HORIBA Instruments, Inc.,
France) and the Brunauer-Emmett-Teller method (BET method,
Nova Win BET Analyzer, Quantachrome Instruments Co., USA)
were used to explore the particle size distribution, specific surface
area and pore size, respectively. Scanning electron microscopy (SEM,
S§-4700 EMAX System, Hitachi, Itd., Japan) was employed to iden-
tify the morphology of the solid residue after extraction. The ele-
mental extraction behavior was investigated using inductively coupled
plasma - optical emission spectroscopy (ICP-OES, OPTIMA 4300DV,
PerkinElmer, Inc., USA). All leachate samples after extraction were
diluted using 2 wt% HNO; for the ICP-OES analysis. The elemen-
tal extraction efficiency was calculated using Eq. (1):

\
Extraction Efficiency (wt%) = Wl x 100(%) 1)

where W; and W, indicate the initial mass of each element in the
raw steel slag, and the extracted mass of the element in the leach-
ate, respectively.

RESULTS AND DISCUSSION

1. Elemental Extraction of Steel Slag by Using Deionized Water
The major elements in the steel slag were analyzed using XRE
The average values of the powdered steel slag are given in Table 1.
Steel slag contains Ca (~20 wt%) and Fe (~17 wt%) as major ele-
ments, and other elements such as Si (~8 wt%), Al (~5 wt%), and
Mg (~3 wt%) were observed. To investigate the crystalline structure
of each element, PXRD was employed, and the results are shown
in Fig. 1. It was revealed that the steel slag used in this study con-
tained a melilite group, specifically including gehlenite (Ca,Al[AISIO; ],
P42m), and &kermanite (Ca,Mg[Si,O,], P42,m). Other calcium
silicate minerals such as larnite (Ca,SiO,, P2,/n), and kirschsteinite
(CaFeSiO,, Pbrnm) were also observed. Note that melilite is one of
the well-known crystalline structures in typical steel slags [17]. The
broadened background pattern observed in the low 2@ region also
indicates that amorphous phase silicon oxide (SiO,) was included.
In general, steelmaking slags that exhibit a higher reactivity than

Table 1. Elemental compositions of steel slag analyzed by XRF (unit: wt%)

Ca Mg Fe

Si Mn others

20.6+1.0 3.6+0.0 17.4+0.7

5.5+04

8.2+0.3 5.5+0.5 39.2+0.1
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Fig. 1. Powder X-ray diffraction pattern of raw steel slag.

natural minerals are alkaline in water due to the dissolution of alkali
metals such as Ca and Mg. Thus, in order to examine the reactivity
of the raw steel slag, elemental leaching was performed using deion-
ized water in the batch reactor system at room temperature for
30 min. After the deionized water leaching with S/L=1/3, a solid resi-
due was obtained. Then their particle properties measured by the
BET method were compared with that of the raw steel slag (Table
2). The raw steel slag exhibited a surface area and pore volume of
1.861 m’/g and 0.008 mL/g, respectively [18]. After leaching, the spe-
cific surface area of the steel slag was significantly larger (4.295 m*/g)
than that of the pristine steel slag. The pore volume also increased,
from 0.008 to 0.015ml/g. The changes in surface area and pore
volume indicate that some amounts of elements in the raw steel
slag were extracted by simply using deionized water. Note that slag
basicity is determined by the weight ratios of calcium oxide (CaO)
and magnesium oxide (MgO) divided by SiO, [19]. The elemen-
tal composition of the raw steel slag included ~20 wt% of Ca and
Mg, with ~8 wt% of Si.

The basicity of the steel slag used in this experiment was exam-
ined via deionized water extraction with different S/L ratio. As
shown in Fig. 2, the solution pH rapidly increased from neutral
after the leaching and reached about pH 11-12. For the S/L ratios
of 1/20, 1/5, and 1/3, the final solution pH reached ~11.4, 11.7,
and 11.9, respectively. The initial pH of the deionized water was
between 5 and 6.

Fig. 3 shows the elemental extraction efficiency of Al, Ca, and Si
by deionized water in 30 min. The results show that Al had the
highest extraction efficiency compared with Ca and Si. For Ca and
Si, the extraction efficiency increased as the S/L ratio decreased. On
the other hand, S/L=1/5 showed the highest extraction efficiency

Table 2. Particle properties of steel slag analyzed by BET method
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Fig. 2. pH variation depending on solid/liquid ratio as a function of
time. The initial pH of deionized water was between 5 and 6.
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Fig. 3. Leaching efficiencies of aluminum (Al), calcium (Ca), and
silicon (Si) from steel slag in deionized water.

for AL The extraction efficiency of Al was higher than that of Ca
or Si because, in general, the Al-O bond is weaker than the bonds
of Ca-O or Si-O; for example, the bonding energies for Al-O, Ca-
O, and Si-O are 74.8, 346.6, 103.5 eV, respectively [20-23].

The re-precipitation behavior of Ca and Si also significantly influ-
ences extraction efficiency. For example, above pH 11 Ca ion prefers
to form a solid calcium hydroxide (Ca(OH),) due to the thermo-
dynamic stability; and thus, the concentration of Ca ions deceased
as the solution pH increased. The re-precipitation of Ca and Si,
and the formation of aluminum hydroxide ions (AI(OH),) in the

Surface area (m’/g)

Pore volume (mL/g)

Raw steel slag
Steel slag after deionized water extraction

1.861 0.008
4295 0.015
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Fig. 4. Elemental extraction efficiency of steel slag in presence of
HNO,; for 2 h at 25, 30 and 40 °C.

basic condition can be explained by Egs. (2) to (5) [20,24]:

Ca0+8i0,+3H,0<>Ca(OH),+Si(OH), )
Si(OH),«>H'+H,SiO; 3
2H,Si0; +Ca’** <>H,CaSi,0q 4
Al(OH);+H,0<>H'+AIl(OH); (6]

2. Extraction Kinetics of Steel Slag by Using HNO,

The elemental extraction kinetics of the steel slag in the pres-
ence of HNO; was examined at approximately pH 3 for 2h. The
particle size of the steel slag was controlled between 54 and 200 pm.
The elemental extraction of the steel slag in presence of HNO; is
described below:

MO-+2HNO,=M(NO,),
+H,0 (M=divalent cations such as Ca*", and Mg™)
M,0,+6HNO,=2M(NO,),
+3H,0 (M=trivalent cations such as AI**, and Fe*)

As shown in Fig. 4, increasing the reaction temperature from 25 to

40°C enhanced the extraction efficiency of all elements, but the
extent of the extraction enhancement depended on the types of
element. Although the concentration of Fe was relatively high in
the pristine steel slag (~17 wt%), the Fe extraction efficiency (9.4-
10.7 wt%) was lower than that of other elements (32.5-92.7 wt%).
To evaluate the reaction kinetics and rate-limiting step of the steel
slag in the presence of HNO;, the shrink-core model with a shrink-
ing particle was adopted [20,25]. This model describes the reac-
tion between a solid and a surrounding fluid, which consists of a
surface chemical reaction, film layer diffusion, and product layer
diffusion as the reaction rate-limiting regions. These equations are
briefly described below:

kt=t/7=1-(1-X)"? at surface chemical reaction
kt=t/ 7;=1-2/3X~ (1-X)** at film layer diffusion
kt=t/7;=1-3(1- X)**+2(1-X) at product layer diffusion

where k, and k; are reaction rate constants (min ') in the chemi-
cal reaction and diftusion, respectively. 7, and 7; are the character-
istic times for the chemical reaction and diffusion, respectively. X
is the conversion ratio of a slag particle, and t is the reaction time
(min). The extraction patterns for Al, Ca, Mg, Si, and Fe were plot-
ted with the three reaction rate-limiting regions. All of the elements
showed the highest linearity (Ry;,">0.97, Rs’>098, R;,’20.99, R,>
0.94, and R;,”>0.97) for product layer diffusion. The elemental ex-
traction plots for product layer diffusion are described in Fig. 5. It
suggests that the elemental extraction of steel slag in the presence
of HNO; was limited by the diffusion of the product layer. As the
temperature increased, faster reaction rate constants were observed.
Reaction rate constants depending on reaction temperature were
then calculated using the Arrhenius equation, as below [26]:

In k,=(-E,/R)(1/T)+InA

where E, is the activation energy (kJ/mol), R is the universal gas
constant (8.314 J/K-mol), A is the constant in each reaction, and T
is the reaction temperature (K). Fig. 6 shows the Arrhenius plots
of the elements extracted from the steel slag as a function of tem-
perature. It was observed that the order of reaction kinetics, from
fastest to slowest, was Mg, Si, Ca, Al, and Fe. The activation energy
of Al, Ca, Mg, Fe, and Si was calculated to be 28.7, 15.7, 144, 37.5,
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Fig. 7. Effect of particle size on elemental leaching efficiency of steel
slag in HNO; solvent with an initial pH of 0.065.

and 16.9 kJ/mol, respectively. This suggests that Fe has the slowest
extraction kinetics and lowest efficiency, induced by the highest
activation energy, which was also related to the binding energy. Note
that the binding energy of iron oxide (FeO) is 709 eV, whereas the
binding energy of CaO is 346.6 eV [22,27].
3. Elemental Extraction of Size-controlled Steel Slag

The elemental extraction efficiency of the steel slag was investi-
gated using size-controlled raw slag. 1 M HNO; solvent, set to an

2283

dp < 150 pum (Steel slag)
—— 150 pm < dp < 300 pm (Steel slag)
25 ——300 um < dp < 600 um (Steel slag)
~———dp > 600 pm (Steel slag)
— — dp < 150 um (Residue)
— = 150 ym < dp < 300 pm (Residue)
204 - 300 pm < dp < 600 pm (Residue)
— — dp > 600 um (Residue)
—_ 1 5 -
o
>
~
o
10
5
0

Particle size, d, (um)

Fig. 8. Particle size distributions of the size-controlled steel slag. Solid
and dash lines are the raw steel slag (Steel slag) and HNO,
treated steel slag (Residue), respectively.

initial pH of 0.065, was used for extraction, and the S/L ratio was
fixed at 1/20. Fig. 7 exhibits the extraction efficiency of the major
elements depending on the particle size distribution, which was
controlled to d,<150 pim, 150 pm<d,<300 pm, 300 um<d,<600 um,
and d,>600 um. For each particle size distribution, the particle
mean sizes were 62.3, 221.5, 553, and 870.7 pm, respectively. After
extraction, the mean sizes of the particles had changed to 34.8, 166.7,
116.7, and 46 pm, respectively (Table 3).

As shown in Fig. 7, the elemental extraction efficiency for Ca
(~97 wt%), Mg (~92 wt%), and Si (~99 wt%) was higher than that
of Fe (~31 wt%), and Al (~39 wt%)), respectively; for all particle distri-
butions. It is believed that the low extraction of Fe is related to its
high activation energy (37.5kJ/mol), as well as specific elemental
distributions on the particle surface. Hong et al,, previously per-
formed steel slag extraction using HNO; in a differential-bed reac-
tor system, and it was observed that the steel slag had a lower Fe
extraction efficiency than Ca and Mg, even though the steel slag con-
tained a considerable amount of Fe [18]. Like the previous differ-
ential-bed reactor experiment, the current work conducted in a batch
reactor system showed a relatively lower extraction efficiency for Fe.

Table 3 shows the particle size and solution pH of the steel slag
before and after HNO; extraction. The solution pH slightly in-
creased after extraction to ~0.5, but the differences among the cases
were not significant. On the other hand, the mean particle size sig-

Table 3. Particle size of steel slag and solution pH before and after HNO; extraction

Particle distribution pH Mean size pH Mean size
(um) (before extraction) (before extraction, pm) (after extraction) (after extraction, pm)
dp<150 0.065 62.3 0.539 34.8
150<dp<300 0.065 221.5 0.425 166.7
300<dp<600 0.065 553 0.495 116.7
dp>600 0.065 870.7 0.513 46

Korean J. Chem. Eng.(Vol. 38, No. 11)
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Fig. 9. SEM images of (a) raw steel slag and (b) steel slag after HNO; solvent extraction.

nificantly decreased after extraction. As the particle size became
smaller, the elemental extraction efficiency increased, due to the
evolution of a larger surface area [28]. The elemental extraction
efficiency of large particles (ie., 300 pm<d,<600 pm, and d,>600
um) was higher than small particles (150 pm<d,<300 pm), and
this was attributed to the change in particle size distribution rather
than pH in the extraction step.

Fig. 8 shows the change in particle size distribution before and
after HNO; extraction. Large particles could be more easily crushed
than small particles, due to the difference in surface energy per
unit area [29]. Thus, the larger the particle size, the greater the change
in particle size after extraction. This indicates that larger slag parti-
cles collide with each other during extraction, and since crushed
particles have a larger surface area, it improves the extraction effi-
ciency of all elements. Fig. 9 shows the morphology of the raw steel
slag and the solid residues after HNO; extraction. The particles in
the raw steel slag had an even surface, but the extracted slag showed
pores growing on the particle surface. This is postulated to be caused
by partial extraction on the particle surface, which at the same time
enhances the effects of crushing and fragmentation as collisions
occur between particles.

CONCLUSIONS

We investigated the elemental extraction behavior of steel slag
in a batch reactor system using deionized water and HNO;. Due
to the intrinsic basicity of the steel slag, extraction using deionized
water allowed the partial dissolution of Al, Ca, and Si with increas-
ing pH, but other elements such as Fe were not extracted. As the
extraction variables, particle size distribution and reaction tempera-
ture were considered in the acidic condition using HNO,. It resulted
in higher elemental extraction efficiency for Ca (~97 wt%), Mg
(~92 wt%), and Si (~99 wt%), whereas other elements such as Fe
(~31wt%), and Al (~39 wt%), were not significantly extracted. This
was attributed to the difference in elemental activation energy, con-
trolled by the product layer diffusion. The results indicated that when

November, 2021

steel slag is selected as the feedstock, the particle size could be flex-
ibly adapted to enhance the extraction of elements under acidic
condition during the carbon mineralization process. This study
could contribute to designing an extraction process using alkaline
wastes for carbon sequestration.
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