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Abstract: Mineralization of CO2 using a Ca–rich metallurgical slag is known to be a promising approach to 12 

controlling CO2 emissions while converting slag by-products into valuable materials. However, untreated 13 

stainless steel slag (SSS) cannot straightforwardly be used for carbon capture and storage (CCS) or rather 14 

carbon capture and utilization (CCU) since there is a potential risk of toxic chromium release. For the dual 15 

goals of chromium immobilization and calcium recovery of SSS, four principal Ca–bearing phases,  glass, 16 



2 

 

dicalcium silicate, merwinite, and melilite, were prepared and employed in order to investigate their 1 

decomposition behavior. Based on the experimental results, the morphology variations of the studied phases 2 

were revealed and the stability order was proposed as follow: glass > melilite > mervinite > dicalcium silicate. 3 

A MnO–based modification was conducted, and the effect of MnO content on the phase transformation and 4 

element distribution of SSS was investigated. Experimental results indicated that a proper increase of MnO 5 

content is beneficial for the calcium enrichment in target phases and chromium stabilization in a spinel phase. 6 

The structure and phases modification mechanism induced by added MnO is studied and reported in this 7 

work. 8 

 9 

 10 
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1. Introduction 1 

The impact of energy use and the resulting CO2 emissions on climate change has received global attention 2 

for several decades. Mineralization of CO2 using the world's abundant Ca– and Mg–rich resources offers a 3 

large carbon capture and storage (CCS) potential with documented advantages compared to methods 4 

involvinggeological  or ocean storage. Zevenhoven and co-workers proposed magnesium silicate–based 5 

rock carbonation processes what are referred to as “ÅA route” and “alternative ÅA route”.[12   In these 6 

processes, magnesium is firstly extracted using ammonium sulfate (AS) and converted into magnesium 7 

hydroxide (Mg(OH)2) particles or magnesium sulfate (MgSO4)–rich solution.This is then carbonated 8 

producing stable solid products with market value, while the AS is recovered for re-use.[345  9 

In China, the iron and steel industry released more than 15 billion tonnes/year of CO2 , accounting for 10 

about 15% of the total CO2 emissions.[678  According to Wang’s prediction, under business as usual (BAU) 11 

situation, the carbon intensity of China's iron and steel sector will be 0.3693 t CO2/100 CNY by 2020.[9  12 

Therefore, the capture and storage (CCS) or rather capture and utilization (CCU) of generated CO2 from iron- 13 

and steelmaking processes in an economically viable way is very important to the Chinese emission reduction 14 

strategy. [10  A key driver for the viability of mineral carbonation of CO2 is the availability of such materials 15 

in the vicinity of CO2–creating sources.[11  In steelworks, steel slags are widely available byproduct materials 16 

that can potentially be valorized via mineral carbonation [12 . Their high contents of calcium (generally 40% 17 

~ 60%) combined with the large on–site CO2 emissions offers opportunities for carbon capture credit gains.[13  18 

One of quite a few examples of work done on mineralization using iron- and steelmaking slag is the so–19 

called “slag2PCC” (slag to precipitated calcium carbonate) process. Using methods like this, the low–value 20 

waste slag can be transformed into high–added–value products making the process more commercially viable.  21 

The feasibility of CO2 sequestration using hot and cold BOF slags has been experimentally demonstrated 22 
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by Chang et al. [1415  and Santos et al.[16 . Mattilaand Zevenhoven investigated a carbonation process of steel 1 

slag using a recyclable ammonium salt solvent while developing the slag2PCC process towards 2 

commercialization and found steel slags with high free–lime and larnite (Ca2Si2O4) contents be most 3 

suitable[ 17   Baciocchi et al. studied EAF slag and AOD slags carbonated in a wet and slurry–phase 4 

carbonation process, and found AOD slag more reactive with CO2.[1819   5 

There is a significant body of literature presenting calcium leaching from steelmaking slag for CCU using 6 

a variety of acidic additives, indicating extraction efficiencies  > 80%.[2021  However, some toxic elements 7 

may be eluted alongside calcium from the slag bythe aggressive attack of hydrogen ions.[222324  Especially 8 

for Cr–bearing stainless steel slag (SSS), chromium may be released into aqueous solutions as a result of the 9 

phase decomposition, followed by transfer into either carbonate particles or  by-products that cause 10 

pollution.[25,new   The chromium leachability as a function of pH was reported not to be significantly affected 11 

by carbonation.[2627  Therefore, a remediation of SSS before using it in a CCU process is necessary.[28  12 

In order to improve the stability of chromium in SSS, a lot of effort has been focused on controlling 13 

chromium distribution across various phases [2930 . Spinel is considered to be a preferential target phase for 14 

chromium immobilization due to its excellent stability in both acid and alkaline environments [31 . Therefore, 15 

the method of enriching the chromium into a stable spinel phase is attracting extensive research attention 16 

[3233 . Spinel has a general solid solution formula  AOB2O3. In the crystalline structure of spinel, divalent 17 

and trivalent metallic ions, respectively, are located at the interstices of tetrahedrons and octahedrons 18 

constituted by oxygen ions [34 . Adding spinel forming agents of the type AO and B2O3 was reported to be 19 

effective to improve spinel crystallization [35 . However, little has been reported on combiningchromium 20 

immobilization with mineral carbonation. The evolution of Ca–bearing phases during the modification 21 

process, and the effects on the calcium recovery has yet to be better understood. Earlier work by the present 22 
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authors indicated that adding aluminum oxide (Al2O3) into molten slag can promote spinel growth, while 1 

more refractory calcium alumina feldspar phase can precipitate which may restrict the subsequent calcium 2 

extraction. [36  3 

To clarify these issues, four principal Ca–bearing phases were synthesizedand a series of acid corrosion 4 

and leaching tests was carried out to study their stability. On the basis of the experimental results, an MnO–5 

based modification was designed and conducted, and the effect of the MnO content on the phase 6 

transformation and element distribution of SSS was investigated. 7 

2. Experimental 8 

2.1. Phase synthesis and SSS preparation 9 

For purpose of evaluating the stability of Ca–bearing phases in SSS, phases of glass (liquid phase of SSS 10 

with studied composition), dicalcium silicate (Ca2SiO4), merwinite (Ca3MgSi2O8), and melilite (Ca2MgSi2O7) 11 

were synthesized.As chemical reagents, magnesium oxide (MgO ≥ 99.9 wt%), chromium(III) oxide (Cr2O3 12 

≥ 99 wt%), iron(Ⅱ) oxalate dihydrate (Fe(C2O4)2H2O ≥ 99 wt%), calcium oxide (CaO ≥ 99.99 wt%), silicon 13 

oxide (99.7 ≥ wt%) and aluminum oxide (Al2O3 ≥ 99.8 wt%), were purchased from Sinopharm Chemical 14 

Reagent Co., Ltd., China. All reagents were dried at 110 °C for 10 h before weighing. The regents were mixed 15 

in a theoretical molar ratio, and the resultant mixture was milled in a planetary ball mill followed by a 16 

briquetting treatment under 30 MPa. The pressed tablets were then placed into molybdenum crucibles in a 17 

furnace and heated to target temperature. High purity argon was injected from the bottom of the furnace at a 18 

flow rate of 0.5 Lmin-1 to protect the samples from being oxidized. After a period of time, the heating was 19 

stopped and the samples were cooled. Experimental parameters of the various phases are shown in Table 1. 20 

The experimental furnace employed in this study is equipped with a MoSi2 heatercontrolled by a PID 21 
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controller equipped with a PtRh30%/PtRh6% thermocouple  sensor, which is illustrated in Fig. 1 (a). The 1 

temperature control of the furnace is accurate, showing deviation within ±2 °C at the constant temperature 2 

zone.  3 

 4 

Table 1 Process parameters of phase synthesis 5 

Target phase Temperature/°C Duration/h Quenching method 

Glass 1600 1 Water cooling 

Dicalcium silicate 1400 4 Furnace cooling 

Merwinite 1400 4 Furnace cooling 

Melilite 1400 4 Water cooling 

 6 

 7 

Fig. 1 Experimental apparatus used in the study. (a) Furnace. 1–cap; 2–furnace cover; 3–corundum tube; 4–insulation layer; 8 

5–thermocouple A; 6–sample; 7–refractory; 8–gas inlet; 9–thermocouple B; 10–graphite crucible; 11–molybdenum crucible; 9 

12–MoSi2 heating elements; 13–gas outlet. (b) For corrosion test. 1–Teflon holder; 2–glass beaker; 3–nitric acid; 4–tablet; 5–10 

automatic temperature–controlled electric heater. (c) For leaching test. 1–condenser; 2–nitric acid inlet; 3–three–necked 11 

flask; 4–oil bath pan; 5–thermocouple; 6–retort stand; 7–pH meter; 8–magneto. 12 

 13 
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The phase composition of the sample after the synthesis process was analyzed using a Philips X’Pert X–1 

ray diffractometer (XRD) equipped with a Cu Kα radiation source (λ = 0.15418 nm). The samples were 2 

scanned in the range of 10 ≤ 2θ ≤ 80 at a step of 0.008 and were specified using the Crystallographica 3 

Search–Match software with the Powder Diffraction File databases from the International Centre for 4 

Diffraction Data. The XRD patterns, which are given in Fig. 2, show that the synthetic products were, as 5 

expected, glass, dicalcium silicate, merwinite, and melilite phases.  6 

 7 

 8 

Fig. 2 XRD patterns of the synthetic products. 9 

 10 

2.2. Corrosion and leaching tests  11 

To investigate the stability of the four Ca–bearing phases, a corrosion test designed for a briquette sample 12 

(.. x .. x… cm) was carried out. The synthetic products were cut and polished using a polisher and several 13 

types of abrasive paper to obtain a smooth flat surface. A nitric acid solution (200 mL, pH = 4) was poured 14 

into a glass beaker and the prepared briquettes were immersed into the solution with the smooth flat surface 15 
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facing upwards, which were held in place by a Teflon holder while being constantly shaken in the solution 1 

(see Fig. 1 (b)). After 4 h, the briquettes were removed from the vessel and subsequently washed with 2 

deionized water, which was performed carefully as to avoid any substantial change of the surface eroded by 3 

the solution. A gold spraying process was conducted for the flat surface of the briquettes before and after the 4 

corrosion test to impart conductivity for scanning electric microscope–energy dispersive spectroscopy 5 

(SEM–EDS) analysis. 6 

A batch of leaching tests using powdery sample was also conducted to study the decomposition of the 7 

phases and the rate of that. Samples with a particle size  < 74 μm were prepared by grinding and screening 8 

from the synthetic products. A volume of 450 ml of prepared nitric acid solution with pH = 4 was poured in 9 

a three–necked flask on an oil bath pan heater. A mass of 15 g of powder was added to the solution when the 10 

temperature reached 30 C, after which agitation was started and maintained during the whole leaching 11 

process. After durations of 5, 20, 40, 70, 100, 130, 160, 190, 220 and 250 min, the slurries were filtrated and 12 

the pregnant filtrates were analyzed for calcium concentration by inductively coupled plasma–optical 13 

emission spectrometry (ICP–OES) with a detection limit of 0.01 mg·L-1 and chemical analysis according to 14 

the national standards of the People’s Republic of China. To assess the reproducibility of the procedure, each 15 

experiment was repeated three times. The leaching yield of calcium, expressed as the mass ratio in the filtrate 16 

to that in the raw materials, was determined to represent the decomposition ratio of the corresponding phase. 17 

The experimental apparatus for the leaching tests is depicted in Fig. 1 (c). 18 

2.3. MnO modification 19 

Experimental slags with different MnO contents,  2% (S1, normal content of MnO is about 1 ~ 2%), 5% 20 

(S2) and 8% (S3), were prepared using chemical reagents. Furthermore, a MnO–free sample (S4) was also 21 

prepared for studying the modification mechanism. The chemical composition of the studied sample is shown 22 
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in Table 2. 10 g of the sample was poured into a molybdenum crucible which was in a graphite crucible. The 1 

graphite crucible was then placed in the constant–temperature zone of the furnace (cf. Fig. 1 (a)). High purity 2 

argon was injected to protect the samples from being oxidized. The samples were heated to 1600 °C and held 3 

for 30 min to achieve a fully molten state, after which the melt was cooled to 1300 °C at a rate of 3 °C/min 4 

followed by further cooling in a furnace.  5 

 6 

Table 2 Chemical composition of studied samples, wt% 7 

No. CaO SiO2 MgO FeO Al2O3 Cr2O3 CaF2 MnO 

S1 44.4 29.6 9.0 3.0 4.0 5.0 3.0 2.0 

S2 42.6 28.4 9.0 3.0 4.0 5.0 3.0 5.0 

S3 40.8 27.2 9.0 3.0 4.0 5.0 3.0 8.0 

S4 45.6 30.4 9.0 3.0 4.0 5.0 3.0 0 

 8 

Furthermore, a tablet of MnO was prepared of 2 g MnO chemical reagent to investigate the modification 9 

mechanism, using 30 g S4 (MnO–free) was used for this study. When the slag had melted completely, the 10 

as–prepared MnO briquette was immersed into the melt and held for 1 min at 1600 °C, after which the 11 

crucible was taken out of the furnace and the sample was quenched in water. Analysis by XRD, SEM–EDS, 12 

and electron probe micro analyzer (EPMA) was performed to study the phase composition, morphology and 13 

elements distribution. 14 

 15 

 16 

 17 
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3. Results and discussion 1 

3.1 Stability of phases 2 

Several SEM images of the synthetic phases of glass, dicalcium silicate, merwinite, and melilite before 3 

and after corrosion were selected to visualize the stability; asshown in Fig. 3. It can be seen in Fig. 3 (a) and 4 

(b) thatsome cracks had formed on the surface of the glass sample. For dicalcium silicate, the morphology of 5 

the corroded sample differed dramatically, and the surface became more porous (cf Fig. 3 (c) and (d)). 6 

Moreover, particles were found at the bottom of the glass beaker. These particles were characterized by XRD 7 

and SEM–EDS analyses, which revealed that they were composed of unreacted dicalcium silicate that 8 

apparently had detached from the lump. Figure 3 (e) and (f) indicate that corrosion occurred at some area of 9 

the merwinite giving the sample a pitted surface, while the intensity of morphology variation is relatively 10 

mild compared with that of dicalcium silicate. Numerous micro grooves were observed on the surface of the 11 

melilite sample indicating slight corrosion (cf. Fig. 3 (g) and (h)).  12 

 13 

 14 

Fig. 3 SEM images of synthetic phases before and after corrosion. (a) Glass before corrosion; (b) Glass after corrosion; (c) 15 

Dicalcium silicate before corrosion; (d) Dicalcium silicate after corrosion; (e) Merwinite before corrosion; (f) Merwinite after 16 

corrosion; (g) Melilite before corrosion; (h) Melilite after corrosion. 17 
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 1 

Some details of the morphology variation of dicalcium silicate can be given here.. As seen from Fig. 4 (a) 2 

and (b), the grooves in different etch pits show different orientations, and many cube–like particles were 3 

observed on the corroded surface after 4 h of corrosion treatment. Similar particles were also found in a test 4 

with merwinite. SEM–EDS analysis was employed to determine the composition of the precipitate, showing 5 

it to be a Ca–rich nitrate complex.  6 

Based on these findings, the corrosion behavior of the dicalcium silicate is proposed to be as schematically 7 

illustrated in Fig. 4 (c). Two dicalcium silicate grains with different orientations are denoted by Ⅰ and Ⅱ. It 8 

can be seen that the grains become smaller as a result of the acid corrosion (original surface indicated by 9 

dashed line). Three corrosion depths, marked as Db(g), Dg and Ds, illustrate that the grain boundary is more 10 

prone to be corroded, and some grooves generate with volume reduction as calcium extract. Hall et al. [37  11 

have reported that the outer layer of acid corroded dicalcium silicate is a silica-enriched region, and the 12 

reaction continued into the core of the particle due to fracture propagation. The obvious difference in corroded 13 

morphology between dicalcium silicateⅠ and Ⅱ can be attributed to the different grain orientations [38 . Grains 14 

fall off leaving holes in the matrix as shown in the extreme right of Fig. 4 (c). The precipitation of Ca–rich 15 

nitrate complex occurs when a local supersaturation occurs, which may limit the maximum amount of 16 

calcium that can be leached.  17 

 18 
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 1 

Fig. 4 SEM images of dicalcium silicate after corrosion ((a) and (b)) and an illustration of its corrosion behavior (c). 2 

 3 

A batch of leaching tests using sample powder was performed for different phases, and the concentrations 4 

of calcium in the leachates were determined by ICP–OES and chemical analysis. The changes of leaching 5 

yield of calcium with duration are shown in Fig. 5, in which the error bars give the standard deviation (σ) of 6 

the results of three parallel experiments. It was found that the leaching yields steadily increased with duration, 7 

while the rates exhibit a significant difference between the different samples. Dicalcium silicate and 8 

merwinite are more prone to decompose in acid solution followed by t melilite, while the glass phase is 9 

relatively stable. These findings coincide with the results of the above corrosion test. Within 250 min about 10 

36% and 26% of calcium was extracted from dicalcium silicate and merwinite, respectively, but only around 11 

1% calcium was recovered from glass. On the basis of these experimental findings, the order of relative 12 

stability of the studied phases is proposed as glass > melilite > mervinite > dicalcium silicate. Therefore, 13 

dicalcium silicate and mervinite aretarget Ca–bearing phases for modification from the perspective of the 14 
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utilization of SSS in CCS. Furthermore, a reasonable speculation is that chromium would release during the 1 

phase decomposition if it exists in the four phases. More findings on the leaching behavior of chromium in 2 

various phases of SSS will be reported in a later publication. 3 

 4 

 5 

Fig. 5 Leaching yield of calcium from different phases as a function of leaching duration. 6 

 7 

3.2 MnO modification 8 

For the dual purpose of chromium immobilization and calcium recovery of SSS, an MnO–based 9 

modification was conducted. SEM–EDS results of samples quenched at 1300 °C are shown in Fig. 6. The 10 

results indicate that the phase composition obviously changed with a variation in the MnO content. Five 11 

phases,  spinel, glass, dicalcium silicate, merwinite and melilite, were detected when the samples contained 12 

2% MnO, in which the first one is the target phase for chromium immobilization and the others are Ca–rich 13 

phases. The dicalcium silicate particles in the samples have a smaller size and are embedded in a glassy 14 

matrix. Chen et al. found similar results in their tests with low MnO content [39 . When the MnO content was 15 
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5%, the dicalcium silicate and merwinite phases became larger and two phases,  glass and melilite, 1 

disappeared, which is beneficial for the subsequent calcium recovery and carbonation. The same phase 2 

composition was observed in the samples with 8% MnO, while the area fraction of the merwinite showed a 3 

further increase accounting for about half of the total superficial area. Moreover, some spinel clusters formed, 4 

and the grain size of the spinel showed a slight growth.  5 

 6 

 7 

Fig. 6 SEM images of samples with different MnO contents quenched at 1300 °C. 8 

 9 

An EPMA analysis was performed for 10 different fields at an amplification factor of 1000 to detect the 10 

chromium content in various phases of the sample. The enrichment degree of chromium (ECr,i) in a specific 11 

phase was estimated by the linear least squares method based on the mass conservation principle, yielding 12 

 
Cr,
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(%Cr)
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X
  (1) 13 

where (%Cr)i is the chromium content in a specific phase, and 
i

*
X  is the normalized mass fraction of a 14 

specific phase (%). More details of the used calculation method can be found in our earlier reporting [40 . The 15 

calculated results of ECr,i and their corresponding standard deviations (σ) are listed in Table 3. It can be seen 16 

that when the sample contained 2% MnO, about 92.3% of the chromium was found in the spinel phase, and 17 

approximately 4.1%, 2.7%, 0.6%, and 0.3% of the chromium were in the dicalcium silicate, merwinite 18 
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melilite, and glass phase, respectively. The enrichment degree of chromium in spinel was notably improved 1 

with the increase of MnO. As the MnO content was 5%, practically all the chromium was in the spinel phase, 2 

but a higher initial MnO content (8%) showed no further change in the chromium distribution. An explanation 3 

for the phenomenon is that the MnO can be incorporated into tetrahedral site of the spinel structure to form 4 

a spinel solution, so the kinetics of spinel nucleation and growth are improved by increasing the MnO content. 5 

Moreover, MnO is  known to be a network modifying oxide, which could exert a detrimental effect on 6 

silicate network and decrease the viscosity of molten [4142 . Furthermore, Wang et al. have reported that the 7 

addition of MnO would lead to a lower liquidus temperature as well [43  . The decrease in viscosity and 8 

liquidus temperature are both beneficial for chromium migration from the molten bulk to the spinel surface, 9 

and, as a consequence, the enrichment of chromium in spinel is improved. [44   10 

 11 

Table 3 Calculated enrichment degree of chromium in the various phases. 12 

Item Mean value, % Standard deviation (σ) 

ECr, spinel, 2% MnO 92.3 1.14 

ECr, dicalcium silicate, 2% MnO 4.1 0.28 

ECr, merwinite, 2% MnO 2.7 0.53 

ECr, melilite, 2% MnO 0.6 0.22 

ECr, glass, 2% MnO 0.3 0.13 

ECr, spinel, 5% MnO >99.9 0.06 

ECr, spinel, 8% MnO >99.9 0.04 

 13 

We have experimentally confirmed that adding some Al2O3 to molten slag could improve the chromium 14 

immobilization of SSS. [36  In order to further understand the distinction between MnO modification and 15 

Al2O3 modification, the equilibrium phase of the slags with different MnO and Al2O3 contents in the 16 

temperature range between 1000 °C and 1600 °C were simulated using FactSage 7.0 software for Gibbs 17 

energy minimization. The selected databases were FToxid, FToxid–slagA, FToxid–Mel, FToxid–spinA and 18 

FToxid–C2S, respectively. Figure 7 (a) provides the simulated results of a slag with MnO modification (S3, 19 
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basicity = 1.5, Al2O3% = 4%, MnO% = 8%), and Fig. 7 (b) shows the results of a slag with Al2O3 modification 1 

(basicity = 1.5, Al2O3% = 12%, MnO–free, other components the same as for S3). For the MnO modified 2 

slag, the theoretically predicted phases that precipitate during the cooling process from 1600 °C to 1300 °C 3 

are spinel, dicalcium silicate, and merwinite, while the stable Ca–rich phase of melilite does not occur, 4 

coinciding with the experimental results. When the slag contains 12% Al2O3 (cf. Fig. 7 (b)), melilite 5 

(Ca2Al2SiO7) appears and accounts for about 20% of the mass below 1350 °C, which would hinderthe 6 

subsequent calcium extraction. On the basis of these findings, the MnO modification is suggested to be a 7 

better approach than adding Al2O3 for the dual goals of chromium immobilization and calcium recovery of 8 

SSS.  9 

 10 

 11 

Fig. 7 Equilibrium phase of the slags with different MnO and Al2O3 contents in the temperature range between 1000 and 12 

1600 °C. (a) S3, basicity = 1.5, Al2O3% = 4%, MnO% = 8%; (b) basicity = 1.5, Al2O3% = 12%, MnO–free, other components 13 

the same as for S3. 14 

 15 

3.3 Modification mechanism of MnO 16 

To investigate the modification mechanism of MnO, an as–prepared MnO briquette was immersed into 17 
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the molten MnO–free solution S4 at 1600 °C for 1 min and then quenched by water. Figure 8 shows the SEM 1 

images of the sample, and a corresponding illustration of modification behavior is given in Fig. 9. The 2 

elemental composition of various phases were determined by EDS analysis. Based on the results, Fig. 8 (a) 3 

can be divided into three regions as follows: (1) MnO–rich region, on the left–hand side; (2) Molten region, 4 

on the right–hand side; (3) Interfacial region, in the middle. The transition zone between the MnO–rich region 5 

and the interfacial region was investigated by SEM–EDS with a magnification factor of 1000, shown in Fig. 6 

8 (b). It can be clearly seen from the SEM images that the MnO briquette had melted, yielding droplets that 7 

distributing in the bulk melt after 1 min. EDS results indicate that some metallic elements, such as calcium, 8 

magnesium, aluminum, iron, and chromium, occurred in the MnO droplets, and the surrounding phases of 9 

glass and merwinite contained some manganese. Little chromium was detected in the glass and merwinite 10 

phases in the MnO–rich region, implying that  the chromium  migrated into MnO from other phases. Since 11 

RO (generally used to refer to the FeO, MgO, MnO, and their solid solution) is an unstable phase in aqueous 12 

solution, chromium in RO could be released through phase decomposition that may become a pollution issue. 13 

Therefore, the dosage and size of the MnO used for SSS modification should be carefully controlled within 14 

a suitable and reasonable range. 15 

 16 

As seen from Fig. 8 (b), the MnO droplets fragmented into smaller, disconnected droplets and eventually 17 

disappeared. Many Mn–rich spinel clusters were observed round the MnO–rich region. I can be speculated 18 

that the spinel clusters may be transformed from the snowflake–like MnO fragments. The effect of MnO on 19 

molten region is negligible, and the formation mechanism of the Mn–free spinel in this region is most 20 

probably crystallization. Furthermore, in the interfacial region some chromium was detected in the glass 21 

phase, while the merwinite phase was Cr–free. The addition of MnO also affected the Ca–bearing precipitates. 22 
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No dicalcium silicate was found in the Mn–rich region, while the merwinite occured in small lath–shaped, 1 

with significantly different phase composition and morphology than the MnO–free molten region. 2 

 3 

 4 

Fig. 8 SEM images of interfacial zone of MnO briquette and S4 quenched at 1600°C. 5 

 6 

 7 

Fig. 9 Illustration of MnO modification for stainless steel slag. 8 

 9 

Based on the above, the modification mechanism of MnO for SSS found in the current study can be 10 

proposed as follows: At the initial stage, solid MnO melts and dissolves into the melt causing depressions 11 

both in viscosity and liquidus temperature, and, as a consequence, the crystallization dynamics of 12 

precipitation are improved. At the same time, some chromium in surrounding phases transfers and enriches 13 

into the unmelted MnO phase, changing the distribution behavior of the chromium. After a period of time, a 14 

lot of  of Mn–rich spinel forms in the MnO–affected region, because the high compatibility of Mn2+ with 15 
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spinel structure promotes the crystallization of spinel.  1 

 2 

4. Conclusions 3 

To achieve the dual goals of chromium immobilization and calcium recovery (for subsequent carbonation 4 

in a CCU process) of stainless steel slag (SSS), four principal Ca–bearing phases  glass, dicalcium silicate, 5 

merwinite, and melilite  were synthesized and used for stability investigation. The results of corrosion tests 6 

indicated that the dicalcium silicate and merwinite were significantly corroded by an acid solution, and the 7 

phases of glass and melilite showed little change in surface morphology. A set of leaching tests was carried 8 

out, where the leaching yields of calcium from various phases were determined. An order of the relative 9 

stability of the studied phases was found, characterized as glass > melilite > mervinite > dicalcium silicate. 10 

On the basis of these findings, the effect of MnO content on the phase transformation and element distribution 11 

of SSS were experimentally studied. The results showed that a controlled increase of the MnO content is 12 

beneficial for the precipitation of target phases (dicalcium silicate, mervinite, and spinel). Finally, the 13 

modification mechanism of MnO on SSS was proposed in this work, explaining the findings from the 14 

experiments and from equilibrium calculations.  15 
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