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Indirect carbonation, as an effective technique for CO5 sequestration, has
gained widespread attention in today’s society due to the increasing severity of
the greenhouse effect. The present study proposed a strategy to enhance the
CO,, sequestration capacity of steel slag by increasing the content of CasSiO4
with highly reactive activity through high-temperature modification. The re-
search focused on investigating the impact of major chemical components of
steel slag on the Ca ions leaching rate. The results indicated that, as the Fe;O3
content decreases, the formation of CasSiO4 becomes more favorable. When
the Fe,O3 content was reduced from 30 wt.% to 15 wt.%, the Ca ions leaching
rate increased from 92.01% to 98.26%. The presence of MgO and Al,O3 in steel
slag can reduce the content of CaySiO4, which has a negative impact on the Ca
ions leaching rate. Additionally, the mineral composition of the leaching re-
sidue consists predominantly of iron-rich minerals, such as spinel and RO
phase. Overall, the modification—leaching process enables the effective
extraction and recovery of valuable metal elements from steel slag, which is

highly significant for the resource utilization of solid waste.

INTRODUCTION

The gradual increase in atmospheric CO5 concen-
tration and the subsequent cascade of ecological and
environmental issues are increasingly impac‘cin%r
the sustainable development of human society.
Concerns about COs-related issues arise as we
witness the melting of ice caps, rising of sea levels,
and frequent natural disasters, among other prob-
lems.? The atmospheric concentration of CO, has
increased from 280 ppm before the Industrial
Revolution to the current level of 422 ppm,® repre-
senting a growth of 50.71%. It is imperative for
human society to take effective measures to reduce
CO, emissions as a pressing issue.

Mineral carbonation technology is considered an
effective means of reducing CO5 emissions and has
received increasing attention in recent years.* 2
Mineral carbonation is an accelerated process that
mimics the natural weathering of rocks, where CO,
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is captured and fixed into minerals. It involves the
reaction of alkaline earth metal elements present in
rock minerals with COgy to form thermodynamically
stable carbonates.'®* Steel slag, due to its high Ca
content, is an ideal raw material for mineral
carbonation.'®

The iron and steel industry serves as both the
source of steel slag generation and of CO; emis-
sions.'®!7 Utilizing steel slag as a raw material for
carbonation reactions can leverage its high calcium
content to react with CO,, achieving the purpose of
CO, fixation.'® Additionally, the carbonation of steel
slag can also achieve the purpose of treating waste
with waste. Steel slag carbonation can be divided
into direct carbonation and indirect carbona-
tion.'®2° Direct carbonation refers to the process
by which steel slag reacts with CO, in a single step
to produce carbonates.?’~2?3 Indirect carbonation, on
the other hand, involves two steps, leaching and
carbonation:**?° (1) in the leaching step, steel slag
is subjected to wet extraction to obtain a calcium-
rich leachate; and (2) subsequently, CO, is intro-
duced into the leachate to initiate the carbonation
precipitation reaction. Indirect carbonation is
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widely studied due to its high carbonation rate and
the potential to generate high-value by-products
such as precipitated calcium carbonate.

The primary mineral components of steel slag are
CaySiO4 (CyS) and CagFesO5 (CoF). Su et al’s
research confirmed this finding. They found that
the calcium-bearing mineral phases present in steel
slag include f-CaO (5-10%), calcium silicate phase
(~ 40%), and calcium ferrite phase (~ 30%).2¢ In
other words, the Ca elements in steel slag are
primarily distributed within CsS and C,F. Indeed,
CoS exhibits higher reactivity and readily con-
tributes Ca elements to participate in carbonation
reactions.?” On the other hand, C5F has a lower
reactivity, making it challenging to extract Ca
elements from it.?® This results in the underutiliza-
tion of Ca elements in steel slag for carbonation
reactions. In other words, the Ca ions leaching rate
(CLR) of steel slag is low, and a low CLR indicates a
lesser amount of raw material available for the
carbonation reaction, resulting in a decreased
capacity for CO, fixation by steel slag. Therefore,
improving the CLR of steel slag is the key to its
indirect carbonation process.

Regarding the relationship between mineral
phases and leaching efficiency, the research con-
ducted by Lee et al. demonstrated that the extrac-
tion efficiency of Ca element from steel slag is
signiﬁcantl%/ influenced by the mineral composition
of the slag.”® In the study conducted by Zhao et al.,
chemical reagents were utilized to synthesize the
pure mineral phases found in steel slag, followed by
leaching experiments. The results indicated the
following order of leaching efficiency for Ca ions:
CaO > V—CQS > CagMg(SlO4)2 (C3M82) > Ca2Mg—
Sig07 (CsMSy) > CagAlySiO; (CoAS).*" In another
study conducted by Zhao et al.,>! the same method
was employed to synthesize additional calcium-
containing mineral phases, such as CaAl,O4 (CA),
CazAly06 (C3A), CajpAli4Oss (Ci2A7), and CoF,
among others. The results of the leaching reaction
indicated that CaO exhibited the highest leaching
ability in an acidic environment, followed by CsA
and silicate minerals. On the other hand, C,5A7, CA,
and CoF showed the lowest leaching ability for the
Ca element. In our previous study,® thermody-
namic calculations were performed to determine the
Gibbs free energy (AG) of reactions between various
minerals in steel slag and acetic acid. The results
revealed that the AG of reaction for each mineral
with acetic acid follows the order: CasSiO5 (C3S) >
C3MS2 > CQS > C2M82 > C2AS > CgF > CagFez_
Si3012 (CgFSg) > MgF6204 > Fe304. Subsequently,
high-temperature modification experiments were
conducted on the steel slag by adding SiOs. The
experimental results indicated that, in high-alka-
line steel slag, the mineral composition consisted of
CoF and CsS. With an basicity of 4, the CLR of the
modified slag was only 62.00%. As the Dbasicity
decreased, the CLR gradually increased. At an
basicity of 2, the main mineral phases in the slag

were CoS and C3MS,, resulting in the highest CLR
of 84.46% of the modified slag. Further reducing the
basicity to 1 led to the main mineral composition of
the slag being CasFesSiz0q9 and CsMS,, resulting
in a significant decrease in the CLR to only 61.04%.

In response to the overall low Ca element extrac-
tion efficiency of steel slag, a method of high-
temperature modification to alter the mineral com-
position of steel slag so as to enhance its CLR has
been proposed. Specifically, by adding silica-based
materials to steel slag and subjecting them to high-
temperature modification, the CoF of the slag is
transformed into C5S and iron-rich phases (such as
spinel and the RO phase). As a result, the Ca
element in steel slag is predominantly distributed
within the highly reactive CoS phase, which signif-
icantly enhances the CLR of the slag. In addition,
the Fe element is separated from C,F and exists
within structurally stable iron-rich phases, and is
retained in the leaching residue after the leaching
reaction.

In our previous research, the effects of basicity
and calcination temperature on the mineral compo-
sition and the CLR of steel slag were investigated
through modification experiments. The experimen-
tal results indicate that at an basicity level of 2 and
a calcination temperature of 1500°C, the CLR of the
modified slag reached 94.62%, which is a significant
improvement compared to the CLR of 59.28%
observed in the original steel slag. On this basis,
this study further investigated the impact of vari-
ations in the content of other major chemical
components, namely Fe,O3, MgO, and AlyOs, in
steel slag on the mineral composition of the slag and
the CLR. The experiments have been conducted
under specific conditions, including a basicity of 2
and a calcination temperature of 1500°C. The
objective is to establish an understanding of the
relationship between the CLR of steel slag and the
content of its primary chemical components, which
will serve as a reference for predicting and optimiz-
ing the leaching reactions of steel slag with different
components. Overall, the modification—leaching pro-
cess enables the effective extraction of valuable
metal elements (such as Ca and Fe) from steel slag,
which has significant implications for the resource
utilization of steel slag.

MATERIALS AND METHODS
Materials

The steel slag utilized in the experiment was
sourced from a steel mill. Prior to the high-temper-
ature modification test, the steel slag underwent a
series of preparation steps. Firstly, it was dried at
105°C in a drying oven for 24 h to eliminate
moisture. Subsequently, the dried steel slag was
crushed and screened, and only the portion passing
through a 200-mesh square hole sieve was selected
for the test. The chemical composition of the steel
slag was analyzed using X-ray fluorescence (XRF;
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Shimadzu XRF-1800) testing, and the correspond-
ing results are presented in Table I. The SiO,
(>99.5 wt.%, AR) used in the experiment was
purchased from Sinopharm Chemical Reagent Bei-
jing; CaO (> 98 wt.%, AR), FesO3 (> 99 wt.%, AR),
Al,O3 (> 99 wt.%, AR) were purchased from Shang-
hai McLean Biochemical Technology; MgO (> 98.5
wt.%, AR) was purchased from Shanghai Yuanye
Bio-Technology; nitrogen gas (> 99.5 wt.%) was
purchased from Beijing Prax Practical Gas; and
CH3COOH (> 99.5 wt.%, AR) was purchased from
Saen Chemical Technology, Shanghai.

Methods
Thermal Modification Experiment

Based on previous studies, it has been established
that the CLR of modified slag reached its maximum
when the basicity was set at 2. Therefore, for each
group of modified slag in this study, the basicity was
deliberately set at 2 to ensure consistency and
comparability with the previous findings. This
paper focuses on investigating the influence of the
Fe;03, MgO, and Al;O3 contents on the mineral
composition as well as the CLR of the modified slag.
The objective is to understand how variations in
these specific components impact the overall char-
acteristics and performance of the modified slag. To
achieve the desired composition, chemical reagents
such as CaO, SiO,, Fe;03, MgO, and Al,O3; were
introduced and added to the steel slag. The addition
of these reagents was carefully controlled to ensure
that each main component reaches the predeter-
mined target value. This precise adjustment of the
composition allows for systematic investigations
and analysis of the modified slag’s properties and
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performance. In this study, the mass fractions of
Fey,03 were deliberately set at 30 wt.%, 25 wt.%, 20
wt.%, and 15 wt.%. Similarly, the mass fractions of
MgO were varied as 3 wt.%, 6 wt.%, 9 wt.%, and 12
wt.%. Additionally, the mass fractions of Al,O3 were
adjusted to 3 wt.%, 6 wt.%, 9 wt.%, and 12 wt.%. The
quantities of materials added to each modified slag
sample are presented in Table II, while the corre-
sponding chemical compositions are presented in
Table III. The steel slag and chemical reagents were
thoroughly mixed using a ball mill to ensure
homogeneity. Subsequently, the resulting mixture
was loosely loaded into a MgO crucible. The cru-
cible, containing the mixture, was then placed
inside a Si-Mo tubular electric furnace. The tube
furnace was purged with Ny at a flow rate of 1 L/min
to create an inert atmosphere. The temperature of
the furnace was then gradually increased to 1500°C
at a heating rate of 5°C/min. Once the desired
temperature was reached, it was maintained for a
duration of 30 min to ensure complete high-temper-
ature treatment of the modified slag. After the firing
process, the modified slag samples were carefully
taken out from the furnace and placed in ambient
air for natural cooling. In the final step, the modified
slag was fractured, and a small number of bulk
samples were extracted for further analysis. These
samples were prepared by creating mosaics, fol-
lowed by grinding and polishing, and were then
subjected to scanning electron microscopy with
backscattered electron detector (SEM-BSD) (ZEISS
EVO18) observation. At the same time, an EDS
electron probe (Ultim Msx 170) was used to analyze
the components of the different microphases during
the SEM observations. The remaining modified slag
was crushed using a crusher for a duration of 60 s.

Table I. Chemical composition of original steel slag

Constituent CaO SiO, Fe;O3 MgO Al,O3; P,Os MnO TiO, V305 Cry03 Others
Contents (wt.%) 46.70  10.68 29.50 4.81 0.97 2.28 2.35 1.34 0.81 0.32 0.24
Table II. The raw material addition amount of different modified slag
Content/ wt.% Steel slag/g CaO/g Si0y/g Fey05/g MgO/g Al,O3/g
Fey03 30 40.68 0.35 5.33 3.00 0.54 0.10
modified slag 25 42.37 1.14 5.94 - 0.46 0.09
20 33.90 7.18 7.88 - 0.87 0.17
15 25.42 13.22 9.83 - 1.28 0.25
MgO 3 30.51 7.93 7.83 3.50 0.03 0.20
modified slag 6 30.51 6.93 7.33 3.50 1.53 0.20
9 30.51 5.93 6.83 3.50 3.03 0.20
12 30.51 4.93 6.33 3.50 4.53 0.20
Al,03 3 30.51 7.26 7.50 3.50 0.03 1.20
modified slag 6 30.51 6.26 7.00 3.50 0.03 2.70
9 30.51 5.26 6.50 3.50 0.03 4.20
12 30.51 4.26 6.00 3.50 0.03 5.70
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Table III. Chemical composition of different modified slag

Content/ CaO/ SiOy/ Fey03/ MgO/ Al,O3/ P05/ MnO/ TiOy V305 Others/
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%
Fe, O3 30 38.68 19.34 30.00 5.00 1.00 1.86 1.91 1.09 0.66 0.46
modified 25 41.85 20.93 25.00 5.00 1.00 1.93 1.99 1.14 0.68 0.49
slag 20 46.01 23.01 20.00 5.00 1.00 1.55 1.59 0.91 0.55 0.39
15 50.18 25.09 15.00 5.00 1.00 1.16 1.19 0.68 0.41 0.29
MgO 3 44.35 22.18 25.00 3.00 1.00 1.39 1.43 0.82 0.49 0.35
modified 6 42.35 21.18 25.00 6.00 1.00 1.39 1.43 0.82 0.49 0.35
slag 9 40.35 20.18 25.00 9.00 1.00 1.39 1.43 0.82 0.49 0.35
12 38.35 19.18 25.00 12.00 1.00 1.39 1.43 0.82 0.49 0.35
Al,O4 3 43.01 21.51 25.00 3.00 3.00 1.39 1.43 0.82 0.49 0.35
modified 6 41.01 20.51 25.00 3.00 6.00 1.39 1.43 0.82 0.49 0.35
slag 9 39.01 19.51 25.00 3.00 9.00 1.39 1.43 0.82 0.49 0.35
12 37.01 18.51 25.00 3.00 12.00 1.39 1.43 0.82 0.49 0.35

The crushed slag was ground in a ball mill at a
speed of 500 rpm for 15 min, and the resulting
ground material was then sieved through a 300-
mesh square hole screen. The fraction passing
through the screen was reserved for the leaching
experiment. Additionally, a small quantity of the
powdered sample was extracted for X-ray diffraction
(XRD; Rigaku D/max 2500) analysis.

The Fe;O3 modified slag samples were numbered
as FC30, FC25, FC20, and FC15; the MgO modified
slag samples were numbered as MC3, MC6, MC9,
and MC12; and the Al,O3 modified slag samples
were numbered as AC3, AC6, AC9, and AC12.

Leaching Experiment

A three-necked flask was placed in a magnetic
water bath, and the temperature was set to 25 °C.
Next, a 100-mL solution of 1M CH3COOH was
prepared and added to the flask. A weight of 5 g of
the slag was measured, and, once the set temper-
ature of the CH3COOH solution was reached, the
slag was added to the three-necked flask and
simultaneously the leaching reaction was initiated.
The RS of the water bath was set to 500 rpm, and
the reaction proceeded for a duration of 30 min.
Following the completion of the leaching reaction,
the reaction slurry was subjected to filtration using
a vacuum filtration device, yielding a leachate and a
leaching residue. The leachate underwent a dilution
of 200 times, and the concentration of Ca ions was
subsequently measured using inductively coupled
plasma—optical emission spectrometry (Optima
7000 DV). Simultaneously, the pH of the leachate
was determined using a pH meter. The leaching
residue was dried in a drying oven and subjected to
XRD analysis. The experimental flow chart of this
research is shown in Fig. S1 (see online supplemen-
tal material), and the chemical reactions involved in
the leaching reaction are as follows:

CaySi04+ 4CH;COOH = 2Ca®"+ 4CH3CO0™ + SiOg+ 2H,0

(1)

CaFe;0,4 + 8CH;COOH = Ca®" + 2Fe®+ 8CH3CO0 + 4H,0

(2)

Ca2F6205 + 10CH3COOH
= 2Ca®"+ 2Fe®"+ 10CH3CO0 +5H,0  (3)

MgFe, 0, + 8CH3COOH = Mg + 2Fe3*+ 8CH5CO0™ + 4H,0

(4)

Fe304 + 8CH3COOH = Fe?t + 2Fe®" 4+ 8CH5CO0™ + 4H,0

(5)

FeO + 2CH;COOH = Fe?*' + 2CH3CO0™ + Hy0
(6)

MgO + 2CH,COOH = Mg®" + 2CH5CO0™ + H,0
(7)

Ca3Mg(SiO,),+8CH;COOH
= 3Ca’" + Mg?"+8CH5C00™ + 2Si0y+4H,0

(8)

The CLR of steel slag can be determined using
Eq. 9, where Cc, (mg/L) represents the concentra-
tion of Ca ions in the leachate, V (L) denotes the
volume of the leachate, m,, (g) represents the mass
of the steel slag involved in the leaching reaction,
and xc, (Wt.%) indicates the mass fraction of Ca in
the slag. x¢, (Wt.%) can be calculated by Eq. 10,
where xc.0 (Wt.%) denotes the mass fraction of steel
slag, 40 is the relative atomic mass of the Ca, and 56
is the relative molecular mass of CaO:

 CeV 1
M08 1 ag - Xca . 1000 ®)
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(10)

Thermodynamic Calculation

The thermodynamic calculations for determining
the phase content changes during the solidification
of modified slag were conducted using Factsage 7.1
software.?®3* The main parameters of thermody-
namic calculation were set as follows: the temper-
ature interval was 50-1800°C, the step was 50°C,
the pressure was 101.3 kPa, and the partial pres-
sure of oxygen was 21.3 kpa. FToxid-SLAGA,
FToxid-SPINA, FToxid-MeO_A, FToxid-bCySA,
FToxid-aCySA, and FToxid-Mel_A were selected as
the databases. The input components were CaO,
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Si0,, Fey03, MgO, and Al,Os. The normalized data
are shown in Table S1.

The viscosity of different modified slags at 1500°C
was calculated using Factsage 7.1.

RESULTS AND DISCUSSION

Influence of Fe;03 Content on Mineral
Composition and CLR of Steel Slag

Thermodynamic Analysis

Figure 1 presents the thermodynamic calculation
results for the modified slag with different Fe;O3
contents. During the cooling process of the modified
slag, 2-CoS initially precipitated from the liquid
phase. However, its content started to decrease at
temperatures ranging from 1400 to 1450°C. Simul-
taneously, «’-CsS began to precipitate in larger
quantities and reached its peak concentration at
temperatures between 1250 and 1350°C. Around
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Fig. 1. Thermodynamic calculation results of modified slag with different Fe,O3 contents: (a) thermodynamic calculation results of FC30 modified
slag; (b) thermodynamic calculation results of FC25 modified slag; (c) thermodynamic calculation results of FC20 modified slag; (d)

thermodynamic calculation results of FC15 modified slag.
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1100°C, the content of «’-C,S starts to decline, while
C3sMS, began to be continuously generated in the
modified slag during the cooling process. In the
temperature range of 350-1050°C, C3sMSy became
the predominant silicate mineral in the modified
slag. At approximately 700°C, the formation of -
CsS began in the modified slag during the cooling
process. As the content of C3MS, decreased, the
proportion of y-CoS gradually increased. By the time
the slag reached room temperature, y-C2S became
the predominant silicate mineral. Ferrite minerals,
namely CoF and CaFe;O4 (CF), initiate precipita-
tion within the temperature range of 1100-1350°C.
Furthermore, within the temperature range of 350—
1050°C, they became the predominant iron-bearing
minerals in the modified slag. In the temperature
range of 1050-1400°C and below 400°C, a higher
amount of the spinel phase precipitated in the
modified slag. As the slag cooled to room tempera-
ture, the main iron-bearing minerals identified were
the spinel phase. Additionally, during the cooling
process of the modified slag, minerals such as
melilite and Ca3Si,O; were formed. For the modified
slag with varying Fe,O3 contents, it was observed
that, as the Fe,O3 content decreased, the content of
7-CoS in the slag gradually increased. Conversely,
the content of the spinel phase gradually decreased,
when the slag was cooled to room temperature.
Precisely, a decrease in Fey;Os; content in the
modified slag leads to an enrichment of Ca elements
in the silicate mineral y-C,S. This enrichment of Ca
elements in y-Co,S was beneficial for the extraction
of Ca elements.

Influence of FesO3 Content on Mineral Composition
of Steel Slag

The XRD patterns of the modified slag with
different Fe;O3 contents are depicted in Fig. 2a.
The analysis reveals that the primary mineral
phases present in the slag include a-CsS, -CsS,
CsMS,, spinel, CF, and RO phases. Previous stud-
ies®® have indicated that Fe;O, and MgFe,0, have
similar crystal structures, which result in very close
diffraction peak angles on their corresponding (220),
(311), (400), (511), and (440) crystal planes. It
becomes difficult to distinguish between them based
on the XRD results. Therefore, in this study, the
term “spinel” is used to refer to both FesO, and
MgFe;0,. It is interesting to note that the actual
results of the modified slag differ from the thermo-
dynamic calculations, as no y-C,S was observed.
This is because the P element in steel slag can
dissolve into dicalcium silicate (-CasSiO4) grains.
Its presence inhibits the crystallo%raphic transfor-
mation of f-CasSiO4 to y-CaySi0,4.%° This suggests
that the cooling rate during the actual modification
process was relatively fast, preventing the forma-
tion of 7-CoS in the lower temperature range.
Furthermore, it is worth noting that f-C,S is a
metastable substance, and its absence in the

thermodynamic calculation results can be attribu-
ted to the lack of inclusion in the Factsage database.
As depicted in Fig. 2a, it is evident that the
diffraction peak intensity of spinel of the FC30
modified slag was higher compared to that of the
silicate minerals. This observation suggests that a
higher Fe,O3 content leads to a reduction in the
generation of silicate minerals in the modified slag.
As the Fe,O3 content decreased in the modified slag,
there is an observed trend in the diffraction peak
intensity of the different mineral phases. Specifi-
cally, the diffraction peak intensity of CaySiO,
gradually increased, while that of the spinel miner-
als and CF gradually decreased. This indicates that
the decrease in Fe;O3 content promotes the forma-
tion of CaySiO4. According to the research con-
ducted by Jiang et al.,?” the combination of CaO and
Si0; in steel slag to form CaySiO4 exhibits a strong
thermodynamic tendency. A decrease in the FesO5
content in the slag implies an increase in the
relative content of CaO and SiO,. Therefore, as
the Fe,05 content decreases, the content of CasSiOy
increases significantly.

Figure 2b—e shows the microstructure of SEM-
BSD images depicting modified slag samples with
varying Fe,Os3 contents, and the corresponding
energy spectrum data are shown in Table S2. In
the case of the FC30 modified slag, the C,S grains
exhibited a round and elliptical shape, with a grain
size ranging from approximately 20-45 pm. The
matrix phase surrounding the CyS grains consisted
of dispersed spinel phase and CF. In the FC25
modified slag, a spindle-shaped phase of C3MSy was
observed at the grain boundary of C,S. The grain
size of CyS in the FC25 modified slag ranged from
approximately 5.5-30 um. Furthermore, compared
to the FC30 modified slag, the grain size of CyS in
the FC25 modified slag increased to about 25-50
um. The grain morphology of CsS in the FC25
modified slag exhibited not only round and oval
shapes but also plate-like structures. In the modi-
fied slag with decreased content of spinel phase and
CF as the matrix phase, the RO phase exhibited an
irregular elliptical shape. Additionally, the grain
size of CsMS, increased to approximately 7-50 um.
In the FC20 modified slag, the content of CyS was
further increased, resulting in a reduction in grain
size. Additionally, the content of the matrix phase
was further reduced in comparison to previous
modifications. In the FC15 modified slag, the con-
tent of C,S continued to increase. The grains of CoS
predominantly exhibited a plate-like morphology,
while the matrix phase nearly disappeared in this
composition. Instead, the C3MS, and RO phases
were distributed within the gaps between the CsS
grains. The microstructure observed in the SEM-
BSD images aligns with the results obtained from
thermodynamic calculations and the XRD analysis.
Specifically, the decrease in Fe;O3 content in the
modified slag resulted in an increase in the content
of CyS while reducing the content of spinel and CF
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Fig. 2. XRD pattern and SEM microstructures of modified slag with different Fe,O3 contents: (a) XRD pattern of modified slag with different
Fe,O3 contents; (b) SEM microstructure of FC30 modified slag; (c) SEM microstructure of FC25 modified slag; (d) SEM microstructure of FC20
modified slag; (e) SEM microstructure of FC15 modified slag. The figures in the graph are energy spectrum data numbers, and the energy

spectrum data are shown in Table S2.

phases. Consequently, reducing the Fe;O3 content
was found to promote the leaching of Ca elements.

Influence of FesO3 Content on CLR of Steel Slag

Figure 3 illustrates the CLR and leaching residue
XRD patterns of modified slag samples with varying
Fe,03 contents. Figure 3a shows that, as the Fe;O3

content in the modified slag decreased, the CLR
gradually increased. When the Fey;O3; content
decreased from 30 wt.% to 15 wt.%, the CLR
increased from 92.01% to 98.26%. This trend in
the CLR aligns with the findings obtained from the
XRD and SEM analyses. Indeed, as the FeyOs
content in the modified slag decreased, the content
of C5S increased while the content of spinel phase
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Fig. 3. CLR and leaching residue XRD pattern of modified slag with different FeoO3 contents: (a) CLR of modified slag with different Fe,O3
contents; (b) leaching residue XRD pattern of modified slag with different Fe,O3 contents.

and CF decreased. Consequently, a larger propor-
tion of Ca elements in the slag was present in the
silicate minerals, in particular C,S. As a result, the
CLR gradually increased. The pH of the leachate of
the modified slag correlates with the content of
Fe503, following the trend observed in the CLR. As
the Fe;03 content decreased, the pH of the leachate
gradually increased. When the Fe;O3 content was
reduced to 15 wt.%, the pH of the leachate reached
its highest value of 5.47.

Figure 3b displays the XRD pattern of the leach-
ing residue of modified slag samples with different
Fe;03 contents. After the leaching reaction, the
diffraction peaks corresponding to «-CyS, -CyS, and
CsMSs in the original modified slag were essentially
absent. The main mineral composition of the leach-
ing residue consists of the spinel phase and the RO
phase. Additionally, there are weak diffraction
peaks observed for CsMS, and CF in the
residue. Similar to the modified slag, the diffraction
peak intensity of the spinel phase in the leaching
residue gradually decreased with the decrease in
Fe,03 content. This suggests that the spinel phase
does not actively participate in the leaching reaction
and remains relatively stable during the leaching
process. Indeed, the observation that the remaining
minerals in the leaching residue of modified slag
with different Fe;O3 contents, when the basicity
was 2, were all iron-bearing minerals, indicating
that acetic acid can selectively react with the
minerals in the modified slag. After the leaching
reaction, the silicate minerals in the modified slag
have essentially disappeared, while the iron-bear-
ing minerals were retained. This implies that, under
the specific experimental conditions, the modified
slag can effectively release Ca elements while
enabling the efficient recovery of Fe elements. This
outcome is of great significance for achieving the

maximum recovery of valuable metal elements
present in steel slag.

Influence of MgO Content on Mineral
Composition and CLR of Steel Slag

Thermodynamic Analysis

The thermodynamic calculation results of modi-
fied slag with different MgO contents are presented
in Fig. 4. As the temperature decreased, the liquid
phase content in the slag gradually decreased, while
the precipitation of a-C3S and f-CaS occurred suc-
cessively. As the temperature decreased, «-CyS and
p-CoS phases disappeared, and, instead, CsMS,,
CoF, CF, and melilite phases gradually precipitated.
At temperatures below 350°C, the content of CsMS,
gradually decreased, while the content of 7-CsS
rapidly increased. When the modified slag was
cooled to room temperature, the resulting mineral
phases in the slag typically included y-CsS, spinel,
CoF, CF, etc. With the increase of MgO content in
the modified slag, the observed trends in Fig. 4 show
that the content of 7-CsS gradually decreased.
Additionally, the crystallization temperature range
of CsMS, gradually increased, and the precipitation
amount of C3MS, also increased. That is, the
addition of MgO promotes the formation of C3MS,
in the modified slag, leading to a relatively reduced
content of CyS. At the same time, the narrow
temperature range of a-C,S and (-C.S was related
to the gradual increase in the initial temperature of
C3MS,. The amount of spinel phase precipitation
increased with the increase of MgO content in the
modified slag. This indicates that a higher concen-
tration of MgO promotes the combination of MgO
with Fey03, resulting in the formation of more
MgFe;0, spinel.
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Fig. 4. Thermodynamic calculation results of modified slag with different MgO contents: (a) thermodynamic calculation results of MC3 modified

slag;
thermodynamic calculation results of MC12 modified slag.

(b) thermodynamic calculation results of MC6 modified slag;

(c) thermodynamic calculation results of MC9 modified slag; (d)

Influence of MgO Content on Mineral Composition
of Steel Slag

The XRD pattern depicted in Fig. 5a shows the
mineral components of the modified slag with
varying MgO contents. The major mineral phases
detected in the MgO modified slag include o-C,S, /-
CoS, C3MS,, spinel, CF, and RO phases. The
diffraction peaks corresponding to a-CoS and -CsoS
in the slag show a gradual decrease with the
increase of MgO content, aligning with the thermo-
dynamic calculation results. This observation con-
firms that the increased MgO content is not
favorable for the formation of C,S. Furthermore,
the diffraction peak intensity of the RO phase in the
modified slag shows a gradual increase, indicating
that the increase in MgO content results in a higher
formation of solid solution between MgO and FeO,
leading to the RO phase This can be attrlbuted to
the relatively close ionic radii of Mg?* (0.083 nm)

and Fe?* (0.078 nm). Due to their similar sizes,
MgO can dissolve with FeO in any proportion. Addi-
tionally, the shift of the diffraction peak of the RO
phase to a higher angle can be observed. This shift
is attributed to the reduction in the lattice constant
of the RO phase due to the increased incorporation
of MgO solid solution. As more MgO was incorpo-
rated into the FeO lattice, the lattice constant of the
RO phase became smaller, resulting in the observed
shift of the diffraction peak to higher angles.

The SEM microstructure of the modified slag with
various MgO contents is presented in Fig. 5b—e, and
the corresponding energy spectrum data are pro-
vided in Table S3. The microstructural analysis
reveals the presence of several mineral phases in
the MgO modified slag, including C,S, CsMS,,
spinel, and the RO phase. In the MC3 modified
slag, the CyS grains exhibit a plate-like morphology
with a grain size ranging from 25 ym to 60 ym. The
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Fig. 5. XRD pattern and SEM microstructure of modified slag with different MgO contents: (a) XRD pattern of modified slag with different MgO
contents; (b) SEM microstructure of MC3 modified slag; (c) SEM microstructure of MC6 modified slag; (d) SEM microstructure of MC9 modified
slag; (e) SEM microstructure of MC12 modified slag. The figures in the graph are energy spectrum data numbers, and the energy spectrum data

are shown in Table S3.

spinel phase and CF were distributed around the
CgS grains, serving as the matrix phases. Addition-
ally, the C3sMS, phase was present at the boundary
of the C,S grains, appearing in a spindle shape with
a grain size of 7-35 um. In the MC6 modified slag,
the grain size of CoS decreased to approximately 20—
42 ym compared to the MC3 modified slag. Addi-
tionally, in the MC6 modified slag, an elliptical light

gray RO phase emerged. In the MC9 and MC12
modified slag, the content of C,S was further
reduced compared to previous modifications. Simul-
taneously, the content of the RO phase was further
increased. Notably, in the MC9 and MC12 modified
slag, the RO phase starts to appear as dark gray
spots. This change in color was attributed to the
increased amount of MgO dissolved in the RO
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phase. By examining Table S3 and considering the
atomic ratios, it became apparent that the atomic
ratio of Mg atoms in the RO phase gradually
increased with the increment of MgO content in
the modified slag. This ratio rises from 7.23% in the
MC3 modified slag to 30.94% in the MC12 modified
slag. Previous studies®® have indicated that the RO
phase can be divided into two types based on the K,
value (K,, = MgOwt.%/(FeOwt.% + MnOwt.%)).
When K, > 1, it corresponds to ferrite solid solu-
tion, while K,, < 1 corresponds to brucite solid
solution. Therefore, it can be observed that the RO
phase in question is brucite solid solution since the
value of K,,, is greater than 1.

Influence of MgO Content on CLR of Steel Slag

Figure 6 presents the CLR and leaching residue
XRD pattern of the modified slag with varying MgO
contents. It is evident that, as the MgO content in
the modified slag increased from 3 wt.% to 12 wt.%,
the CLR decreased from 97.38% to 92.62%. This
finding suggests that an elevated MgO content may
have a detrimental effect on the leaching efficiency
of Ca ions of the modified slag. Indeed, despite the
decrease in the CLR with the increase of MgO
content in the modified slag, it is worth noting that
the CLR for all four groups of modified slag
remained above 90%. This suggests that the varia-
tion in MgO content had a limited influence on the
overall CLR. Indeed, based on the information
provided earlier, the increase in MgO content
primarily led to an increase in the content of the
RO phase in the modified slag. The RO phase does
not combine with the Ca element to form minerals
with low reactivity. As a result, the presence of the
RO phase, which is rich in MgO, has little influence
on the CLR. With an increase in MgO content, the
pH of the leachate initially decreased and then
increased. This phenomenon can be attributed to
the following explanation: When the MgO content
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was below 6 wt.%, higher MgO content results in a
reduction in the CsS content present in the modified
slag. Subsequently, the amount of acetic acid con-
sumed during the leaching process decreased. As a
consequence, there is a decrease in the release of H*
ions in the leachate, leading to a lower pH. When
the MgO content exceeds 6 wt.%, a portion of the
MgO exists in excess and remains in a free state
within the modified slag. This excess MgO can
contribute to basicity in the leaching system. Dur-
ing the leaching process, the alkaline f~-MgO (free
MgO) can participate in leaching reactions, influ-
encing the pH of the leachate. As a result, the pH of
the leachate increased.

As can be seen from Fig. 6b, the main minerals
identified in the leaching residue were iron-bearing,
specifically the spinel phase and the RO phase.
Furthermore, weak diffraction peaks of C3MS, and
CF were observed in the XRD pattern of the
leaching residue. These diffraction peaks indicate
the presence of these minerals in the modified slag.
The intensities of the diffraction peaks correspond-
ing to C3MS, and CF in the leaching residue were
found to increase with the increase in MgO content
within the modified slag. This observation is con-
sistent with the results of the CLR. The elevated
presence of unreacted C3sMSy and CF in the modi-
fied slag leads to a decrease in the CLR. In the case
of the modified slag with varying MgO content, the
mineral composition of the leaching residue indi-
cates that the silicate minerals have been consumed
during the leaching reaction. As a result, the
remaining minerals in the slag predominantly
consist of iron-bearing minerals. Indeed, when the
basicity of the modified slag was 2, the variation in
MgO content does not significantly impact the
mineral composition of the slag. In this case, the
leaching residue primarily consists of iron minerals,
indicating that effective recovery of both Ca and Fe
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Fig. 6. CLR and leaching residue XRD pattern of modified slag with different MgO contents: (a) CLR of modified slag with different MgO
contents; (b) leaching residue XRD pattern of modified slag with different MgO contents.
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elements from the slag can be achieved under the
experimental conditions.

Influence of Al,O3 Content on Mineral
Composition and CLR of Steel Slag

Thermodynamic Analysis

According to the thermodynamic calculation
results shown in Fig. 7, for the AC3 and ACG6
modified slag with different Al;O3 contents, during
this cooling process, 2-CoS and «’-CoS precipitate
successively. The content of «-C9S in the modified
slag experienced a rapid decrease at 1200°C and
completely disappeared at 900°C. Simultaneously,
the precipitation of C3sMS; began at 1100°C. C3MS,
then remained stable in the temperature range of
350-1050°C. The precipitation of y-CyS in the
modified slag began at 700°C and reached its
maximum level at 200°C. During the cooling
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process, the iron-bearing minerals, including the
spinel phase, C,F, and CF, precipitate successively.
When the modified slag was cooled to room temper-
ature, several stable minerals were observed in the
slag. These minerals included y-C,S, the spinel
phase, CF, CaMgyAl6057, and Fe;O3. Additionally,
during the cooling process of these two groups of
modified slag, there was also the precipitation of
melilite. Furthermore, as the Al,O3 content in the
modified slag increased, the precipitation of melilite
gradually increased. For the AC9 modified slag,
there was no precipitation of o-CsS during the
cooling process; instead, melilite and «-C5S precip-
itated together. For the AC12 slag, the precipitation
of melilite happened earlier than that of «-C,S.
Furthermore, the amount of melilite precipitated
was significantly increased compared to the first
three groups of modified slag. Based on Fig. 7, it is
evident that, as the Al,O3 content in the modified
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Fig. 7. Thermodynamic calculation results of modified slag with different Al,O3 contents: (a) thermodynamic calculation results of AC3 modified
slag; (b) thermodynamic calculation results of AC6 modified slag; (c) thermodynamic calculation results of AC9 modified slag; (d) thermodynamic
calculation results of AC12 modified slag.
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slag increased, the precipitation amount of y-C,S
progressively decreased, while the precipitation
amount of melilite gradually increased. This indi-
cates that the presence of Al;O3 hinders the forma-
tion of y-C5S and enhances the formation of melilite.

Influence of AlsO3 Content on Mineral Composition
of Steel Slag

Figure 8a shows the XRD pattern of modified slag
samples with varying Al,O3 contents. In the case of
the AC3 and AC6 modified slags, the dominant
mineral compositions observed were «-CyS, [-CsS,
CsMS,, MgFeAlO4, and RO phases. In the AC9
modified slag, the diffraction peaks corresponding to
a-CoS and C3MS, were no longer present. Instead,
the appearance of CasAlygFeq 16513012 was
observed. Furthermore, in the AC12 modified slag,
CazAlySiz0q5 (C3AS3) emerges as a distinct diffrac-
tion peak. A progressive decrease in the diffraction
peak intensity of 5-C5S was observed in the modified
slag samples from AC3 to AC12. This trend indi-
cates that an increase in AlyOsz content in the
modified slag hampered the formation of silicate
minerals while promoting the formation of alumi-
nosilicate minerals. In contrast to the presence of
the MgFe,;0,4 spinel phase observed in the previous
studies, the Al,O3 modified slag exhibited the
appearance of the MgFeAlO, spinel phase. This
discrepancy can be attributed to the difference in
Al,O5 content between the two sets of studies. The
earlier studies involved low Al,Oj3; content in the
modified slag (< 1 wt.%), whereas the current study
in this section utilized modified slag with Al;O;
content ranging from 3 wt.% to 12 wt.%. The
increase in Al;O3 content leads to the dissolution
of some Al atoms into the lattice of the MgFesO,
spinel phase, resulting in the formation of the
MgFeAlO, spinel phase. As depicted in Fig. 8a, it
can be seen that, with the rise in Al,O3 content, the
diffraction peak corresponding to the MgFeAlO,
spinel phase gradually shifted towards higher
angles. This can be attributed to the decrease in
the lattice constant of the spinel phase caused by an
increased solid solution of Al atoms. The high-angle
shift of the diffraction peak of the MgFeAlO, spinel
phase was a direct consequence of this change in
lattice constant.

Figure 8b—e presents the SEM microstructure of
the modified slag samples with varying Al5O;
contents, while Table S4 provides the corresponding
energy spectrum data. In the case of the AC3
modified slag, the main mineral phases observed
were CoS, C3MS,, and MgFeAlO4. In the AC3
modified slag, C,S was present in elliptic and
plate-like morphologies, with a grain size ranging
from approximately 14-50 ym. MgFeAlO, exists as
a matrix phase, while C3MS, is observed in a
spindle shape along the boundaries of CsS grains.
In the AC6 modified slag, the content of CsS
decreased compared to AC3, and its grain size
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reduced to approximately 12-42 um. C3MS,
appeared in a needle-like form. In the AC9 modified
slag, there was no distinct CyS grain observed. From
the locally magnified SEM images, it can be
observed that dark spindle-shaped substances are
present in the slag. According to the energy spec-
trum data from Table S4, the main components of
this substance are Ca and Si, with a Ca/Si ratio
close to 2:1. This suggests that the substance is
partially crystallized CaySiO4 that has not com-
pleted its crystalline growth. In addition, CasAlj g4-
Fe; 16513012 exists in an amorphous form
surrounding Ca,SiO4, while MgFeAlO, exists as
the matrix phase. In the case of the AC12 modified
slag, compared to the AC9 modified slag, the
spindle-shaped Ca,SiO4 grain size is smaller, and
CaszAlySiz012 and MgFeAlO, as matrix phases are
dispersed around CaySiO4. The AC9 and AC12
modified slags exhibit different microstructural
features compared to other modified slags. There
are no clearly defined circular or elliptical CasSiO4
grains. This is attributed to the higher viscosity of
the Al;O3 modified slag. As shown in Fig. S2, the
viscosity of AlyO3 is significantly higher than that of
the Fe;O3 modified slag and the MgO modified slag.
Additionally, the modified slags with 9% and 12%
Al;03 content have even higher viscosities. During
the process of cooling from the molten state to room
temperature, the Ca and Si atoms in the modified
slag undergo diffusion and locally enrich. After
enrichment, they undergo nucleation and crys-
talline growth to form CaySiO,4 grains.®® When the
viscosity of the molten slag is too high, the diffusion
of Ca and Si components becomes difficult, which
hinders the growth of CasSiO,4. This leads to the
distinct morphology of CaysSiO4 grains in the AC9
and AC12 modified slags compared to other modi-
fied slags.

Influence of AlsOs Content on CLR of Steel Slag

Figure 9 shows the CLR and leaching residue
XRD pattern of the modified slag with varying
Al50O3 contents. It can be observed from Fig. 9a that,
as the Al,O3 content increased from 3 wt.% to 12
wt.%, the CLR decreased from 92.85% to 88.68%. In
comparison to the MgO modified slag, the CLR of
the Al,O3 modified slag was lower. This can be
attributed to the fact that the increase in Aly,Oj3
content not only affected the formation of the non-
calcium-containing mineral spinel phase but also
impacted the formation of the calcium-containing
mineral, C3AS;. Indeed, calcium-aluminosilicate
minerals have generally shown lower reactivity
compared to other minerals. As a result, an increase
in Al;O3 content will have a significant impact on
the CLR of modified slag. The pH of the leachate of
the modified slag exhibits a decrease with increas-
ing Al;O3 content. The pH values decreased from
4.90 to 4.58 as the Al,Os content increased. This
indicates that the increase in Al,O3; content has a
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Fig. 8. XRD pattern and SEM microstructure of modified slag with different Al,O3 contents: (a) XRD pattern of modified slag with different Al,O3
contents; (b) SEM microstructure of AC3 modified slag; (c) SEM microstructure of AC6 modified slag; (d) SEM microstructure of AC9 modified
slag; (e) SEM microstructure of AC12 modified slag. The figures in the graph are energy spectrum data numbers, and the energy spectrum data

are shown in Table S4.

significant impact on the pH of the leachate,
resulting in a lower pH value.

It can be observed from Fig. 9b that the main
minerals of the leaching residue include the
MgFeAlO, spinel phase and the RO phase. Addi-
tionally, there were small amounts of C3MS,,

Ca3Alo.84Fe1_16813012, and CgAS3 present in the
residue. These results indicate that, when the
basicity was 2, the variation in Al,O3 content does
not significantly affect the mineral composition of
the modified slag. The leaching residue was rich in
iron minerals. Therefore, under these experimental
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Fig. 9. CLR and leaching residue XRD pattern of modified slag with different Al,O3 contents: (a) CLR of modified slag with different Al,O3
contents; (b) leaching residue XRD pattern of modified slag with different Al,O3 contents.

conditions, effective recovery of Ca and Fe elements
from the slag can still be achieved.

CONCLUSION

The effects of Fe;03, MgO, and Al,O3 contents on
the mineral composition and the CLR of steel slag
were investigated. The main conclusions can be
summarized as follows:

(1) As the FeyO3 content in the modified slag
decreased, the content of CyS in the slag
increased. Consequently, the CLR gradually
increased. Specifically, when the Fe,Os con-
tent of the modified slag decreased from 30
wt.% to 15 wt.%, the CLR increased from
92.01% to 98.26%.

(2) As the MgO content increased, the content of
CsS in the slag decreased. However, MgO does
not react significantly with the Ca element to
form minerals with low reactivity. As a result,
its influence on the CLR was limited. Specif-
ically, when the MgO content in the modified
slag increased from 3 wt.% to 12 wt.%, the
CLR decreased from 97.38% to 92.62%.

(83) The CLR of Al,O3 modified slag was found to
be low. This is because calcium-aluminosili-
cate minerals generally exhibit poor reactiv-
ity, so the increase in Al,O3 content has a
significant impact on the CLR of the modified
slag. Specifically, when the Al,O3 content in
the modified slag increased from 3 wt.% to 12
wt.%, the CLR decreased from 92.85% to
88.68%.

(4) At a basicity of 2, the modified slag can
effectively release Ca elements while also
enabling the efficient recovery of Fe elements.
Such findings are of utmost importance for

maximizing the recovery of valuable metal
elements from steel slag.
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