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Abstract

An acetic acid leaching process was used to extract calcium components from converter steel slag, followed by evaporation
and crystallization to obtain high-purity CaO material. The effects of the different leaching parameters on the CaO content
were systematically investigated. The shrinking core model was used to analyze the leaching rate of weakly acidic solutions.
Subsequently, the CO, adsorption performance of the CaO material was evaluated under different conditions, and the
adsorption process and reaction mechanism were investigated by XRD and SEM analyses. The results showed that the
leaching temperature and acetic acid concentration significantly affected the CaO content. An acid concentration of 1 M,
a solid/liquid ratio of 1:10, a leaching temperature of 70 °C, and a duration of 2 hours were found to be the optimum
leaching parameters, resulting in a maximum CaO content of 86.3%. Kinetic studies showed that stirring shifted the rate-
controlling step of calcium leaching from external diffusion and surface chemical reactions to internal diffusion. Within the
temperature range of 40-70 °C, internal diffusion was the rate-controlling step. XRD and SEM analyses confirmed the high
purity of the CaO material. CaQ initially converted to Ca(OH),, which adsorbed CO, and formed CaCO,. The deposition
of CaCO, on the surface of the material prevented further contact between Ca(OH), and CO,, reducing the efficiency of
carbon adsorption and increasing the CaO content, which significantly improved the adsorption performance. In the
adsorption temperature range of 0-100 °C, ensuring effective contact between Ca(OH), and CO, was crucial. The
calculated CO, capture capacities at 30 °C, 50 °C, and 70 °C were 0.32 g/g, 0.24 g/g, and 0.17 g/g, respectively. This study
provides valuable insights into the high-quality utilization of steel slag and the reduction of CO, emissions in iron and steel
companies.
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1. Introduction slag is a promising material for carbon adsorption.
However, since calcium in steel slag primarily exists
in the stable form of calcium silicate phases, its direct
use for CO, capture is less effective. Consequently,
research on leaching, extracting, and recovering

calcium from steel slag for subsequent CO, capture

In China, nearly 100 Mt/a of steel slag is generated
annually, most accumulating without being
effectively utilized. Due to the presence of free
calcium oxide in steel slag, it reacts with rainwater to

form Ca(OH),, which seeps into the ground, causing
soil pH imbalance and environmental harm [1]. In
some regions of Japan and Europe, the utilization rate
of steel slag approaches 100%. However, only 22% of
the annually produced steel slag is utilized in China
[2], a significantly lower rate. Therefore, various
industrial methods have been proposed to enhance the
resource utilization of steel slag, among which steel
slag carbonation is an effective strategy. In
carbonating steel slag, CO, can be sequestered, thus
achieving the dual goal of reducing CO, emissions.
Due to its large output and high calcium content, steel
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has garnered significant attention [3-6]. Selective
leaching agents are widely employed to extract
valuable components from steel slag. Studies on the
extraction of active ingredients using water or
ammonium salt leaching have been extensively
conducted [7-9]. Given the presence of CaO in steel
slag, acid treatment can also readily leach calcium,
thereby increasing the concentration of essential
elements in the leachate. Y. H. Lee found that acetic
acid can effectively leach calcium from steel slag, and
the smaller the particle size, the faster the Ca*
leaching rate [10]. The increase in Ca*" concentration
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in the leachate enhances CO, absorption. However,
unreacted acid in the leachate lowers the solution’s
pH, hindering direct carbonation. In contrast, solid
calcium-based materials prepared from steel slag
exhibit significantly improved CO, capture capacity.
L.L Li used acetic acid to extract Ca>', then added
NaCO, solution to precipitate and prepare calcium-
based materials [11]. The results showed CO,
adsorption capacities of 30.8 mg/g for pure CO, gas
and 19.1 mg/g for blast furnace gas.

Steel slag is a complex solid waste rich in metal
elements such as Fe, Si, Mg, and Al. Using
precipitants increases process costs and reduces the
material’s purity. In fact, due to the complex mineral
composition and the presence of various metal
elements, the acid-leaching process of steel slag
becomes intricate and multifaceted. Different
leaching conditions influence the chemical
composition of the subsequently prepared adsorbents,
affecting their carbon capture performance [12, 13].
Presently, research on the leaching treatment of steel
slag primarily focuses on extracting Ca®’, while
studies on converting Ca®" into solid, active CaO
materials remain relatively scarce.

Moreover, understanding the leaching mechanism
of calcium from steel slag is crucial for achieving an
efficient carbonation process. In the steel industry,
numerous studies have explored the dissolution
mechanism of calcium in steel slag. Some researchers
have conducted kinetic analyses of calcium leaching
from slag into water using kinetic models to elucidate
the leaching mechanism precisely [14-16]. Yokoyama
demonstrated that the leaching of calcium from slag is
controlled by diffusion through the surface layer [17],
while Kashiwaya [15] reported that as particle size
increases, the rate-controlling step of calcium
leaching changes. However, these kinetic studies were
not conducted under acidic conditions, as calcium
tends not to precipitate in such environments.
Nevertheless, studying the kinetics of calcium
leaching under acidic conditions is essential.

This study treated converter steel slag using a
weak acid leaching-evaporation crystallization
method to obtain CO, adsorbent materials with high
CaO content. The effects of acid concentration, solid-
liquid ratio, temperature, and leaching time on the
CaO content of the material were investigated, and the
leaching kinetics of calcium in a weak acid
environment were analyzed. CO, adsorption
experiments were conducted on the prepared CaO
materials, examining the influence of CaO content,
CO, concentration, and adsorption temperature on
adsorption performance. Additionally, the adsorption
process and reaction mechanisms were explored.

2. Experimental Section
2.1. Materials and Reagents

In this study, a steel plant in Jiangsu supplied the
converter steel slag. After grinding, sieving, and
drying, three particle size fractions were selected for
the experiments: (i) <100 um, (ii) 100-500 um, and
(ii1) 500-1000 pm. The CaO content of the steel slag
was measured using a ZSX Primus II X-ray
fluorescence spectrometer, yielding a result of 36.6
wt%. Furthermore, X-ray diffraction (XRD) analysis
was conducted on the steel slag samples, revealing the
main phases to be dicalcium silicate (C,S), tricalcium
silicate (C,S), dicalcium ferrite (C,F), and the RO
phase (CaO-FeO-MnO-MgO solid solution), along
with free calcium oxide (f:CaO) (See Fig. 1). All
reagents used in the experiments were of analytical
grade, including acetic acid (C,H,0,, AR, >99.5 wt%,
Shanghai Pharmaceutical Group Chemical Reagent
Co., Ltd.) and deionized water. Zhangjiagang
Southeast Gas Filling Co., Ltd provided the
experimental gases utilized in this study.
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Figure 1. XRD pattern of the steel slag

2.2. Synthesis of CaO materials

First, the acetic acid solution was diluted to a
specific concentration. Then, in a separable flask, the
steel slag samples were mixed with the corresponding
concentration of acetic acid solution at a set
solid/liquid ratio. A magnetic stirrer is used to stir the
mixture continuously at a controlled temperature,
maintaining a stirring rate of approximately 600 rpm
(Fig. 2, Step 1). After reaching the predetermined
reaction time, stirring was stopped, and the mixture
was subjected to centrifugation (Step 2) to obtain the
steel slag leachate and the centrifuged precipitate (i.e.,
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the acid leaching residue). The leachate was dried at
105 °C for 12 h (Step 3). The dried material was then
calcined at 900 °C in a muffle furnace for 2 h (Step 4)
to synthesize the CaO material.

Investigate the effects of operational parameters
such as initial acid concentration (L1), solid-to-liquid
ratio (L2), leaching temperature (L3), and leaching
time (L4) on the CaO content in the material, four sets
of single-factor experiments were designed, as shown
in Table 1.

Additionally, the experiments explored the
relationship between Ca** leaching rate and time at
different stirring rates and temperatures to study the
kinetics of calcium leaching reactions. During
leaching, 1 ml samples were periodically extracted
and filtered using a membrane filter with a pore size
of 0.8 um. Subsequently, the concentration of Ca?" in
the samples was measured using ICP-OES, and the
leaching rate was calculated. The calculation formula
is as follows:

oy

L., x100%
W,

(M

mw;

Where: L (%) is the leaching rate of Ca*", m(g) is
the initial mass of the steel, Wi (%) is the mass
fraction of CaO in the chemical composition of the

steel slag, C,(mg/l) is the concentration of Ca*" in the
leachate, and V (ml) is the volume of the leachate.

3K

2.3. CO, adsorption

A specified mass of CaO material was placed in a
sealed container, and the programmed temperature
was set while a mixed gas of CO, and water vapor was
introduced. The gas flow was monitored using a flow
display control instrument, initially set to 1 L/min.
The adsorption process lasted for 2 h. After
adsorption, a sample of a certain mass was extracted
and placed in an alumina crucible. Subsequently, the
crucible was placed in a synchronous
thermogravimetric analyzer for the desorption
reaction. The temperature was programmed to rise to
1000 °C at a heating rate of 15 °C/min. Throughout
the heating process, weight loss was monitored, and
the characteristic peaks of CO, desorption were
recorded to assess the CO, adsorption performance.

2.4. Characterization Methods

The elemental composition and content of the
CaO material were determined using a ZSX Primus II
X-ray fluorescence spectrometer. The
crystallographic phases of the CaO material before
and after CO, adsorption were characterized using an
Ultima IV X-ray diffractometer. Additionally, a JSM-
6510LA scanning electron microscope was employed
to observe the structural and surface morphology of
the CaO material before and after CO, adsorption.
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Figure 2. Schematic illustration of the synthetic procedure for the preparation of the
CaO material from converter steel slag

Table 1. Single-factor experimental parameters of the acetic acid leaching process

Other parameters| L1 /M |Other parameters| L2/g: ml |Other parameters| L3/°C |Other parameters| L4 /h
L2: 1:25 ! L1: 2/M 110 L1: 2/M 30 om0
2 1:15 40 1
L3: 70/°C 3 L3:70/°C 1:20 L2:1:10 50 L2:1:10 1.5
4 1:25 60 . 2
L4: 2/h z L4:2/h 130 L4:2/h 70 L3: 70/°C 35
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3. Results and Discussion
3.1. Thermodynamics of Leaching

The thermodynamics of the acid-leaching
reactions of calcium-containing phases in steel slag
were calculated within the leaching temperature
range. The primary leaching reactions include:

Ca0+2CH,COOH =Ca* +2CH,CO0" +H,0  (2)
Ca,SiO, + 4CH,COOH = )
2Ca* +4CH,COO™ + SiO, +2H,0

Ca,Fe,0, +10CH,COOH = @

2Ca™ +2Fe* +10 CH,COO™ +5H,0

Fig. 3 illustrates the variation in Gibbs free energy
(AG) for calcium leaching reactions at different
temperatures. Within the range of 0-100 °C, the AG of
the reactions between CaO and Ca,SiO, in steel slag
with CH,COOH is less than 0, indicating a strong
thermodynamic tendency for these minerals to react
spontaneously with CH,COOH under atmospheric
pressure. In contrast, the AG for the reaction between
Ca,Fe,O4 and CH,COOH is negative within the 0-50
°C range but gradually becomes positive as the
temperature increases, suggesting that the reaction is
somewhat hindered at higher temperatures. Moreover,
at lower temperatures, the reaction tendency of
Ca,Fe,O4 with CH,COOH is weaker compared to that
of Ca,SiO, and CaO, indicating that the reactivity of
Ca,Fe,O; is influenced by temperature and the
reaction medium, exhibiting distinct characteristics in
comparison to the other compounds.
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Figure 3. Gibbs free energy of acid hydrolysis reaction of
main calcium-base phase in steel slag at
different temperatures (atmospheric pressure)

3.2. Influence of leaching parameters on CaO
content of materials
3.2.1. Initial acid concentration

As shown in Fig. 4a, the variation in acid
concentration and particle size leads to significant
differences in the mass fraction of CaO. As the acid
concentration increases, the CaO content exhibits a
decreasing trend. At a concentration of 1 M, the CaO
content reaches its peak at 82.7%. This phenomenon
is due to the increase in acetic acid concentration, and
the H" concentration also rises, making the mineral
phases on the surface of the steel slag more accessible,
thereby enhancing the probability and rate of reaction.
Although the leaching of calcium increases, the
leaching of other elements from the steel slag also
intensifies, resulting in a reduction in the CaO content
in the material.

Additionally, the CaO content increases with the
particle size of the steel slag, which may be attributed
to the significant differences in Ca element content
among steel slag samples of varying particle sizes. In
conclusion, the concentration of acetic acid has a
pronounced effect on CaO content, with low
concentrations of acetic acid effectively increasing the
CaO content.

3.2.2. Solid-liquid ratio

As shown in Fig. 4b, with the increase in the solid-
to-liquid ratio, the CaO mass fraction initially
decreases, then rises, followed by another decline. At
a solid/liquid ratio of 1:10, the CaO content reaches its
highest point at 86.3%. The initial decrease can be
attributed to the increase in the solid-to-liquid ratio,
which also increases the content of other elements in
the material. Similarly, when the solid-to-liquid ratio
is low, the H" content in the solution is relatively low,
leading to a reduced leaching rate of other elements
from the steel slag, resulting in a higher Ca content in
the material.

On the other hand, when the solid/liquid ratio is
large, the contact between the acetic acid solution and
the steel slag is insufficient, leading to a lower
leaching rate of calcium-based components in the
converter slag. At a solid/liquid ratio of 1:20, the CaO
mass fraction increases.

This phenomenon is due to the increase in H*
content, which enables more reactions with the steel
slag, raising the solution’s pH, which in turn causes
the gradual formation of Fe(OH), precipitates from
the Fe ions in the solution. In conclusion, moderately
reducing the solid-to-liquid ratio can effectively
enhance the CaO content.
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3.2.3. Leaching temperature

As shown in Fig. 4c, with the increase in leaching
temperature, the CaO mass fraction first decreases
and then rises. At a leaching temperature of 70 °C, the
CaO content reaches its highest value of 81.3%. When
the temperature rises from 30 °C to 40 °C, the CaO
content decreases due to the leaching of silicon from
the steel slag, forming silica gel that adheres to the
surface of solid particles, thereby hindering the
contact between acetic acid and the solid material.
However, as the temperature continues to rise, the
CaO content increases because the acetates in the
solution convert into precipitates, which adsorb the
silica gel, and through stirring, the silica gel adhered
to the solid particles can be desorbed. Additionally,
increasing the temperature promotes the ionization of
acetic acid. The rise in temperature also accelerates
the non-uniform movement of H*, leading to a faster
reaction rate between H" and the calcium-containing
components in the steel slag, thus enhancing the
leaching rate of Ca*". In conclusion, higher leaching
temperatures can effectively increase the CaO content
in calcium-based materials.

3.2.4. Leaching time

As shown in Fig. 4d, equilibrium is reached within
a 0.5 to 1 h leaching time for steel slag of different
particle sizes. This phenomenon is because extending
the time by an additional 0.5 h does not result in a
significant change in the H" content of the solution.
As time progresses, the amorphous Si in the steel slag
dissolves into the leaching solution in SiO,>, causing
the silicon concentration to rise gradually and
decreasing the CaO mass fraction. However, with
further increases in leaching time, the SiO,” in the
solution gradually combines with free H® to form
silicic acid (H,SiO,), which further hydrates to form
orthosilicic acid (H,SiO,).

The orthosilicic acid molecules then cross-link
and condense into silica gel, eventually precipitating
out, thereby reducing the concentration of Si while
increasing the CaO mass fraction. In conclusion,
appropriately extending the leaching time can
effectively reduce the Si content in the leachate, thus
enhancing the CaO content. Considering time
efficiency, the optimal leaching time is 2 h.
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3.3. Leaching Kinetics Analysis
3.3.1. Leaching Kinetics Model

The leaching reaction of Ca in steel slag belongs to
a solid-liquid heterogeneous reaction. The shrinking
core model (SCM) is commonly employed for the
kinetic analysis of leaching in such reactions.
According to the SCM, the dissolution process
involves the following steps [18]:

(1) The movement of the solvent toward the
surface of the solid particles,

(2) The solvent diffusion from the surface of the
solid reaction product to the product-raw material
interface,

(3) Chemical reaction,

(4) The diffusion of the reaction product from the
product layer to the particle surface,

(5) The outward diffusion of the reaction product
from the particle surface to the surrounding area.

According to the SCM, the leaching process has
three rate-controlling steps: external diffusion,
chemical reaction, and internal diffusion. The specific
kinetic equations are presented in Table 2. Here, R
represents the element leaching rate; k denotes the
rate constant, and ¢ is the leaching time.

Table 2. The relationships of the shrinking core model for a

sphere particle [19]

Controlling step Kinetic equation Serial number
outward diffusion R=kt %)
Chemical reaction 1-(1-R)"3=kt (6)

inward diffusion | 1-3(1-R)*3+2(1-R)=kt @)

3.3.2. Kinetic analysis under different stirring
rates

The leaching rates of Ca" at different stirring rates
(0, 100, 200, and 400 rpm) were calculated. As seen in
Fig. 5, the Ca®>" leaching rate increases almost
consistently at intervals when the stirring rate rises
from 0 to 200 rpm. However, when the stirring rate
increases to 400 rpm, there is no significant change in
the Ca®" leaching rate. This phenomenon indicates
that further increasing the stirring rate has little effect
on the leaching rate. The Ca®" leaching curve without
stirring was further linearized using equations (5), (6),
and (7). Within the 0 to 150 min range, the R? values
are 0.9832, 0.9842, and 0.9246, with 0.9832 and
0.9842 being closest to 1, indicating that the calcium
leaching process without stirring is controlled by
external diffusion and surface chemical reaction.

Nevertheless, the rate-determining steps of the
calcium leaching process vary at agitation rates of 100
rpm, 200 rpm, and 400 rpm. At stirring rates of 100

rpm, 200 rpm, and 400 rpm, the R? values obtained
from equation (7) are 0.9277, 0.9338, and 0.9028,
respectively, with the closest values to 1. Thus, at
stirring rates of 100, 200, and 400 rpm, the calcium
leaching process is controlled by internal diffusion. It
can be inferred that, under stirring conditions, the
calcium leaching process is hindered by the formation
of insoluble products coating the surfaces of the
particles. Therefore, increasing the stirring rate can
effectively enhance the contact efficiency between the
solvent and the steel slag particles, thereby improving
the reaction rate [20].

3.3.3. Kinetic analysis at different temperatures

The leaching rates of Ca** were calculated at
temperatures of 40, 50, 60, and 70 °C. As shown in
Fig. 6, the Ca®" leaching rate exhibits only minor
differences and a downward trend between 0 and 100
min when the temperature increases from 40 °C to 50
°C. However, after 100 min, the leaching rate
gradually increases with rising temperature. This
phenomenon indicates that as the temperature rises
from 40 °C to 50 °C, the influence of temperature on
the Ca*" leaching rate becomes more pronounced after
a certain reaction period. The observed decrease may
be attributed to the thermodynamic perspective that
the dissolution reaction of lime (CaO) is exothermic,
suggesting that the leaching rate should decrease with
increasing temperature. When the temperature is
maintained at 60 °C and 70 °C, the Ca*" leaching rate
significantly improves. This enhancement is likely
due to the elevated solution temperature, which
facilitates the diffusion of molecules in the aqueous
phase.

By linearizing the Ca*" leaching curves using
equations (5), (6), and (7) (see Fig. 6), it is evident
that within the temperature range of 40 to 70 °C,
equation (7) yields the highest R? values, which are
0.7491, 0.9428, 0.9479, and 0.9422, respectively.
Therefore, in the range of 40 to 70 °C, the rate-
controlling steps of the calcium leaching process
remain unchanged and are still governed by internal
diffusion, possibly influenced by the mass transfer
processes within the surface products covering the
particles. Consequently, facilitating the diffusion of
Ca?" in the region of the slag particles is crucial for
enhancing the leaching rate. In summary, increasing
the solution temperature can effectively promote the
diffusion of Ca*', thereby improving the reaction rate.

3.4. XRD and SEM analysis of CaO materials

XRD analysis was conducted on materials
prepared under different leaching parameters



J. Cheng et al. / J. Min. Metall. Sect. B-Metall. 61 (1) (2025) 71 - 84 77

Solution temperature:70 °C

60 - Particle:(100-500) pm
Solid-liquid ratios:(1 :10) /
50 | CH,COOH:2 M 4

2
]
o
o0
§=
=
(5]
]
=
<
&}
—=— 0 rpm
—— 100 rpm
—+—200 rpm
400 rpm

o v v )
0 20 40 60 80 100 120 140 160

Leaching time(min)

0231 ™ 400 1pm

///././I
0.154 | e
0.077} //'/

2__
0.000f = R*=0.8138
0.252| " 200 rpm =

’ . -
I 0.168} s el
22 o084k
-~ 0000 = R*=0.8422
N’ 1 L L ' L 1 L L ' L
— 0.159| ® 100 pm _a
" ,,/"/1//.
0.106 .o
. -
0.053F  —
0.000f = R*=0.7462
0.159| = O1pm .
//
0.106 "
—
0.053 /_/aﬁ
" R?=0.9842
0.000f = .

20 0 20 40 60 80 100 120 140 160

Leaching time(min)

054/ ® 400rpm e
g

0.36 L /./-/-/l -

0.18 —

0.00l = R*=0.7494

057/ = 200 rpm e "

038 I .

n —

otol —

& 000} = R?=0.7698
0.42| = 100 rpm _wm
0.28 A

; L
0.14 i
2,
o0l = R*=0.6931
’ = Orpm - "
036 o=
=
0.24 2 :
L ]
012 e ,
s R?=0.9832
0.00,

20 0 20 40 60 80 100 120 140 160

Leaching time(min)

0.138 = 400 Ipm n
. /I//
0.092} ///
T
0.046 e
= A
2 0.000 . R°=0.9028
:\.', 0.165| ™ 200 mpm .
+ o110t //./'/
3 - .
~~ L ,"/
ml 0.055 . . i
Z0.000 ' R’=0.9338
= Jdo L
- 0.072] ® 100 rpm -
0.048 L e "
W
/!'//
0.024 g
0000} = R*=0.9277
= Orpm
0.072 1p .t
0.048 A
0.024 o
—
0.000 - //./I/. n R*=0.9246

20 0 20 40 60 80 100 120 140 160
Leaching time(min)

Figure 5. Leaching kinetics model applied to Ca leaching at different stirring speeds

(selecting three variables). As shown in Fig. 7, the
phase composition of the materials consists primarily
of CaO with a small amount of Fe,O,, indicating a
high purity of CaO. Correlating with the variation of
CaO mass fraction with various parameters discussed
in Section 2.2, it is evident that the intensity of the
CaO diffraction peaks also changes accordingly,
following the same trend. This phenomenon suggests
that a low concentration of acetic acid solution and a

lower solid-to-liquid ratio can significantly enhance
the CaO content, while the leaching time does not
significantly affect the CaO content. Fig. 7(d) and (e)
present the microstructure of the CaO materials,
revealing two distinct crystal structures (A and B).
Energy dispersive spectroscopy (EDS) analysis of A
and B shows that their primary elemental
compositions are Ca and O. Combining the phase
analysis results, both crystal structures represent CaO.



78 J. Cheng et al. / J. Min. Metall. Sect. B-Metall. 61 (1) (2025) 71 - 84

L
. 054 = 70°C =
0 |- Particle:(100-500) pm p . "
Solid-liquid ratios:(1:10) = . "
t Rotational speed:400 rpm g 0.18 =5
a5 L CH,;COOH:2 M o00f = ‘  R=07552
054] = 60°C] —
—_~ == 4/'/-/-
NS 036} =
T4 ; =
% / o, 018
—_ 2_,
o0 ) o00f = R=0731
=30 L 0511 ™ 50°C '
§ 0.34 ;4/'/././
& ! g LB
8 o7 —
= 000f m R?=0.7630
042| = 40°C e "
| | n
-
10 ‘ 0.28+ /l//
0.14}
‘ 0.00f = R*=0.5097
0 bk— L L 1 | IR | I 1

20 0 20 40 60 80 100 120 140 160
Leaching time(min)

0 20 40 60 80 100 120 140 160

Leaching time(min)

1
0237/ ® 70°C — 0141 ® 70°C
-
0.158} . 0.094 |
I/./
0079 0.047 |
0000} m R’=0.8332 & 0.000 R?=0.9422
L . L L L . L . L " 1 s L L L s L s L L L
o
0237| ® 60°C " o1 = 60°C g
/I
@ 0158 o o 0.004] e
—~ M Q .
a2 0079 20047 /_/'
— 0000 R*=0.8060 — 0000 m R*=0.9479
Y s L L Il L n L 1 L L N’ 1 L L L 1 L 1 1 1 !
™ 0204 ® 50°C e @ o8] w 50°C ot
0.136 T 0.072 oW
-
0.068 ol 0.036 - . -/'/' -
0.000 . R*=0.8243 0.000 | ./ R?=0.9428
0.165| ® 40°C ./-./././' 0075| ® 40°C g o
- | |
omop .t 0.050 | y'/'/
0.055} 0.025 . il
0.000f m R*=0.5572 0000 m R*=0.7491
20 0 20 40 60 80 100 120 140 160 20 0 20 40 60 80 100 120 140 16
Leaching time(min) Leaching time(min)

Figure 6. Leaching kinetics model applied to Ca leaching at different leaching temperatures

This comprehensive analysis further confirms that the their CaO contents increasing sequentially (see Fig.
prepared materials are of high-purity CaO. 8(d)). During the desorption process, W1-W3
exhibited endothermic peaks at various temperature

3.5. Effect of CaO content on the CO, ranges and showed two main weight loss intervals.
adsorption performance of the materials First, within the temperature range of 400-450 °C, the
3.5.1. Adsorption performance curves displayed pronounced endothermic peaks,
indicating that the system was in an endothermic

Three samples prepared at different leaching state. This phenomenon is primarily attributed to
temperatures were selected and labelled W1-W3, with  chemically adsorbed water and crystallization water
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desorption, with the highest weight loss rate occurring
at the corresponding peak temperature. As the
decomposition temperature increased, the weight loss
gradually slowed down. Around 590 °C, weight loss
increased alongside the emergence of partial
endothermic peaks, and at approximately 750 °C, the
weight loss began to stabilize. This stage corresponds
to the decomposition reaction of CaCO,, which
releases CO,. Calculations revealed that the CO,
capture capacities for W1-W3 were approximately
0.064 g/g, 0.145 g/g, and 0.091 g/g, respectively (see
Fig. 8(d)). The results indicate that W2 has the highest
CO, capture capacity, suggesting that a higher CaO
content can enhance CO, adsorption effectiveness;
however, an excessive CaO content may inhibit the
adsorption process.

3.5.2. XRD analysis of the materials before and
after CO, adsorption

Based on the trend of increasing CaO content
shown in Fig. 8d, the structures of W1-W3 were
characterized (see Fig. 9a). The primary phase of W1-
W3 is CaO, along with a small amount of Fe,O,.
Furthermore, as the CaO content increases, the
intensity of the diffraction peaks also gradually rises.
Subsequently, after W1-W3 adsorbed CO,, an
additional XRD analysis was performed, and the
results are presented in Fig. 8b. When the CaO
content is low, the phase composition consists of
Ca(OH), and CaCO, (see Fig. 9b-W1). Due to the low
CaO content in the material, the surface-active CaO is
insufficient to adsorb all the CO, and form CaCO,,
resulting in a significant amount of Ca(OH),
remaining after CO, adsorption for some time.

As the CaO content increases, the phase
completely transforms into CaCO, (see Fig. 9b-W2).
This phenomenon occurs because the higher CaO
content leads to increased formation of Ca(OH),, and
the rate of Ca(OH), formation is consistent with the

rate at which Ca(OH), adsorbs CO,. Consequently,
the phase composition remains unchanged, and at the
end of the adsorption process, only CaCO, is present.
This phenomenon indicates that an increase in CaO
content facilitates the absorption of more CO, and
yields pure carbonate.

As the CaO content further increases, the intensity
of the CaCO, phase diffraction peaks does not show
significant enhancement, and the Ca(OH), phase
reappears (see Fig. 9b-W2). This phenomenon
indicates that, with the increase in CaO content and
the subsequent adsorption of more CO,, the amount of
CaCO, increases and adheres to the material surface.
This adhesion hinders the contact and reaction
between Ca(OH), and CO,, reducing carbonation
efficiency [21].

Therefore, moderately increasing the CaO content
can enhance CO, adsorption performance, but
excessive CaO does not necessarily significantly
improve adsorption capacity. It is also essential to
optimize other adsorption conditions during the
process to achieve the maximum CO, capture
efficiency.

3.5.3. SEM analysis of the materials before and
after CO, adsorption

By conducting SEM analysis before and after the
adsorption process, we can better understand the
adsorption mechanism and validate the effect of CaO
content on adsorption performance. SEM analysis
was performed on W1-W3 after CO, adsorption; the
results are shown in Fig. 10. Fig. 10(b), (d), and (e)
display the microstructures of WI1-W3 after CO,
adsorption. Two distinct color regions can be
observed on the surface, such as Al and A2, in Fig.
10(b). BSE analysis (Fig. 10(c, f)) reveals that the
bright white regions correspond to CaCO,, while the
darker regions represent Ca(OH),. Furthermore, the
EDS analysis of Fig. 10(d) indicates that this material
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Figure 9. Desorption curves of calcium-based materials W1-W3 at temperature
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Figure 10. Morphology, structure, and energy spectrum analysis of BSE after CO, adsorption by:
W1-W3 (a) Original material (b) W1 (d) W2 (e) W3

is primarily CaCO, with high purity (Fig.10(j-m)).
This phenomenon suggests that during adsorption,
CaO on the material surface first adsorbs water vapor
to form Ca(OH),, which then ad-sorbs CO,, forming
CaCO, that adheres to the material surface.

Additionally, it can be observed that as the CaO
content increases (from Fig. 10 (b) to 10 (d)), the
bright white regions expand, indicating an increase in
CaCO3 content. However, as the CaO content
continues to rise (from Fig. 10(d) to 10(e)), the CaCO,
formed on the surface can hinder the reaction between
Ca(OH), and CO,, leading to a reduction in reaction
rate. Similarly, the quantity of Ca(OH), influences the
purity of CaCO,. In conclusion, a moderate increase
in CaO content can enhance CO, adsorption
performance.

3.6. Effect of adsorption temperature on the
CO, adsorption performance of the materials

The adsorption performance of the materials was
tested at adsorption temperatures of 30 °C, 50 °C, and
70 °C, with the resulting temperature-programmed
desorption curves shown in Fig. 11. Each thermal
flow curve exhibits two endothermic intervals
corresponding to a specific weight loss process, as the
TG curve reflects. In the 400-450 °C range, the
primary processes involve desorption of chemically
adsorbed water and crystallization water, with the
weight loss rate peaking at the corresponding
temperature. In the 600-800 °C range, the primary
reaction is the decomposition of CaCO,, which
releases CO.,,.

At temperatures of 30 °C, 50 °C, and 70 °C, the
mass changes were 34.3%, 24.6%, and 19.1%,
respectively. Calculations revealed the CO, capture
capacities to be 0.32 g/g, 0.24 g/g, and 0.17 g/g, with
corresponding carbon fixation efficiencies of 47.39%,
34.89%, and 25.65% (see Fig. 11(c)). Thus, carbon
fixation efficiency decreases within the 0-100 °C
range as the temperature rises. This phenomenon may
be attributed to two primary reasons: firstly, analysis
of the AG for the reactions between CaO and Ca(OH),
with CO, indicates that as temperature increases, AG
also rises, suggesting a reduction in the spontaneity of
the reaction (see Fig. 11(b)). Secondly, as the
temperature rises, more CaCO, adheres to the material
surface, hindering the contact between CO, and
Ca(OH),, reducing CO, capture capacity. In summary,
within the adsorption temperature range of 0-100 °C,
there is an inverse relationship between temperature
and CO, capture capacity.

XRD analysis was conducted to investigate further
the impact of adsorption temperature on the material’s
capacity to adsorb CO, (Fig. 12). At 30 °C, upon
completion of adsorption, the diffraction peaks
corresponding to CaO nearly disappeared, ultimately
transforming into the CaCO, phase. At 50 °C, the
diffraction peaks of CaO diminished, with some even
vanishing, resulting in a small amount of Ca(OH), and
a significant presence of CaCO,. By the end of the
adsorption process at 70 °C, the diffraction peak for
Ca(OH), was notably enhanced. This thermal
progression’s influence on the phases can be
elucidated as follows: at 30 °C, CaO, upon adsorbing
water vapor, entirely converted into Ca(OH),, while
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Ca(OH), adsorbing CO, fully transformed into
CaCO,, reaching an equilibrium in the rates of these
transformations. As the temperature increased to 50
°C, the conversion rate of CaCO, accelerated,
impeding some Ca(OH), from interacting with CO,.
At 70 °C, the diffraction peak for Ca(OH), markedly
intensified, indicating that an increased amount of
Ca(OH), could not engage with CO,, reducing the
reaction rate.

Consequently, elevated temperatures lead to a
greater formation of CaCO,, which obstructs the
carbonation reaction. Within the adsorption
temperature range of 0-100 °C, ensuring that more
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Figure 12. XRD pattern of the initial material and CO,
adsorbed at different adsorption temperatures

Ca(OH), effectively interacts with CO, is crucial. At
lower adsorption temperatures, the material’s
adsorption performance significantly improves.

4. Conclusion

(1) The leaching temperature and acetic acid
concentration significantly influence the CaO content
in the material. The optimal leaching parameters are
an acid concentration of 1 M, a solid-to-liquid ratio of
1:10 (g: ml), a leaching temperature of 70 °C, and a
duration of 2 h, under which the CaO content reaches
a maximum of 86.3%. This phenomenon indicates
that a low concentration of acid combined with a
higher temperature can effectively enhance the mass
fraction of CaO in the material.

(2) In the absence of stirring, the process is
controlled by external diffusion and surface chemical
reactions. Under stirring conditions, internal diffusion
governs the calcium leaching process. It can be
inferred that, under stirring conditions, the leaching
process is hindered by the deposition of insoluble
products on the surface of the particles. Within the
temperature range of 40-70 °C, internal diffusion
becomes the rate-controlling step, likely due to mass
transfer limitations in the products covering the
particle surfaces. Therefore, increasing the stirring
rate can effectively enhance the contact efficiency
between the solvent and the steel slag particles while
elevating the solution temperature can significantly
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promote the diffusion of Ca*, thereby increasing the
CaO content.

(3) The adsorption process unfolds as follows:
CaO in the material reacts with water vapor to form
Ca(OH),, with the concentration of CaO determining
the resulting amount of Ca(OH),. Subsequently,
Ca(OH), adsorbs CO,, leading to the formation of
CaCO,. This CaCO, adheres to the material’s surface,
obstructing the interaction and reaction between
Ca(OH), and CO,, thereby diminishing the
carbonation efficiency.

(4) A moderate increase in CaO content can
significantly enhance CO, adsorption performance;
however, this does not imply that excessive CaO will
yield further improvements. Calculations indicate that
the CO, adsorption capacity of W2 can reach 0.145
g/g. Within the adsorption temperature range of 0-100
°C, ensuring that more Ca(OH), effectively interacts
with CO, is crucial. The material’s adsorption
performance is markedly improved at lower
adsorption temperatures, with CO, capture amounts
recorded at 30 °C, 50 °C, and 70 °C being 0.32 g/g,
0.24 g/g, and 0.17 g/g, respectively.
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ISTRAZIVANJE DOBIJANJA AKTIVNOG CaO 1Z KONVERTORSKE CELICNE
SLJAKE I NJEGOVE PRIMENE U PROCESU ADSORPCIJE Co,
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Apstrakt

Proces ekstrakcije kalcijumskih komponenti iz konvertorske celicne sljake primenom luzenja acetatnom kiselinom, pracen
isparavanjem i kristalizacijom, koriscen je za dobijanje materijala visoke cistoce na bazi CaQ. Sistematski su ispitivani
uticaji razlicitih parametara luzenja na sadrzaj CaO. Za analizu brzine luzenja u slabokiselim rastvorima primenjen je
model smanjujuceg jezgra. Nakon toga, performanse adsorpcije CO, ispitivane su u razli¢itim uslovima, dok su sam proces
adsorpcije i reakcioni mehanizam analizirani pomocu XRD i SEM metoda. Rezultati su pokazali da temperatura luZenja i
koncentracija acetatne kiseline imaju znacajan uticaj na sadrzaj CaO. Optimalni parametri luzenja — koncentracija kiseline
1 M, odnos c¢vrsto/tecno 1:10, temperatura luzenja 70 °C i trajanje 2 sata — doveli su do maksimalnog sadrzaja CaO od
86,3%. Kineticke analize su pokazale da mesanje pomera brzinski ogranicavajuci korak procesa luzenja kalcijuma sa
spoljne difuzije i povrsinske hemijske reakcije ka unutrasnjoj difuziji. U temperaturnom opsegu od 40 do 70 °C, unutrasnja
difuzija dominira kao brzinski ogranicavajuci faktor. Analize pomocu XRD i SEM metoda potvrdile su visoku cistocu
dobijenog CaO materijala. CaO se najpre transformisao u Ca(OH),, koji je adsorbovao CO, i formirao CaCO,. TaloZenje
CaCO; na povrsini materijala sprecavalo je dalji kontakt izmedu Ca(OH), i CO,, ¢ime je efikasnost adsorpcije ugljen-
dioksida bila smanjena, ali se sadrzaj slobodnog CaO povecavao, Sto je znacajno poboljsalo ukupne performanse
adsorpcije. U temperaturnom opsegu adsorpcije od 0 do 100 °C, kljucno je bilo obezbediti efikasan kontakt izmedu
Ca(OH), i CO,. Izracunate sposobnosti hvatanja CO, pri temperaturama od 30 °C, 50 °Ci 70 °C iznosile su 0,32 g/g, 0,24
g/2i 0,17 g/g, redom. Ovo istrazivanje pruza znacajne uvide u visokokvalitetnu upotrebu celicne Sljake i smanjenje emisije
CO, u industriji gvozda i celika.

Kljuéne reci: Celicna sljaka; Smanjenje emisije CO,, Adsorber na bazi kalcijuma; Dobijanje metalnih elemenata; Kinetika
kiselog luzenja
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