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Abstract

The characteristics of argon oxygen decarburization slag (AODS) for smelting stainless steel that has been aged for
10 years were analyzed. Three types of AODSs distributed at three positions in a slag heap were sampled for comparison
experiments. Chemical analysis, mineral phase identification, thermogravimetric analysis, and micromorphology analysis
were used to study the element migration trends and carbonation behavior of AODS after long-term aging. Sequential
leaching tests were performed to study the chromium leachability of the aged AODS. The results show that during the long-
term aging process, the AODS heap had undergone oxidation and carbonation, accompanied by element migration and
mineralogical evolution. The surface slag had the highest degree of carbonation but the weakest chromium leachability.
The chemical composition of the middle slag was the closest to that of the original slag. In the bottom steel slag, in addition
to magnesium, certain depositions of other elements were present. The matrix phases in the aged slag were dicalcium
silicate and merwinite, and the chromium was mainly wrapped in these matrix phases in the form of oxides, spinels, or
alloys. Under the combined effects of carbonation and oxidation, the leaching characteristics of the chromium in the aged
slag varied greatly depending on the location. The bottom slag had the strongest chromium leachability, and the hexavalent
chromium had long-term continuous leachability.
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1 Introduction

In 2019, China produced 29.4 million tons of crude stain-
less steel [1], accompanied by more than 9.0 million tons of
stainless steel slag [2]. Three kinds of stainless steel slags
are produced in the three processes of smelting stainless
steel, namely, electric arc furnace slag (EAFS), argon
oxygen decarburization slag (AODS) and ladle metallurgy
slag (LMS) [3].

AODS is a by-product generated in the AOD (argon
oxygen decarburization) furnace during the refining step of
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the stainless steel smelting process. AODS has high con-
tents of CaO, SiO,, and MgO, as well as some Cr,0O3; and
fluorine [4]. In its cold state, the crystalline mineral phase
composition of AODS mainly includes y-dicalcium silicate
(7-2Ca0-Si0, (y-C»S)), B-dicalcium silicate (f-2Ca0-SiO,
(B-C,S)), periclase (MgO) and fluorite (CaF,) and trace
amounts of free calcium oxide (f-CaO), merwinite
(3Ca0-MgO-2Si0,; (C;MS,)), and spinel [5].

Over the past decade, the production of AODS in China
has continued to grow, with the cumulative output
exceeding 18 million tons. At present, the proportion of
stainless steel slags that are recycled is low [6], and the
portion that is not recycled will inevitably increase the
amount of waste to be treated and disposed of in landfills
[7]. During storage and disposal, the chromium in AODS
requires special attention due to its potential toxicity [8].
Since the late smelting stage of AOD is in a reducing
atmosphere, the low oxygen potential inhibits the oxidation
of metals and metalloids [9], so that the chromium in the
original AODS mainly exists in the metallic and Cr(IIl)
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states [2]. The chromium oxide in AODS is mainly phys-
ically encapsulated in silicate phases or chemically sealed
in spinel phases [4]. Cr(III) in the form of Cr,Oj3 has a high
activity and can be oxidized to Cr(VI) under alkaline
conditions [10]. In the aging process, when AODS absorbs
moisture, hydrolysis of the alkaline soluble phase generates
Ca(OH),, making Cr(III) easier to oxidize to Cr(VI). Even
at normal temperature, the thermodynamic conditions for
the oxidation reaction of chromium can be reached [11].
Cr(VI) has a higher migration capacity and higher toxicity
than Cr(IIT) [12]; therefore, for the long-term stacking of
AODS, the change in chromium leaching risk must be
considered during disposal and recovery.

In addition to the oxidation reaction, there are also
carbonation reactions that will have an important effect on
the characteristics of AODS in the long-term aging process.
When carbon dioxide and moisture are in contact with the
Ca/Mg-containing phases, AODS will be carbonated even
under mild aging conditions during the landfill process
[13]. Carbonation can significantly change the type, con-
tent, and micromorphology of the mineral phases in AODS.
The carbonation of AODS mainly consumes the dicalcium
silicate phase, and the generated calcium carbonate and
silica gel mainly adhere to the surface of the slag particles
[14] or fill the areas between the slag particles [15]. The
newly generated carbonation products hinder the contact
between the soluble mineral phases in the AODS and the
external solution and reduce the probability of carbon
dioxide penetration into the slag particles. This hinders the
further carbonation of the AODS and reduces its ability to
release ions [16].

The carbonation reaction consumes the alkaline mineral
phases in the AODS, producing carbonates with lower
solubility and resulting in a decrease in the alkalinity and
metal ion leachabilities of the AODS [17]. Santos et al.
[18] found that carbonation can reduce the leachabilities of
Mo, Pb, and Zn, but its effect on chromium fluctuates with
the carbonation ratio. Fernandez Bertos et al. [19] analyzed
the cause of the fluctuation in the chromium leachability
and pointed out that chromium oxide can replace silicon
oxide in C-S-H gel. When the pH of the leachate is
moderate, C—S—H gel can dissolve and release chromium.
When the pH of the leachate is further reduced, calcium
carbonate and the newly formed double salt can absorb
chromium again, and thus, its leachability is reduced again.

It should be noted that both oxidation and carbonation
can significantly change the mineralogical composition and
the presence of chromium. To date, there is still little
research on the coupling effect of these two main aging
mechanisms. Considering that the AODS piled in stock is
still a potentially available resource, it is necessary to study
the properties of aged AODS.
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This study aims to test the element distribution and
mineralogical composition of ten-year-old AODS and
analyze how long-term aging influences the chromium
leachability. For this purpose, the stratified sampling
method was used to collect AODS samples at three posi-
tions in a ten-year-old AODS heap. X-ray fluorescence
(XRF) spectroscopy analysis was performed to test the
chemical components of the three AODS samples. X-ray
diffraction (XRD) and scanning electron microscopy
(SEM) analyses were performed to study the differences in
the phases and microstructures of the slags. Moreover,
sequential leaching tests were performed to obtain sys-
tematic information on the chromium leachability of the
three AODS samples.

2 Experimental
2.1 Sample preparation

The target AODS heap, which was about 15 m in diameter
and 7 m in height, had been naturally stacked indoors for
one decade and located in the warehouse of a stainless steel
production company in China. This batch of AODS was
produced at the same time period (within one month)
10 years ago and stored separately as representative waste.
Long-term indoor storage prevented the target AODS heap
from violent effects such as rainwater leaching and ensured
its continuous aging in a relatively stable environment.

Three sets of AODS samples were collected from the
surface (S-AODS), middle (M-AODS), and bottom (B-
AODS) of the slag heap. The collected samples were cru-
shed and ground and then sieved by a 200-mesh standard
sieve. The undersized (< 74 um) AODSs were placed in a
drying oven at 105 °C for 6 h and then stored in a desic-
cator, ready for all subsequent experiments.

2.2 Characterization

To explore the chemical element distribution evolution of
the AODS heap during long-term aging, a test was per-
formed by using XRF analysis on these three sets of AODS
samples.

The aging process changed the mineralogical composi-
tion of the AODS heap. To obtain comprehensive results
for the mineralogical variability within the AODS heap,
mineralogical tests were conducted by XRD. The XRD
tests were performed on a D8 Advance X-ray diffrac-
tometer (Bruker Corporation, Germany), and the diffrac-
tion spectra were evaluated in the scanning range of 10° to
90°. The crystalline phases were identified using JADE 9
software based on the ICDD Powder Diffraction File (PDF-
2009) database.
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The thermogravimetry and differential thermogravime-
try (TG-DTG) analysis was used to determine the aged
AODS hydration ratio and carbonation degree. TG analysis
was conducted using a Setsys Evo TG analyzer
(SETARAM, France). Using a cylindrical Al,Oj3 crucible
as a sample container, the slag samples were heated from
ambient temperature to 950 °C under a nitrogen atmo-
sphere at a heating rate of 0.33 °C/s.

SEM was used to observe the microstructure of the aged
AODS samples, and the energy-dispersive spectrometer
(EDS) was utilized to obtain the elemental composition
information of representative positions in the SEM maps.

2.3 Leaching test

The effect of the aging process on the presence of chro-
mium in AODS could be reflected by the leaching char-
acteristics of chromium. Sequential leaching tests were
designed. Using 100 mL of deionized water as the initial
leaching solution, 10 g of S-AODS, M-AODS, and
B-AODS were taken as the leaching objects. A sealed
conical flask was used as the container, and the samples
were continuously leached for 20 days in a horizontal
shaker at a speed of 20 r/min. In the sequential leaching
process, 80 mL of supernatant was sampled every 24 h,
and the same amount of deionized water was added to
maintain the liquid—solid ratio.

The electrochemical characteristics of the leachate,
including pH, redox potential (Eh), and conductivity, are
tested immediately after sampling. After filtering through a
0.22-pum membrane filter, chromium ion concentration
detection was performed on the sampled leachate. Hex-
avalent chromium and total chromium concentration in the
leachate were analyzed using UV-visible spectrophotom-
etry by the diphenylcarbazide method (GB/T
15555.4-1995) in conjunction with the oxidation of
ammonium peroxydisulfate [20]. The trivalent chromium
concentration was calculated by the subtraction method.

3 Results and discussion
3.1 Chemical composition

The chemical composition of the unaged original AODS
(O-AODS) was recorded in one of our previous studies
[21]. Table 1 presents the chemical compositions of the
original AODS and the aged AODSs.

Long-term aging did not change the main element
composition of the AODS heap. The major components
were CaO and SiO,, which could occupy more than 75% of
the total mass. The MgO and Al,O; contents were lower
than 10 wt.% and could be classified as minor components,

while the TiO,, Fe,O3, MnO, and Cr,Os contents were
lower than 1 wt.% and represented trace components.

Regarding the migration of elements in the AODS heap
during the aging process, all the elements except magne-
sium gradually migrated from the surface to the inside. The
content of CaO had the largest deviation, which was
greater than 8%. It should be noted that the Cr contents in
the layers of slag are 0.57, 0.61, and 0.67 wt.%, which
could lead to a certain risk of leaching.

3.2 Mineral composition

The XRD analysis results are presented in Fig. 1. The
analysis of the different diffraction angles (26) and
diffraction intensities (/) in the X-ray diffraction spectrum
showed that the major mineral components of the S-AODS
were dicalcium silicate, merwinite, and pyroxene. Calcite
and Fe—Cr spinel were also detected in the XRD spectrum
of S-AODS. They could be classified as minor mineral
compositions due to the weak intensities of the corre-
sponding diffraction peaks. The mineralogical composi-
tions of the M-AODS and B-AODS were roughly the same
as that of S-AODS.

The contents of each mineral contained in each layer of
the AOD slag heap were calculated by the adiabatic
method by referring to the PDF card provided in the JADE
software [22]. The results are listed in Table 2.

The results of the mineral phase quantitative analysis
show that after long-term aging, the relative content of the
dicalcium silicate phase in the S-AODS was significantly
reduced compared to those of the M-AODS and B-AODS,
while the content of the calcite was increased. In the pro-
cess of AODS stacking, the surface slag first contacted CO,
and H,O in the air, which formed an environment suit-
able for carbonation reactions. The generated calcium
carbonate and silica gel adhered to the gap between the
surface of the AODS and the slag particles [17]. These
components played a role in physical encapsulation and
hindered the penetration of CO, further into the inner part
of the slag heap. Thus, these products of S-AODS car-
bonation protected the internal AODS from being carbon-
ated. In the S-AODS, the dominant phase involved in the
carbonation reaction was dicalcium silicate [23]. There-
fore, the content of dicalcium silicate in the S-AODS was
much lower than those in the M-AODS and B-AODS.

The relative content of the other mineral phases, such as
merwinite, pyroxene, and perovskite, did not change much
with depth. This may be due to the increase in amorphous
products in the slag after the surface slag underwent car-
bonation, resulting in a change in the relative contents of
crystalline substances. It should be noted that the chro-
mium in the surface steel slag mainly existed in the form of
iron-chromium spinel, while in the middle and bottom, the
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Table 1 Chemical composition distribution of AODS heap (wt.%)

Composition CaO SiO, MgO Al,O4 TiO, Fe,05 MnO Cr,05
0-AODS 55.90 24.67 5.85 1.07 0.69 0.16 0.51
S-AODS 52.68 23.54 5.63 1.61 0.56 0.48 0.35 0.57
M-AODS 53.42 25.24 5.32 1.95 0.71 0.59 0.31 0.61
B-AODS 61.39 27.59 5.07 1.95 0.99 0.82 0.54 0.67
B AODS 1 | Dicalcium silcate chromium mainly ex?sted in eac.h spinel phase, which rr}ay
240 2 Merwinite be related to oxidation and rain in the long-term aging
process.
160
3.3 Carbonation degree
80
The results of the TG-DTG analysis are shown in Fig. 2. It
0 can be seen from the DTG curves that the three slag
I 3 Pyroxenc samples had three obvious ch.aracteristic peaks. This irl1di—
22 F cated that as the temperature increased, there were mainly

Intensity/Counts

4 Fe-Cr spinel

237

6 Calcite
7 Perovskite

three mass loss processes for the three aged AODSs. First,
the escape of moisture from the interlayer and C-S—-H gel
occurred in the temperature interval of 100-300 °C
[24, 25]. The second mass loss stage detected at tempera-
tures from 400 to 550 °C corresponded to the thermal
decomposition of Ca(OH), [26]. The third mass loss stage
in the temperature range of 550-950 °C corresponded to
the thermal decomposition of CaCOj5 [27, 28].

From the TG curves of the three slag samples, it can be

158 seen that the calcite decomposition amount of the surface
layer is greater than those of the middle layer and the
79 bottom layer. According to the thermogravimetric experi-
mental data, the carbonation degree (CO, uptake ratio) of
0 the three slag samples S-AODS, M-AODS, and B-AODS
s s s s s can be calculated according to Eq. (1) as 5.3%, 3.5%, and
20 25 30 35 40 45 50 55 60 65 170 1.0%, respectively.
201) Amsso—950°c
] ] w=—222 2 % 100% (1)
Fig. 1 XRD results for slag samples from AOD stainless steel slag MmMos50°C
heap
Table 2 Mineral contents of each layer of AODS heap (wt.%)
Composition Dicalcium silicate Merwinite Pyroxene Fe—Cr spinel Mg—Cr spinel Calcite Perovskite
S-AODS 23.95 34.19 25.78 4.77 - 11.31 -
M-AODS 46.92 27.32 26.51 - 6.12 6.97 6.26
B-AODS 48.96 25.01 24.01 - 5.26 3.76 5.35

— indicates trace content
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Fig. 2 TG-DTG curves of three sets of AODS

where w denotes the CO, uptake ratio; Amssg_9s0-c is the
mass loss (decarbonation) from 550 to 950 °C for the aged
AODS; and mygso-c is the mass of the aged AODS after
dehydration and decarbonation, which is equivalent to the
mass of the original AODS.

The results of carbonation degree analysis showed that
during the long-term natural aging process, the AODS heap
was exposed to air, and indeed, a slow carbonation reaction
occurred. Carbonation first started in the S-AODS and
gradually penetrated the interior of the slag heap. Products

of carbonation, such as calcium carbonate and silica gel,
covered the surface of the slag particles or filled the spaces
between the slag particles, which hindered further car-
bonation; therefore, the bottom slag had the lowest degree
of carbonation.

3.4 Micromorphology

Figure 3 shows the micromorphology of the S-AODS. The
particles of the S-AODS mainly existed in an irregular
plate (Fig. 3a, b) or granular form (Fig. 3c, d). Due to the
different surface morphologies of the mineral phases pre-
sent in the slag particles, the number of secondary electrons
generated during the SEM imaging process was different,
resulting in different shades for the different phases in the
photograph. At the positions of phases with different
shades, EDS tests were carried out to detect the elemental
compositions, and the results are listed in Table 3.
According to the SEM and EDS results, the matrix of
S-AODS was mainly composed of Ca, Mg, Si, and O, and
the mineral phase was mainly C,S and C3MS,. MgO was a
minor phase that mainly existed alone in the form of par-
ticles. Other trace phases, such as Cr-Mg spinel
(MgO-Cr,03), perovskite (CaO-TiO;), and chromium
oxide (Cr,03), were mostly encapsulated in these matrix
phases.

Fig. 3 Micromorphology of S-AODS

@ Springer
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Table 3 Element compositions of representative microdomains in S-AODS (at.%)

Microdomain Ca Si Mg C o Cr Fe Ti

1 35.60 13.45 - - 50.95 - - -

2 - - 9.19 19.78 49.53 21.50 - -

3 24.04 2.84 - - 54.80 241 - 15.92
4 12.69 6.47 - - 39.30 8.94 32.59 -

5 21.39 10.64 6.94 15.19 45.84 - - -

6 - - 54.21 - 45.79 - - -

7 26.93 12.99 8.05 - 52.02 - - -

8 35.60 13.45 - - 50.95 - - -

— indicates trace content

Fig. 4 Micromorphology of M-AODS

Figure 4 shows the micromorphology of the M-AODS.
The slag particles of the M-AODS were mostly plate-
shaped, circular, elliptical, or irregular. The EDS results
listed in Table 4 show that the M-AODS was mainly
composed of Ca, Si, Mg, Fe, Cr, and O. In Fig. 4, micro-
domains 1 and 7 were periclase phases, which existed as
separate particles. Microdomain 8 was metallic iron (Fe),
which was wrapped in the periclase phase. Similar to the
S-AODS, C,S (Microdomains 2 and 3) and C3MS, (Mi-
crodomain 6) existed as the major matrix phases in the
M-AODS particles, and trace phases, such as ferrochrome,

@ Springer

Fe—Cr spinel, and metal iron, were wrapped by these pre-
dominant phases.

Figure 5 and Table 5 show the micromorphology and
microdomain element composition of the B-AODS,
respectively. The B-AODS was similar to the M-AODS in
terms of morphology and phase composition. The slag
particles of the B-AODS were mostly circular or irregular
plates. The matrix phases (C,S and C3MS,) encapsulated
the trace phases (perovskite, ferrochrome, Fe—Cr spinel,
and Cr,03), while the minor phase, periclase, existed as
individual round particles.
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Table 4 Element compositions of representative microdomains in
M-AODS (at.%)

Microdomain  Ca Si Mg c O Cr Fe

1 Ca - 53.66 - 4634 - -

2 - 1340 - - 5083 - -

3 3577 13.02 - - 5258 - -

4 3440 - 39.40 51.24 936 -

5 - - - - - 496 95.04
6 - 1296 835 - 5150 - -

7 27.18 - 53.14 - 4686 - -

8 - - - - - - 100

— indicates trace content

3.5 Leaching characteristics

As the most important electrochemical indexes of the
leachate, the Eh and pH jointly determine the presence of
metal ions, which has a great influence on the leachability
of the metal ions in the experimental target [29].

Figure 6 shows the evolution characteristics of the pH
and Eh of the leachates during the sequential leaching test.
First, the leaching time was used as the variable for anal-
ysis. During the 20-d sequential leaching, the pH of the
leachates of the three AODSs gradually decreased, while
the Eh gradually increased. The high alkalinity of the

Fig. 5 Micromorphology of B-AODS

leachate in the initial leaching stage was due to the rapid
release of a large amount of hydroxide from the soluble
primary phases in the AODSs. As the leaching continued,
the single-day hydrolysis rate of the primary phases grad-
ually decreased, thereby reducing the hydroxide release
rate. In addition, the formation of the secondary precipi-
tation phase might consume a certain amount of hydroxide,
resulting in a gradual decrease in the pH of the leachates.
Second, if the distribution position of the slag samples in
the slag heap was used as the variable for analysis, as the
depth increased, the pH of the leachates gradually
increased. This was because the surface slag had undergone
carbonation and alkali metal elemental sedimentation
during the long-term aging process.

The Eh of the leachates was determined by the pH and
the dissolved oxygen (DO) contents [30]. The leaching
experiment was carried out in a closed flask that could
prevent the oxygen in the environment from entering the
leaching system. After the daily sampling, water with the
same dissolved oxygen content was added to the flask as a
supplementary solution. Therefore, during the leaching
process, the DO in the leachates was almost constant, and
the pH became the only factor affecting Eh in this study.

The conductivity of the leaching solution can reflect the
sum of the ability of the AOD slag to release ions during
the leaching process [31]. As shown in Fig. 7, the B-AODS
had the highest conductivity during the entire leaching
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Table 5 Element compositions of representative microdomains in B-AODS (at.%)

Microdomain Ca Si Mg C 0} Cr Fe Ti

1 26.93 12.99 8.05 - 52.02 - - -

2 22.61 4.18 - - 58.87 222 - 12.12
3 39.40 13.66 - - 46.94 - - -

4 - - - - - 15.86 84.14 -

5 - - - - 41.48 2.19 56.34 -

6 - - - - 20.55 79.45 -

7 35.13 12.93 - - 51.94 - - -

8 - - 55.79 44.21 - - -

— indicates trace content
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cycle and had the strongest ion leachability, while the
S-AODS had the lowest conductivity and the weakest ion
leachability.

In the long-term aging process, the S-AODS first con-
tacted the external environment. The oxidation reaction
and the carbonation reaction were carried out first in the
S-AODS. The soluble elements in the S-AODS slowly
migrated to the bottom layer under the action of micro-
leaching and gravity. As shown in the XRF analysis results,
Mg was relatively special. According to the SEM/EDS
results, Mg existed as a single periclase particle in the
AODS and was insoluble in water, so it did not easily
migrate. After the chromium was oxidized to hexavalent
chromium, its migration ability was greatly increased [32],
and it gradually migrated to the bottom layer. The surface
slag had also undergone carbonation, which consumed the
soluble silicate phases and produced carbonate phases that
were much less soluble than these phases, which is an
important reason why the S-AODS leachate had the lowest
conductivity.

Figure 8a shows that the B-AODS had the strongest
chromium leachability, which was significantly higher than
those of the M-AODS and the B-AODS. With the exten-
sion of the leaching time, the total chromium leached in a
single day gradually decreased and tended to leach at a rate
of 0.44 mg/(kg d) after the 15th day. Figure 8b shows that
during the entire leaching procedure, hexavalent chromium
contributed the vast majority of the total chromium
leaching amount and showed continuous leachability. In
the early stage of leaching, the amount of hexavalent
chromium accounted for more than 60% of the total
chromium. With the extension of the leaching time, the
proportion of hexavalent chromium gradually increased
and reached 100% on the 13th day. Regarding the leaching
of hexavalent chromium itself, it can be seen from Fig. 8b
that the B-AODS had the highest hexavalent chromium
leachability, while S-AODS and M-AODS had very similar
hexavalent chromium leaching curves.
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Due to the reducing smelting environment of the AOD
process, the chromium in the original AODS mainly exis-
ted in the form of trivalent chromium. After long-term
aging, the trivalent chromium was oxidized into hexavalent
chromium by oxygen in the air. The hexavalent chromium
had higher mobility than the trivalent chromium. Under the
combined effect of trace leaching and gravity in the aging
environment, more hexavalent chromium was enriched in
the B-AODS. The SEM/EDS analysis showed that a large
part of the chromium in the aged AODSs existed in the
spinel phases (Fe—Cr spinel and Mg—Cr spinel) with strong
chemical stability, which occurred because the chromium
in the original slag already existed in this state [33, 34].
These Cr-bearing spinel phases cannot be carbonated or
oxidized in the natural environment. The growth of hex-
avalent chromium during the long-term aging process
occurred because of the oxidation of the Cr,O5; encapsu-
lated in the Ca—Mg-Si matrix phases. This part of the
chromium was the main source of chromium released
during the leaching process. The proportions of hexavalent
chromium of the aged slags and the original slag were
different, which affected the leachability of the total
chromium.

The aged AODS sample, especially the B-AODS, had
high chromium leachability, and there was a certain risk of
chromium leaching. Therefore, when handling or recycling
these types of solid waste, the potential impact on the
environment must be considered.

4 Conclusions

1. The main elements in the AODS, except for magne-
sium, experienced migration from the surface layer to
the bottom layer during the long-term aging process.

The content of chromium in the B-AODS was 17.5%
higher than that in the S-AODS.

2. During the long-term aging process, the types of
mineral phases in the AODS did not change, and
calcite formed by carbonation existed in the S-AODS.
Dicalcium silicate and merwinite were the dominant
mineral phases in the matrix. Chromium was mainly
encapsulated in these matrix phases in the form of
oxides, alloys, and spinels. Periclase existed as indi-
vidual particles.

3. Long-term aging had a significant effect on the
leachability of the chromium in the AODS. The
B-AODS had the highest chromium leachability,
which was significantly higher than those of the other
two slags. The chromium leachability of the M-AODS
was slightly higher than that of the S-AODS.

4. In the aged AODS samples, hexavalent chromium had
long-term continuous leachability, while trivalent
chromium was not detected after the 13th day of
leaching.
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