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Abstract: Iron– and steelmaking processes produce a large quantities of greenhouse gas and metallurgical 1 

slag. Using Ca/Mg–rich phases in the slag to capture and bind the CO2 via mineral carbonation is a promising 2 

approach to reduction of emissions and solid wastes to be landfilled. However, Cr–bearing stainless steel slag 3 

(SSS) cannot straightforwardly be employed for carbon capture and storage (CCS) or rather carbon capture 4 

and utilization (CCU). For the dual–purpose of chromium immobilization and co–extraction of calcium and 5 

magnesium, a slag modification using added MnO is performed followed by an acid leaching treatment. 6 

Results show that the MnO content has a significant influence on the phase composition and element 7 

distribution of SSS. A Box–Behnken design (BBD) based acid leaching treatment of SSS is investigated and 8 

optimized. Second-order polynomial regression models that reveal a functional relationship between 9 

processing parameters and leaching yields of calcium and magnesium are established and verified by the 10 

analysis of variance (ANOVA). Model calculation results show a good agreement with the experimental data. 11 

The direct (linear) and cross-correlated effects of the processing parameters on the leaching yields are 12 

illustrated by three-dimensional (3D) response surfaces. The maximum leaching yields of calcium and 13 

magnesium obtained in this work are 65% and 55%, respectively, while for chromium the leached amounts 14 

are well below legislative limits.  15 

 16 

 17 
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Introduction 1 

Substantial amounts of fossil fuels are consumed in iron– and steelmaking either via an integrated process 2 

route or the electric arc furnace route, generating large quantities of greenhouse gases, primarily CO2. In 3 

China, about 15% of the total CO2 emissions comes from the iron and steel industry (Yu et al., 2015; Xuan 4 

and Yue, 2016), and the carbon intensity will increase to be 0.37 t CO2/100 CNY (Chinese Yuan) by 2020 5 

(Wang and Lin, 2016). Besides the greenhouse gas emissions, considerable amounts of metallurgical slag is 6 

also produced during the smelting processes, and reuse techniques of various metallurgical slags are receiving 7 

a lot of R&D attention worldwide (Mahieux et al., 2009; Shen et al., 2009; Herrmann et al., 2010). Since the 8 

generation sources of CO2 and metallurgical slag are very close to each other, the by–products can be readily 9 

utilized as raw materials to creating environmental and economic synergies and benefit (Korhonen et al., 10 

2004; Zhang et al., 2018). One promising way is using Ca/Mg–rich phases to capture and bind the CO2 via 11 

mineral carbonation (Johnson et al., 2003). In this process, the CO2 is bound with the Ca/Mg producing a 12 

carbonate end product (Leung et al, 2014; Sanna et al., 2012). Scientists believe that the mineral sequestration 13 

is the most promising method compared with (or as alternative for) ocean sequestration (considered highly 14 

controversial) and geological sequestration for CO2 capture and storage (CCS) in many countries (Goff et al., 15 

2000). Current developments are motivated by the option to operate mineralization on flue gases directly, 16 

with CO2 pre–separation, the enormous amounts of available and suitable material, especially magnesium 17 

silicate rock, and the finding that the energy use to fixation as carbonate can be lower than that of current 18 

methods for CO2 separation using amine-type solvents (Lackner, 2003; Fagerlund and Zevenhoven, 2011; 19 

Zevenhoven et al., 2016).  20 

It has been reported that the solid–gas carbonation reactions occur mainly on the outer layer of the 21 

particles or as–prepared granules, exhibiting an unfavorable kinetics of the mineralization process (Morone 22 
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et al., 2014). One option to accelerate this process is increasing the system pressure and/or temperature, while 1 

another is leaching the Ca/Mg into an aqueous solution for subsequent carbonation. For the accelerated 2 

carbonation, Librandi et al. (2019) illustrated the phase transformation of BOF and EAF slags under high 3 

CO2 pressure environment, and identified the relationship between mineralogy change and environmental 4 

behavior of carbonated compacts. Among the later route, the leaching agent and pH swing have attracted 5 

extensive research attention because it is of critical importance for the extraction selectivity and end product 6 

purity (Eloneva et al., 2012; Dri et al., 2013; Wang and Maroto-Valer, 2013; Mattila and Zevenhoven, 2014). 7 

Applying ultrasonic wave and microwave fields in the leaching process were suggested as effective assistant 8 

methods to promote minerals decomposition (Said et al., 2015; Tong et al., 2019). Researchers have reported 9 

that 70 – 85% of Ca/Mg was extracted from steel slags or magnesium silicate rock, and some high–added–10 

value products can be produced using indirect mineral carbonations method (Doucet, 2010; Nduagu et al., 11 

2013; Chiang et al., 2014; Romão et al., 2014; Lavikko and Eklund, 2016). Moreover, the Ca/Mg distribution 12 

over various mineral or amorphous phases was shown to have a significant impact on the extraction efficiency 13 

(Lavikko and Eklund, 2016). Thus, it could be speculated that the SSS recovery rates may be improved by 14 

enriching calcium and magnesium into soluble phases through the control of the crystallization process of 15 

the molten slag. 16 

 Nevertheless, the general approaches mentioned above are not directly suitable for the stainless steel 17 

slag (SSS) due to its specific properties and a potential risk of (toxic) chromium elution (Suer et al., 2009). 18 

It has been reported that some chromium may release into the aqueous solution alongside calcium during a 19 

leaching treatment (Huijgen and Comans, 2006; Diener et al., 2010; Eloneva et al., 2010; Zhao et al., 2019). 20 

Moreover, the solubility of chromium from the leaching residue may increase as well (Eloneva et al., 2010). 21 

Therefore, the process of SSS–based CO2 sequestration has to be investigated separately (Fernández Bertos 22 
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et al., 2004; Salman et al., 2014), and a stabilization treatment for chromium in SSS is suggested before the 1 

Ca/Mg leaching process.  2 

Much work has been done on enriching chromium in a stable spinel structure by melting modification 3 

(Drissen et al., 2009; Zhao et al., 2018a) because such phases exhibit excellent stability in both acid and 4 

alkaline environments (Zhao et al., 2017; Zhao et al., 2018b). Jung, et al., (2017), and Kim and Sohn (2018) 5 

studied the selective concentration of valuable metal cations in molten stainless steel slag and dust mixture 6 

during solidification process, showing enrichment of chromium in the spinel phase could be improved by 7 

controlling cooling conditions and slag/dust ratio. Better yet, researchers also performed a pilot–scale 8 

experiment to verify the results of the lab–scale samples. Moreover, earlier studies by the present authors 9 

indicated that adding spinel–forming agents MnO into molten slag can promote precipitation of spinel and 10 

Ca–rich soluble phases (Zhao et al., 2019), while its effects on the Ca/Mg recovery and chromium elution 11 

have yet to be assessed.  12 

In this work, a multi–step process, including slag modification and acid leaching, was designed and 13 

performed. The phase composition and element distribution of SSS with various MnO contents were 14 

investigated. Moreover, the combined effects of pH value (pH), leaching duration (t), and temperature (T) on 15 

the extraction efficiency were studied using a Box–Behnken design (BBD) and quadratic programming. 16 

Furthermore, the chromium elution behavior in the proposed process was investigated. 17 

Experimental 18 

2.1. Raw material preparation and elemental analysis 19 

To study the effects of MnO on the phase composition and element distribution of SSS, some slags with 20 

different MnO contents, 1% (S1, normal content of MnO is < 2%), 5% (S2) and 9% (S3), respectively, were 21 
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prepared in the current work. The chemical composition of the studied samples is shown in Table 1. As 1 

chemical reagents, magnesium oxide (MgO ≥ 99.9 wt%), chromium(III) oxide (Cr2O3 ≥ 99 wt%), iron(Ⅱ) 2 

oxalate dihydrate (Fe(C2O4)2H2O ≥ 99 wt%), calcium oxide (CaO ≥ 99.99 wt%), silicon oxide (99.7 ≥ wt%) 3 

and aluminum oxide (Al2O3 ≥ 99.8 wt%), were purchased from Sinopharm Chemical Reagent Co., Ltd., 4 

China. All reagents were dried at 110 °C for 10 h before weighing. The regents were mixed at the 5 

stoichiometric ratio of target composition, and the resultant mixture was milled in a planetary ball mill. The 6 

obtained powder was poured into a molybdenum crucible which was in a graphite crucible. The graphite 7 

crucible was then placed in the constant–temperature zone of a furnace (cf. Fig. 1 (a)). High purity argon was 8 

injected from the bottom of the furnace at a flow rate of 0.5 Lmin-1 to protect the samples from being oxidized. 9 

The samples were heated to 1600 °C and held for 30 min, after which the melt was cooled to 1200 °C at a 10 

rate of 5 °C/min followed by further cooling in a furnace. The experimental furnace employed in this study 11 

is equipped with a MoSi2 heater controlled by a PID controller equipped with a PtRh30%/PtRh6% 12 

thermocouple sensor. The temperature control of the furnace is within ±2 °C at the constant temperature zone.  13 

 14 

 15 

 16 

Table 1 Chemical composition of studied samples, wt% 17 

 18 

 19 

 20 

Fig. 1 Experimental apparatus used in the study. (a) Furnace. 1–cap; 2–furnace cover; 3–corundum tube; 4–insulation layer; 21 

5–thermocouple A; 6–sample; 7–refractory; 8–gas inlet; 9–thermocouple B; 10–graphite crucible; 11–molybdenum crucible; 22 
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12–MoSi2 heating elements; 13–gas outlet. (b) For leaching test. 1–condenser; 2–nitric acid inlet; 3–three–necked flask; 4–1 

oil bath pan; 5–thermocouple; 6–retort stand; 7–pH meter; 8–magneton. 2 

 3 

 4 

 5 

2.2. Analysis and characterization 6 

The phase composition of samples after the synthesis process was analyzed using a Philips X’Pert X–ray 7 

diffractometer (XRD) equipped with a Cu Kα radiation source (λ = 0.15418 nm). The samples were scanned 8 

in the range of 10 ≤ 2θ ≤ 80 at a step of 0.008 and were specified using the Crystallographica Search–9 

Match software with the Powder Diffraction File databases from the International Centre for Diffraction Data.  10 

Analysis by scanning electric microscope–energy dispersive spectroscopy (SEM–EDS) and electron probe 11 

micro analyzer (EPMA) was performed to study the morphology and distribution of elements. The 12 

enrichment degree of an element a in a specific phase i (Ea,i) was estimated by the linear least squares method 13 

based on the mass conservation principle, yielding 14 
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where (%a)i is the content of a (wt.%) in a specific phase, and 
*

iX  is the normalized mass fraction of a 16 

specific phase (%). More details of the used calculation method can be found in previous research by the 17 

present authors (Zhao et al., 2018b). 18 

A standard leaching test was conducted according to the Standard of Environmental Protection Industry of 19 

People’s Republic of China HJ/T 299-2007 to evaluate the leaching property of chromium: a total of 10 g of 20 

each slag was crushed below 74 μm and leached with 100 ml of acid solution (mass ratio of H2SO4 and HNO3 21 
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was 2:1) at pH 3.2 for 18 h at 23±2 °C. The leached quantity of chromium was determined using inductively 1 

coupled plasma–optical emission spectrometry (ICP–OES). 2 

2.3. Box–Behnken design based acid leaching 3 

A series of acid leaching experiments was carried out to ascertain the co–extraction behavior of calcium 4 

and magnesium. Slag powder (containing 5% MnO) with a size smaller than 74 μm were prepared by grinding 5 

and screening. A solution of 50 mL nitric acid of a certain pH value (2 - 6) was poured in a three–necked 6 

flask on a water bath pan. 5 g of as–prepared powder was added to the solution when the temperature (20 – 7 

80°C) reached the set point, after which agitation was started and maintained during the whole leaching 8 

process. After a given time (60 – 120 min), the pregnant filtrates were separated with residues by filtration 9 

and analyzed for metallic ions by chemical titration and ICP–OES. Each experiment was repeated three times. 10 

For purpose of clarifying the effects of pH, leaching duration, and temperature on the extraction efficiency 11 

of calcium and magnesium, BBD was conducted and a quadratic response surface model with a consideration 12 

of parameter interactions was proposed as  13 

 
2 2 2

,m 0 1 c 2 c 3 c 12 c c 13 c c 23 c c 11 c 22 c 33 ca
R b b pH b t b T b pH t b pH T b t T b pH b t b T            (2) 14 

where Ra,m
 is the predicted leaching yield (%) of calcium or magnesium; b0 is the model constant, bi (i = 1, 2, 15 

3) are the parameters of linear effect of the ith factor, bij (i and j = 1, 2, 3; i ≠ j) is the cross-correlating effect 16 

parameter of the ith and jth factors, and bii is the quadratic effect parameter of the ith factor. pHc, tc, and Tc are 17 

the coded (dimensionless) factors (of pH, t, and T) of the model, represented as  18 
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where pH0, t0 , and T0 are the mid–values of the experimental region of the variables, and ∆pH, ∆t, and ∆T 22 
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are the intervals between the levels of the variables (Wenzel et al., 2010). Based on the thermodynamic 1 

analysis and some preliminary assays, the mid–values of pH0 = 4, t0 = 90 min, and T0 = 50 C and the 2 

intervals ΔpH = 2, Δt = 30 min, and ΔT = 30 C, respectively, were defined. 3 

Multiple regression analysis and analysis of variance (ANOVA) were performed to fit the model by using 4 

Design Expert software (8.0.6, Stat–Ease Inc., USA). Three–dimensional (3D) response surface plots were 5 

employed to study the interactive effect of processing parameters on the leaching yield. Taking into account 6 

the two objectives, Ca/Mg extraction and chromium elution, the optimal conditions of acid leaching process 7 

were obtained by means of Derringer’s desired function methodology (Derringer and Suich, 1980). 8 

Confirmatory tests were conducted under the optimum conditions given by the model and the experimental 9 

results were compared with the predicted value. 10 

Results and discussion 11 

3.1. Phase modification of stainless steel slag 12 

To evaluate the stability of main Ca/Mg–bearing phases of SSS in aqueous solution, the leaching behavior 13 

of calcium was investigated. Figure 2 provides the equilibrium relationship between the 2+Ca
logC and the pH 14 

value at 25°C. It can be seen that dicalcium silicate (Ca2SiO4), merwinite (Ca3MgSi2O8), and melilite 15 

(Ca2MgSi2O7) could decompose if pH < 6, while the gehlenite (Ca2Al2SiO7) shows a high stability in both 16 

acid and alkaline solutions. The order of relative stability of the studied phases is gehlenite > melilite > 17 

merwinite > dicalcium silicate. Moreover, previous research by the present authors has indicated that the 18 

decomposition rates for dicalcium silicate and merwinite in acid solution were much higher than for melilite  19 

(Zhao et al., 2019), suggesting the dicalcium silicate and merwinite are suitable Ca/Mg–bearing phases for 20 

modification from the perspective of the utilization of SSS for CCS/CCU. It needs to be emphasized that the 21 
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chromium should be prevented from enriching in these soluble phases, because chromium exists in these 1 

phases would release alongside with the Ca2+ and Mg2+ during the decomposition process. 2 

 3 

 4 

 5 

Fig. 2 2+Ca
logC  as a function of pH value at 25°C 6 

 7 

 8 

 9 

The effects of added MnO on the crystallization of Ca/Mg–bearing phases and calcium stability were 10 

experimentally studied in this work. Some XRD patterns and SEM images of samples with different MnO 11 

contents are shown in Figs. 3 and 4. The results indicate that the phase composition obviously changed with 12 

a variation in the MnO content. Five phases, spinel, glass, dicalcium silicate, merwinite and melilite, were 13 

detected when the samples contained 1% MnO, in which the spinel is the target phase for chromium 14 

immobilization and the others are Ca/Mg–rich phases. When the MnO content was 5%, the dicalcium silicate 15 

and merwinite phases became larger, and the glass and melilite phases disappeared. EDS results indicate that 16 

no chromium was detected in the dicalcium silicate and merwinite, showing a high enrichment degree of 17 

chromium in the spinel. Some ellipsoidal Cr–bearing (Mn,Mg)O phases, here denoted by RO, were observed 18 

in the samples containing 9% MnO, while their corresponding diffraction peaks cannot be clearly observed 19 

in the XRD patterns since the low content. The RO phases are not stable in the aqueous solution, and may 20 

dissolve in subsequent acid leaching process and cause chromium emissions. Researches have reported that 21 

the location of cation and its relative position with the crystal structure can likely have a great effect on the 22 

leaching behavior (Jung, et al., 2017; Kim and Sohn, 2018). Therefore, the addition of MnO may change the 23 
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results of site competition between cations, leading to a variation in phase composition and stability. 1 

 2 

 3 

 4 

 5 

Fig. 3 XRD patterns of samples with different MnO contents. 6 

 7 

 8 

 9 

 10 

Fig. 4 SEM–EDS results of samples with different MnO contents. 11 

To investigate the effects of MnO content on the distribution behavior of calcium and magnesium, an 12 

EPMA analysis was performed for 10 different sections in the SEM images at an amplification factor of 1000 13 

to detect the chromium content in various phases. The enrichment degrees of calcium and magnesium in 14 

various phases of S1, S2, and S3 are illustrated in Fig. 5. It can be seen that when the sample contained 1% 15 

MnO, 66.3% calcium and 14.5% magnesium were found in dicalcium silicate and merwinite phases, and 16 

33.7% calcium and 85.5% magnesium were in stable phases (glass, spinel, and melilite). The enrichment 17 

degrees of calcium and magnesium in soluble phase were both notably improved with the increase of MnO 18 

content. As the MnO content was 5%, practically all the calcium was in the dicalcium silicate and merwinite 19 

phases, while a higher initial MnO content (9%) showed no further change in the calcium distribution. The 20 

explanation of this phenomenon was also attributed to the change of site competition between cations caused 21 

by the variation of MnO content. 22 
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 1 

 2 

 3 

 4 

Fig. 5 Enrichment degrees of calcium and magnesium in various phases of S1, S2, and S3. 5 

 6 

 7 

 8 

3.2. Evaluation of chromium stability 9 

To evaluate the chromium stability of samples with different MnO contents, a batch of standard leaching 10 

tests was conducted. Figure 6 shows the leaching amount of chromium from the samples with 1% MnO, 5% 11 

MnO, and 9% MnO, respectively. The experimental results indicated that when the MnO content was 1%, 12 

the chromium concentration in leachate was 0.71 mg·L-1. As the sample contained 5% MnO, chromium 13 

concentration decreased to 0.21 mg·L-1. According to the “Environmental Protection Technical 14 

Specifications Pollution Treatment of the Chromium Residue” by HJ/T 301–2007 of China, the limit for 15 

chromium leaching is 0.30 mg·L-1 (dashed line in Fig. 6) for the utilization of Cr–bearing slag. The chromium 16 

concentration showed a slight increase when the MnO content was increased to 9%, and this phenomenon is 17 

attributed to the Cr–bearing RO dissolution in the acid solution. Little RO was observed in the SEM images 18 

of leaching residues implying the most of the RO phases had decomposed. Therefore, adjusting MnO content 19 

of SSS in a reasonable range (i.e. a few %-wt) may suppress chromium elution and improve recovery (i.e. 20 

leaching) efficiency of calcium and magnesium.  21 

 22 
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 1 

 2 

Fig. 6 Leaching amount of chromium from samples with different MnO contents. 3 

 4 

 5 

 6 

3.3. Modeling for co–extraction of calcium and magnesium 7 

A series of BBD based acid leaching experiments was carried out to ascertain the co–extraction behavior 8 

of calcium and magnesium. The result for three variables (pH value of acid solution, leaching duration, and 9 

temperature) at three levels are reported in Table 2. The experimental (RCa,exp and RMg,exp) and predicted (RCa,m 10 

and RMg,m) leaching yields of calcium and magnesium are listed in the table. 11 

 12 

 13 

 14 

Table 2 BBD with actual and coded values of three variables and results of this study. 15 

 16 

 17 

 18 

It is found from the experimental results that the pH value of the solution (2 ~ 6), leaching duration (60 ~ 19 

120 min), and temperature (20 ~ 80 C) all have significant influence on the leaching behaviors of calcium 20 

and magnesium. For the purpose of describing the relationship between the leaching yields and the three 21 

factors, the coefficients of Eq. (2) were determined by applying multiple regression analysis on the 22 



14 

experimental data shown in Table 2, and two second–order polynomials in terms of coded factors were 1 

obtained: 2 

2 2 2

Ca m c c c c c c c c c c c c
41 67 13 62 6 62 6 50 2 00 2 75 0 25 4 42 2 08 5 83R pH t T pH t pH T t T pH t T         , . . . . . . . . . .  3 

  (6) 4 

2 2 2

Mg,m c c c c c c c c c c c c
22 67 13 88 1 25 7 88 1 00 3 25 1 00 6 54 1 79 0 54R pH t T pH t pH T t T pH t T         . . . . . . . . . .  5 

  (7) 6 

3.4. Model validation 7 

The hypotheses in the parameters of the quadratic models obtained in this study were tested by the ANOVA 8 

(Mourabet et al., 2012), and the results are shown in Table 3. A significance level (α) of 0.05 was used to 9 

determine the statistical significance, and the F value was employed for the evaluation of the significance of 10 

the mathematical model. The significance of each coefficient was determined by p values: a low p value 11 

means a higher significance of the corresponding parameter in the regression model (Yetilmezsoy and Saral, 12 

2007). In the quadratic model of calcium, F = 24.55 indicates that the model is significant: there is only a 13 

0.13% chance that such an F value would occur due to noise. In the ANOVA, values of Prob. > F less than 14 

0.05 suggest the model terms are significant, and values more than 0.1000 mean the model terms are not 15 

significant. On the basis of this, pH, t, T, pH2, and T2 are significant model terms, while the other model terms 16 

are not significant.  17 

As for the quadratic model of magnesium, F = 28.31 means that the model is significant: there is only a 18 

0.09% chance to obtain this value by chance. The model terms of pH, T, pHT, and pH2 are significant, while 19 

the others are not significant. 20 

 21 

 22 
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 1 

Table 3 ANOVA analysis for quadratic models of calcium and magnesium (where df denotes degrees of freedom). 2 

 3 

 4 

 5 

Based on the sum of squares of each term of the quadratic models (cf. Table 3), the total percentage 6 

contribution of linear, interactive, and quadratic terms on the response were calculated and illustrated in Fig. 7 

7. In the model of calcium, the linear terms show the highest level of significance with a total contribution 8 

of 89.3%, followed by the quadratic terms that contributed by 8.8%. Among all investigated terms, the 9 

interactive terms exhibit the lowest level of contribution (1.9%) implying that these components do not show 10 

a significant effect on the leaching yield of calcium. Similarly, the linear terms of the model of magnesium 11 

show the highest level of contribution (90.3%), which is followed by the quadratic and the interactive terms. 12 

 13 

 14 

 15 

 16 

Fig. 7 Detailed schematic showing the total percentage contribution of components. 17 

 18 

 19 

 20 

The leaching yields of calcium (RCa,m) and magnesium (RMg,m) were calculated using Eqs. (7) and (8) (cf. 21 

Table 2), showing a small difference to the experimental values. Figure 8 exhibits the relationship of the 22 
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actual and predicted values of the leaching yields. It can be clearly seen that the predicted points fall close to 1 

the diagonal, demonstrating that the models are very accurate in predicting the leaching yields when the three 2 

parameters are selected within the studied ranges. 3 

 4 

 5 

 6 

Fig. 8 Relationship between the actual and predicted values of leaching yields of calcium and magnesium. 7 

 8 

 9 

 10 

3.5 Optimization 11 

Three–dimensional response surface plots are useful for gaining understanding of both the main and minor 12 

interaction effects of variables. Moreover, 3D response surfaces and their contour plots can facilitate the 13 

examination of the effects of the experimental variables on the responses. In this study, plots of two 14 

processing parameters determining the leaching yields of calcium and magnesium were prepared, keeping 15 

the other parameter at a certain level. From such plots (Fig. 9) the optimum parameters for co–extraction of 16 

calcium and magnesium from SSS can be identified. As seen in the figure, leaching yields of calcium and 17 

magnesium increase with solution acidity and leaching duration. However, it is worth noting that high acidity 18 

of the solution may also promote the decomposition of Cr–bearing phases. Thus, the elution behavior of 19 

chromium in the leaching process should be addressed when a strong acid solution is employed. The 20 

temperature shows a negative effect on the extraction efficiencies in the studied range. An explanation of this 21 

phenomenon is that the heats of reaction of the reactions of dicalcium silicate and merwinite with nitric acid 22 



17 

at 25 C are strongly negative (-273 kJ/mol and -497 kJ/mol, respectively). Since the reactions are exothermic, 1 

a higher temperature may hinder the recovery of calcium and magnesium from the SSS.  2 

 3 

 4 

 5 

Fig. 9 3D response surfaces of leaching yields of calcium and magnesium. 6 

 7 

 8 

 9 

For purpose of optimizing the acid leaching process on the extraction efficiency, Derringer’s desirability 10 

function was applied within the experimental range of variables. Calculated results showed maximum values 11 

of RCa,m = 65% and RMg,m = 57% if the process is carried out at 20 C for 120 min and at pH = 2. Confirmatory 12 

tests were conducted under the obtained optimum conditions. The experimental results indicated that the 13 

leaching yields of calcium and magnesium were 65% and 55%, respectively, proving the good predictive 14 

ability of the established models. The chromium concentration in the leachate, detected by ICP–OES, shows 15 

a low value (< 0.1 mg·L-1).The mass of SSS was reduced by about 51% in the leaching process, and the XRD 16 

results indicated that the main phases in the residue are unreacted dicalcium silicate, merwinite, and spinel. 17 

Further research on improving the co–extraction efficiency of calcium and magnesium is now undergoing by 18 

the present authors. 19 

Conclusions 20 

To achieve the dual–purpose of chromium immobilization and co–extraction of calcium and magnesium 21 

(for subsequent carbonation in a CCU process) of stainless steel slag (SSS), a multi–step process was 22 
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designed and performed experimentally. The phase composition and element distribution of SSS with various 1 

(added) MnO contents were investigated. The results showed that adjusting the MnO content to a reasonable 2 

level (around 5% in this study) is beneficial for suppressing chromium elution and improving the recovery 3 

efficiencies of calcium and magnesium. Moreover, a Box–Behnken design (BBD) based acid leaching 4 

treatment procedure for SSS was studied and optimized. Second–order polynomial regression models that 5 

capture the functional relationship between the processing parameters and the leaching yields of calcium and 6 

magnesium were developed and verified. The independent variables and dependent variable were found to 7 

show a strong correlation, and the regression models exhibited excellent prediction accuracy. Three–8 

dimensional (3D) response surfaces were plotted to investigate the main and interactive effects of acid 9 

leaching parameters on the leaching yields, and optimum process conditions were found to be pH = 2 for the 10 

solution, a leaching duration of 120 min, and a leaching temperature of 20 C. Under these conditions, 11 

leaching yields of calcium and magnesium reached about 65% and 55%, respectively, and the mass of SSS 12 

was reduced by half.  13 
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Equation Chapter 1 Section 11 

 2 

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

5–thermocouple A; 6–sample; 7–refractory; 8–gas inlet; 9–thermocouple B; 10–graphite crucible; 11–molybdenum crucible; 4 

12–MoSi2 heating elements; 13–gas outlet. (b) For leaching test. 1–condenser; 2–nitric acid inlet; 3–three–necked flask; 4–oil 5 

bath pan; 5–thermocouple; 6–retort stand; 7–pH meter; 8–magneton. 6 

  7 
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 1 

Fig. 2 2+Ca
logC  as a function of pH value at 25°C 2 
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 1 

Fig. 3 XRD patterns of samples with different MnO contents. 2 
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 1 

Fig. 4 SEM–EDS results of samples with different MnO contents. 2 
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 1 

Fig. 5 Enrichment degrees of calcium and magnesium in various phases of S1, S2, and S3. 2 

  3 
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 2 

Fig. 6 Leaching amount of chromium from samples with different MnO contents. 3 
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 1 

Fig. 7 Detailed schematic showing the total percentage contribution of components. 2 
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 1 

Fig. 8 Relationship between the actual and predicted values of leaching yields of calcium and magnesium. 2 
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 1 

Fig. 9 3D response surfaces of leaching yields of calcium and magnesium. 2 
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 4 

  5 



33 

Table 1 Chemical composition of studied samples, wt% 1 

No. CaO SiO2 MgO FeO Al2O3 Cr2O3 CaF2 MnO 

S1 45.0 30.0 9.0 3.0 4.0 5.0 3.0 1.0 

S2 42.6 28.4 9.0 3.0 4.0 5.0 3.0 5.0 

S3 40.0 27.0 9.0 3.0 4.0 5.0 3.0 9.0 

 2 

  3 
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Table 2 BBD with actual and coded values of three variables and results of this study. 1 

Standard order 

Actual and coded level of three variables 

RCa,exp/% RCa,m/% RMg,exp/% RMg,m/% 

pH/– t/min T/C 

1 6 (+1) 90 (0) 80 (+1) 21 23 11 11 

2 4 (0) 120 (+1) 80 (+1) 37 34 20 17 

3 4 (0) 90 (0) 50 (0) 43 42 24 23 

4 4 (0) 90 (0) 50 (0) 43 42 24 23 

5 2 (-1) 90 (0) 20 (-1) 65 63 55 55 

6 2 (-1) 120 (+1) 50 (0) 62 62 44 45 

7 6 (+1) 120 (+1) 50 (0) 38 39 17 19 

8 2 (-1) 90 (0) 80 (+1) 42 45 31 32 

9 4 (0) 60 (-1) 80 (+1) 22 20 16 17 

10 2 (-1) 60 (-1) 50 (0) 54 53 47 45 

11 4 (0) 120 (+1) 20 (-1) 45 47 36 35 

12 6 (+1) 60 (-1) 50 (0) 22 22 16 15 

13 4 (0) 90 (0) 50 (0) 39 42 20 23 

14 6 (+1) 90 (0) 20 (-1) 33 30 22 21 

15 4 (0) 60 (-1) 20 (-1) 31 33 28 31 

 2 

  3 
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Table 3 ANOVA analysis for quadratic models of calcium and magnesium (where df denotes degrees of freedom). 1 

Source 

Quadratic model of calcium Quadratic model of magnesium 

Sum of 

Squares 

df 

Mean 

square 

F 

value 

p–Value 

Prob.>F 

Sum of 

Squares 

df 

Mean 

Square 

F 

value 

p–Value 

Prob.>F 

Model 2448.98 9 272.11 24.55 0.0013 2263.18 9 251.46 28.31 0.0009 

pH 1485.13 1 1485.13 134.00 <0.0001 1540.13 1 1540.13 173.37 <0.0001 

t 351.13 1 351.13 31.68 0.0025 12.50 1 12.50 1.41 0.2888 

T 338.00 1 338.00 30.50 0.0027 496.12 1 496.12 55.85 0.0007 

pHt 16.00 1 16.00 1.44 0.2834 4.00 1 4.00 0.45 0.5319 

pHT 30.25 1 30.25 2.73 0.1594 42.25 1 42.25 4.76 0.0810 

tT 0.25 1 0.25 0.023 0.8865 4.00 1 4.00 0.45 0.5319 

pH2 72.03 1 72.03 6.50 0.0513 158.01 1 158.01 17.79 0.0083 

t2 16.03 1 16.03 1.45 0.2830 11.85 1 11.85 1.33 0.3003 

T2 125.64 1 125.64 11.34 0.0200 1.08 1 1.08 0.12 0.7412 

Residual 55.42 5 11.08   44.42 5 8.88   

Lack of fit 44.75 3 14.92 2.80 0.2743 33.75 3 11.25 2.11 0.3376 

Pure error 10.67 2 5.33   10.67 2 5.33   

Cor total 2504.40 14    2307.60 14    

 2 

 3 


