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Abstract

:

The mechanism of lime dissolution in steelmaking slag and the factors that influence the dissolution rate are highly significant in improving the efficiency of the steelmaking process; however, they are yet to be fully understood. Here, the effects of Al2O3/TiO2/Na2O additives on the dissolution rate of lime and the composition of molten slag were investigated using a rotating cylinder technique. The results indicate that the promotion coefficients at 1400 °C decrease in the order of Na2O > TiO2 > Al2O3. Furthermore, the CaO dissolution rate and kinetic parameters were calculated, and the lime dissolution mechanisms in the presence or absence of Al2O3, TiO2, and Na2O were compared. Additionally, the data show that ATN (a mixture with a mass ratio of Al2O3:TiO2:Na2O = 15:4:3) can be used as a suitable flux in the steelmaking process.
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1. Introduction


The physical and chemical properties of steel slag have a significant impact on the progress of the steelmaking process and the quality of molten steel. CaO must be dissolved in a liquid phase for its efficient functioning, namely, dephosphorization when in the basic oxygen furnace (BOF) and electric arc furnace (EAF) and desulfurization when in the ladle furnace [1]. Traditional steel slag is based on the CaO–FeO–SiO2 ternary slag system, which has a high melting point and poor fluidity. To improve the fluidity of the slag, various fluorites (such as CaF2) should be added during production. However, owing to the significant environmental pollution caused by fluorine-containing compounds, the use of fluorite is increasingly being restricted. Recent studies have shown that red mud-based additives containing Al2O3, TiO2, and Na2O have a significant fluxing effect on traditional steel slag [2,3]. However, the effects of adding these co-solvents in the early stages of lime dissolution remain poorly understood.



When studying factors that influence lime dissolution, Ban-ya et al. [4] found that a CaO–Al2O3–FexOy flux promoted the dissolution of lime owing to the presence of Al2O3, and it could be used as a substitute for a CaO–CaF2–FexOy flux. Mukawa et al. [5,6] determined the optimal Na2O and Al2O3 contents for Na2O–CaO and CaO–Al2O3 fluxes, respectively. Moreover, Shimoda et al. [7] proposed that a CaO–Al2O3–TiO2 flux significantly promotes the desulfurization of molten iron owing to its low melting point, as well as its viscosity. Additionally, Lee et al. [8] developed a new type of quicklime (CaO) coated with dicalcium ferrite (2CaO·FeO), which possessed high hydration resistance and could rapidly dissolve in BOF and EAF steelmaking slag. Finally, Hamano et al. [9] found that the addition of CaF2 and CaCl2 resulted in a high rate of lime dissolution in the slag.



Furthermore, the mechanism of lime dissolution in slag has been studied. Schlitt et al. [10] found that upon increasing the FeO content, the dissolution rate of lime in the CaO–FeO–SiO2 slag significantly increased. Furthermore, a 2CaO·SiO2 (C2S) layer formed on the surface of CaO particles, and the dissolution of lime was realized by melting the slag through the cracks in the C2S layer. In the presence of high contents of Fe2O3, the C2S and 3CaO·SiO2 layers formed only around the granular crystals instead of the continuous CaO crystals, which promoted the dissolution of lime. Evans and Deng et al. [11,12,13] studied the dissolution mechanism of lime in different liquid BOF slags containing CaO–FeO–SiO2. They found that lime reacted with silicon dioxide in the slag, and a solid C2S calcium silicate layer formed at the interface between lime and the liquid slag. It has also been shown that CaO dissolved faster in the presence of a higher FeO content, as FeO penetrates the lime and facilitates the separation of the calcium silicate layer. Conversely, the C2S layer is dense when the FeO content decreases. This layer protects the lime from slag penetration, thereby reducing the dissolution rate.



However, comparative studies on the effects of Al2O3/TiO2/Na2O on lime dissolution and their underlying mechanisms remain limited. Therefore, this study investigated the dissolution rate, solubility, and diffusion coefficient of CaO in Al2O3/TiO2/Na2O slag, as well as the kinetic parameters for CaO dissolution. Additionally, the mechanisms of lime dissolution in slag in the presence or absence of Al2O3/TiO2/Na2O were compared and discussed, providing important guidance for using red mud waste from alumina production as a steelmaking flux.




2. Experimental Methods


2.1. Materials and Slag Preparation


To obtain the active lime cylinder sample required for the test, 12 g of analytically pure CaO (Sinoreagent, Suzhou, China) was used as raw material. First, CaO was crushed into powder form. Thereafter, it was bonded with water and an organic binder, and pressed into a lime hollow cylinder (outside diameter = 20 mm, inner diameter = 7 mm, height = 20 mm, and pressure = 30 MPa) for 3 min. The lime cylinder was then dried in a resistance furnace at 1200 ℃ for 120 min to obtain an active lime column with a density between 1.46 and 1.50 g/cm3 (Figure 1a). Then, the size of the dried lime cylinder was: outside diameter = 20 ± 1 mm, inner diameter = 7 ± 1 mm, height = 20 ± 1 mm.



The slag used in this study was synthesized from analytical reagents. In the experiment, Na2O and P2O5 were replaced with anhydrous sodium silicate and calcium phosphate, respectively. All the experimental chemical compositions are listed in Table 1. Sample 0 was the blank slag CaO–SiO2–FeO–MgO–P2O5; Samples A, T, and N were composed of slag with 10% Al2O3, TiO2, and Na2O, respectively; Sample AT was a slag with 5% Al2O3 and 5% TiO2; Sample AN was a slag with 5% Al2O3 and 5% Na2O. Sample ATN was a slag with Al2O3:TiO2:Na2O = 15:4:3 (this ratio represents the composition of the slag after adding red mud from one factory). As lime dissolution mainly occurs in the early stage of converter steelmaking, the initial basicity of all slags was set to 1, and the reaction temperature was set to 1400 ℃.




2.2. Experimental Apparatus and Methods


Figure 1a shows the lime after roasting, and Figure 1b shows the molybdenum rotor. Molybdenum washers were present on the upper and lower sides of the lime column. Figure 1c shows the lime column at the end of the experiment. The dissolution experiments were conducted with the rotating disk apparatus shown schematically in Figure 2. This experiment used a vertical silicon–molybdenum furnace as the heating device, and the thermocouple was calibrated before the experiment. The protective gas used in this experiment was high-purity argon.



First, 170 g of the slag sample was placed into the magnesia crucible (inside diameter = 60 mm, outer diameter = 70 mm, height = 100 mm). According to the temperature curve in Figure 3, the slag was heated to 1400 C by using a tube furnace (Baotou Yunjie Electric Furnace Factory, Baotou, China). After the slag sample was melted and the temperature remained constant at the target value, the lime column was slowly placed into the slag. The motor was immediately started and rotated at a speed of 150 rpm/min. Depending on the time required to completely dissolve the lime column, each group of experiments was performed four times for 3, 5, 10, or 15 (20) min—for the experiment with complete dissolution at 20 min, the data point obtained at 15 min was used.



After the experiment, the lime column was immediately lifted out of the slag, and the slag that adhered to the surface was shaken off at a high speed. Thereafter, the sample was removed from the furnace mouth, and the diameters of the different parts were directly measured using a digital vernier caliper (DEGUQMNT, Shanghai, China) at a high temperature. A horizontal plate was used to take pictures, and the average diameter value was used to calculate the reduction value of the sample diameter. After the experiment, a sample of the final slag was subjected to X-ray fluorescence analysis to calculate the amount of lime dissolved in the slag. After the lime dissolved, the lime column was mounted and polished in epoxy resin. It was then sprayed with gold, and the lime/slag interface was observed using scanning electron microscopy (SEM) (FEI, Portland, OR, USA) and chemically analyzed using energy dispersive spectrometry (EDS).




2.3. Analysis


As shown in Figure 1b, molybdenum washers were placed on the upper and lower sides of the lime column to protect them from contact with the slag; hence, the dissolved matter was concentrated on the side. The lime dissolution ratio X is defined as:


  X = 1 -    r c     r 0    %  



(1)




where r0 and rc are the initial and residual radii of the lime column, respectively.



To measure the dissolution rate of lime in slag, the experiment was characterized by the change of unit time radius of the lime column in slag, and the dissolution rate was:


   v r   = −  1 S    d V   d t   = −   d r   d t    



(2)




where vr is the dissolution rate of the lime, m/s; V is the volume of the lime column, m3; S is the side area of the lime column, m2; and r is the radius of the lime column, m.





3. Results and Analysis


3.1. Effects of Al2O3, TiO2, Na2O, and ATN on the Dissolution Rate of Lime


Figure 4 shows the effects of adding different types of slag on the dissolution of lime. The results show that the addition of Al2O3, TiO2, and Na2O promoted the dissolution of lime. The lime dissolved fastest in Sample N (10% Na2O) (50% lime dissolution was observed within 5 min, and 90% dissolution was achieved within 10 min). Sample T (10% TiO2) dissolved the lime faster than Sample A (10% Al2O3), with 100% of the lime dissolved after 15 min. Sample 0, without additives, showed the slowest dissolution percentages, with only 52% of the lime column dissolved in 20 min. The dissolution of lime in Sample AN (CaO–SiO2–FeO–MgO–P2O5–5%Al2O3–5%Na2O) with 5% Na2O was significantly faster than that in Sample AT (CaO–SiO2–FeO–MgO–P2O5–5%Al2O3–5%TiO2). Additionally, lime dissolution was faster in Sample ATN (CaO–SiO2–FeO–MgO–P2O5–6.8%Al2O3–1.8%TiO2–1.4%Na2O) than in Samples AN and AT.



Figure 4 shows that with the exception of Na2O-bearing samples N, AN, and ATN, the dissolution process of lime in the analyzed samples can be profiled into two different stages: slow dissolution for the first 5 min and rapid dissolution after 5 min. The dissolution percentages of lime in the slag samples over 5 and 10 min are shown in Figure 5. The slow first stage is ascribed to the cooling of the nearby slag upon contact with the lime column, which reduces its fluidity and results in the slow dissolution of lime. No distinct first stage is observed for the samples containing Na2O because it can significantly reduce the melting point of the slag. In the second stage, which occurs after the first 5 min, the lime dissolution rate varied linearly with time, which is consistent with previously reported findings [14].



The dissolution rate of lime was calculated based on the linear fitting of the second dissolution stages, as presented in Table 2, with a fitting degree R2 above 0.9. Figure 6 shows a comparison between the experimental lime dissolution rates obtained here and those reported in the literature. Comparing samples containing 10% Al2O3, the vr/v0 for sample A closely matched those reported by Diao [15], Guo et al. [16], and Sarkar [17], whereas Sample ATN showed a higher dissolution rate. In samples containing Na2O, the vr/v0 value for sample N was higher than the values reported by Diao [15] and Guo et al. [16]. It is possible that sodium oxide significantly reduces the viscosity at higher temperatures, thus accelerating the dissolution of lime.



To quantitatively evaluate the effect of adding Al2O3/TiO2/Na2O to promote the dissolution of lime into the CaO–SiO2–FeO–MgO–P2O5 slag, A is defined as the promotion coefficient, which is the promotion of unit Al2O3/TiO2/Na2O content to the dissolution rate of lime in the original slag system. The formula is calculated as follows:


  A =    v r  −  v 0    % X    



(3)




where v0 and vr, respectively, are the lime dissolution rates (cm/s) before and after adding Al2O3/TiO2/Na2O, and X is the percentage of added Al2O3/TiO2/Na2O.



Based on the promotion coefficients listed in Table 3, the promotion effect of Na2O on lime dissolution in slag is larger than that of Al2O3. Therefore, adding only a small amount of Na2O can substantially increase the dissolution of lime. The values obtained for promotion coefficients can be used in actual production.




3.2. Effects of Al2O3, TiO2, Na2O, and ATN on Structure in Lime Dissolution


Figure 7a–e show SEM images of the microstructure and the phase composition of the interface between lime and slag after 10 min dissolution of sample 0, A, T, N, ATN in lime. Based on SEM and EDS analyses, four types of phases are generated near the interface during lime dissolution, in addition to the initial slag and lime (Table 4): Phase 1 is slag; phase 2 (C2S) contains Ca2SiO4 and other silicate phases; phase 3 (MF) is the boundary layer, with a high content of Fe and Mg; phase 4 (CF) is intrusive slag, which is the slag that has invaded the pores of the lime and is a high iron-containing phase that comprises compounds such as calcium ferrite; phase 5 is residual solid lime; and phase 6 is a Ti-containing phase with compounds such as CaTiO3 and CaSiTiO5. The elemental composition of each phase for Samples 0, A, T, N and ATN was determined through an EDS analysis (Table 4).



The phases that were identified in each sample were compared with the theoretical phases in lime dissolution, as calculated using FactSage 7.0 (Figure 8). Sample 0 contains phases (1)–(5). Figure 7b shows that no new phase formed after the addition of Sample A slag, and the absence of the MF phase on the boundary is observed. This is in agreement with calculations by Michelic [18] and the predictions by FactSage (Figure 8b). Owing to a combination of structural and dissolution rate changes, Al was mainly present in the slag and in the MF boundary layer. The formation of Ca2Al2SiO7 reduced the CaO concentration at the interface between the slag and the lime column. Moreover, the calcium ferrite content in the pores of Sample A was lower than those of samples T and ATN and was equivalent to that in Sample 0.



Figure 7c indicates that after adding 10% TiO2, a phase containing CaTiO3 and CaSiTiO5 phase was formed in Sample T. This phase was also predicted by the FactSage calculations. As the dissolution rate changed, the Ti-containing phase consumed the C2S layer and CaO near the slag boundary, which accelerated mass transfer, as well as the rate of breakthrough of the C2S layer in lime dissolution and dissolution rate in the first stage. Ti-containing phases in the slag, such as CaTiO3 and CaSiTiO5, were also reported in the FeOx–SiO2–V2O3–TiO2 slag system by Tang R [19]. As presented in Table 4, unlike Al in Sample A, Ti was not detected in the boundary layer or the lime gap of Sample T. Compared with Sample 0, after adding TiO2 for 10 min, the Fe content in the CF increased to 27.59%. The increased content of calcium ferrite in the lime pores promoted lime dissolution.



Figure 7d shows the SEM images of the microstructure and phase composition for Sample N. Compared with Sample 0, the C2S layer was absent from the interface between the slag and lime, suggesting that the addition of 10% Na2O hindered the formation of the C2S layer and improved the mass transfer coefficient (k) of CaO in the lime column. This also explains the reason for not observing the first stage of lime dissolution in Samples N and AN. The EDS analysis of Sample N indicated that the addition of Na2O promoted the transfer of Fe from the slag to the boundary layer. As the dissolution time increased to 10 min, the Fe content in the boundary layer increased to 58.24%, which was more than double compared to those in samples 0, A, and T.



Figure 7e and Table 4 present the phase changes in slag and the dissolution of lime after adding 10% ATN. No prominent new phases are observed. Both Al and Na are found in the slag and invading lime cracks, and Ti is not detected because the added TiO2 content is only 1.8%. The Fe content in the intrusive phase is 33.7%, which is higher than those in samples 0, A, and T, indicating that adding ATN also promotes the rapid dissolution of lime. Therefore, the dissolution rates in the first and second stages for sample ATN are higher than those following the addition of Al2O3 or TiO2.





4. Discussion


4.1. Dissolution Process of Lime in Slag


The dissolution process of the active lime column in the slag sample 0 as observed during the experiment is shown in Figure 9. After leaching the active lime, the slag penetrated the lime along the pores/cracks. With increased exposure time, the black layer thickened, and then, the metamorphic lime column started to dissolve in the slag.


  ( CaO ) + ( FeO )   →   ( CaO · FeO )  



(4)






  ( MgO ) + ( FeO )   →   ( MgO · FeO )  



(5)






  2 ( CaO ) + (  SiO 2  )   →   ( 2 CaO ·  SiO 2  )  



(6)







As shown in Figure 10, combining the EDS, SEM, and FactSage calculation results, the dissolution process of lime in the CaO–SiO2–FeO–MgO–P2O5 converter slag system is as follows:




	
FeO enters lime pores and forms calcium ferrite and diffuses (Equation (4)). The formation of calcium ferrite causes the lime column to further break apart, which increases the dissolution rate of active lime.



	
The reaction in Equation (5) occurs at the boundary of the lime column, generating an intermittent MF layer.



	
CaO passes through the CF phase and then through the gap in the MF phase. The reaction in Equation (6) occurs to form the C2S phase, and the dense C2S layer prevents FeO from further entering the lime.



	
CaO diffusion into the slag occurs through the boundary layer.



	
This mechanism is reflected in the findings of Deng, Guo, and Chen [12,14,20]. Therefore, we investigated the effect of adding Al2O3/TiO2/Na2O on the stages of the dissolution process.









4.2. Effects of Al2O3, TiO2, and Na2O on the Lime Dissolution Process in Slag


The addition of Al2O3/TiO2/Na2O influences the dissolution rate of lime in two major aspects: it affects the formation of different phases as well as the diffusion speed of CaO in the slag.



Figure 11 demonstrates the phase changes during lime dissolution in the Al2O3/TiO2/Na2O–CaO–SiO2–FeO–MgO–P2O5 slag system. The MF and C2S layers hinder the diffusion of CaO during lime dissolution. In sample A, with the addition of 10% Al2O3, the boundary layer of MF disappears, and CaO diffusion is accelerated. In Sample T, after the addition of TiO2, CaTiO3 and CaSiTiO5 phases are formed in the slag. In sample N, after the addition of Na2O to the slag, the C2S layer disappears, and CaO dissolution is accelerated.



The dissolution rates of lime in the second stage are shown in Figure 12. For each slag used in the experiment, viscosity at 1400 ℃ was calculated based on the viscosity model proposed by Zhang [21,22,23,24,25] (Figure 12).



Compared with sample 0, after adding Al2O3, the MF boundary layer disappears in Sample A, which accelerates the dissolution of lime. However, the increase in viscosity caused by Al2O3 impedes CaO diffusion in slag, eventually leading to only a slight increase in the lime dissolution rate.



In sample T with 10% TiO2, CaTiO3 and CaSiTiO5 are generated in the slag, which increases the diffusion coefficient k of CaO in slag. Additionally, the reduction in viscosity facilitates the mass transfer of CaO and promotes lime dissolution.



In Sample N, after the addition of Na2O, the C2S layer disappears, and the viscosity of the slag is significantly reduced. These factors facilitate the mass transfer of CaO and significantly accelerate the dissolution of lime.



Na2O had a beneficial effect on accelerating the dissolution of lime. However, an excessive Na2O content will cause the corrosion of refractory materials and adversely affect the continuous operation of the converter. At present, the Na2O content in the slag after using red mud as flux is less than 1.5%, so the use of limited amount of red mud will not aggravate the erosion of refractory [2,3].




4.3. Effects of Al2O3, TiO2, and Na2O on Dissolution Kinetics of Lime


Focusing on the chemical reaction control process, the diffusion mass transfer of CaO in the boundary layer is a control process in which the slag dissolves the lime under a forced flow [14,26,27]. To evaluate the k of lime in slag, the dissolution rate of lime is first determined as follows:


  J =  ρ L  ⋅  v r  ,  



(7)




where J is the dissolution rate of lime expressed using mass (g/cm2·s); ρL is the density of the lime column (g/cm3); and vr is the dissolution rate of lime (m/s). J is used to calculate k based on the following equation:


  J = k (  n s  −  n b  ) ,  



(8)




where k is the mass transfer coefficient (cm/s); ns and nb are the CaO contents in the interface and slag body, respectively (g/cm3).


   v r  =  k  100  ρ L    (  c s   ρ s  −  c b   ρ b  ) ≈   k  ρ b    100  ρ L    (  c s  −  c b  ) =   k  ρ b    100  ρ L    ∆ w ( C a O )  



(9)






  k =   100  v r   ρ L     ρ b  ∆ w ( C a O )    



(10)







ρs and ρb are the slag density and slag packing density (g/cm3) at the interface between the lime and slag, respectively. ρb was measured using the DP-300P drainage density tester after slag quenching to obtain the slag density at 1400 ℃, as listed in Table 5; cs is the concentration of CaO at the interface between the surface of decomposed CaO and molten slag (mol·m–3) and can be determined from the intersection of the liquidus line with a straight line connecting the point of bulk slag composition and the CaO apex on the CaO–SiO2–FeO–MgO–P2O5–Al2O3/TiO2/Na2O phase diagram [27]; cb is the bulk concentration of (CaO) in molten slag (mol·m–3); the calculated Δw (CaO) = cs−cb is listed in Table 5. ρL is the density of the lime column, 1.48 g/cm3.



Using the aforementioned equations, the k values of CaO under different conditions were calculated.



K values for the CaO–SiO2–FeO–MgO–P2O5–Al2O3/TiO2/Na2O slag at 1400 ℃ ranged between 0.445 × 10–4 and 4.123 × 10–4 cm/s. The addition of Al2O3, TiO2, and Na2O significantly increased the k of the slag and reduced the thickness of the boundary layer. After the addition of 10% Al2O3 and TiO2, the k of the slag increased to 1.205 × 10–4 and 2.279 × 10–4 cm/s, respectively. After the addition of 10% Na2O, k increased to 4.123 × 10–4 cm/s. The addition of Al2O3, TiO2, and Na2O in slag significantly promoted the dissolution of lime in the converter.





5. Conclusions


	
When 10% Al2O3/TiO2/Na2O was added to a CaO–SiO2–FeO–MgO–P2O5 slag, Al2O3, TiO2, and Na2O showed promoting effects on the dissolution of lime under forced-convection molten pool mixing. The effect of additives on slag increased in the order of Al2O3 < TiO2 < Na2O, with promotion coefficients of 1.162 × 10–6, 4.917 × 10–6, and 6.98 × 10–6 cm/s·%, respectively.



	
The addition of Al2O3 caused the disappearance of the MF layer and increased the viscosity of the slag, which led to a slight overall increase in the dissolution rate of lime. TiO2 generated a new phase containing CaTiO3 and CaSiTiO5 in the slag, and reduced its viscosity, promoting lime dissolution. The addition of Na2O caused the C2S layer to disappear, as well as significantly reduced the viscosity of slag and accelerated lime dissolution.



	
The kinetic parameters of the Al2O3/TiO2/Na2O–CaO–SiO2–FeO–MgO–P2O5 slag at 1400 ℃ and 150 rpm were calculated. Al2O3/TiO2/Na2O significantly increased the k of the slag, and the promotion coefficients increased to 4.123 × 10–4 m/s after 10% Na2O was added. The addition of red mud-based additives containing a mixture of Al2O3, TiO2, and Na2O can effectively increase the dissolution rate of lime, and the promotion ability is higher than that obtained by individually adding the same content of Al2O3 and TiO2. This suggests that red mud may be a suitable flux for application in the steelmaking industry, but the amount added during steelmaking should also be limited.
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Figure 1. Preparation of the lime column. (a) Lime column after roasting; (b) molybdenum rotor; (c) lime column at the end of the experiment. 
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Figure 2. Experiment equipment. 






Figure 2. Experiment equipment.
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Figure 3. Temperature curve of the tube furnace. 
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Figure 4. Dissolution percentages of lime in different slag samples. 
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Figure 5. Dissolution percentages of lime in slag after 5 and 10 min. 
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Figure 6. Comparison of dissolution rates of lime in the existing literature with experimental dissolution rates obtained here ((a) add Al2O3 [15,16,17], (b) add Na2O [15,16]) (vr is the lime dissolution rate after adding Al2O3/TiO2/Na2O; v0 is the lime dissolution rate before adding Al2O3/TiO2/Na2O). 
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Figure 7. Microstructure and phase composition of lime samples with slag. ((a) Sample 0, (b) Sample A, (c) Sample T, (d) Sample N, and (e) Sample ATN; 1: slag, 2: C2S, 3: MF, 4: CF, 5: lime, 6: Ti-containing). 
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Figure 8. Theoretical phases in lime dissolution calculated by FactSage 7.0. ((a) Sample 0, (b) Sample A, (c) Sample T, (d) Sample N, (e) Sample ATN). 
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Figure 9. Dissolution process of lime in Sample 0 slag. 
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Figure 10. Diagram of the dissolution process of the lime column. 
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Figure 11. Phase change diagram for lime dissolution. 
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Figure 12. Dissolution rates of lime and viscosity in different slags in the second stage. 
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Table 1. Experimental materials (wt.%).
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	Sample
	CaO
	SiO2
	FeO
	Al2O3
	TiO2
	Na2O
	MgO
	P2O5





	0
	36
	36
	20
	0
	0
	0
	5
	3



	A
	31
	31
	20
	10
	0
	0
	5
	3



	T
	31
	31
	20
	0
	10
	0
	5
	3



	N
	31
	31
	20
	0
	0
	10
	5
	3



	ATN
	31
	31
	20
	6.8
	1.8
	1.4
	5
	3



	AT
	31
	31
	20
	5
	5
	0
	5
	3



	AN
	31
	31
	20
	5
	0
	5
	5
	3
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Table 2. Dissolution rate of lime (10–5 cm/s).
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	Sample
	0
	A
	T
	N
	ATN
	AN
	AT





	Second stage vr
	2.77
	3.93
	7.69
	9.75
	8.08
	6.65
	5.83
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Table 3. Promotion coefficients of the dissolution rate of lime with different additives (cm/s).
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	Promotion Coefficient Units
	Al2O3
	TiO2
	Na2O





	A
	1.162 × 10–6
	4.917 × 10–6
	6.98 × 10–6
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Table 4. EDS analysis results (wt.%).
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Sample

	
Main Phase

	
Al

	
Mg

	
Si

	
P

	
Ca

	
Fe

	
Na

	
Ti

	
O






	
0

	
2-C2S

	
-

	
-

	
13.14

	
-

	
24.38

	
3.73

	
-

	
-

	
57.33




	
3-MF

	
-

	
29.39

	
-

	
-

	
1.46

	
20.09

	
-

	
-

	
49.05




	
4-CF

	
-

	
-

	
-

	
-

	
20.38

	
19.8

	
-

	
-

	
57.83




	
5-lime

	
-

	
-

	
-

	
-

	
35.17

	
3.75

	
-

	
-

	
55




	
A

	
2-C2S

	
4.18

	
0.72

	
16.07

	
0.38

	
17.69

	
-

	
-

	
-

	
61.97




	
4-CF

	
5.2

	
1.71

	
-

	
-

	
17.74

	
18.55

	
-

	
-

	
56




	
5-lime

	
-

	
-

	
-

	
-

	
42.33

	
-

	
-

	
-

	
57.66




	
T

	
2-C2S

	
-

	
1.94

	
16.81

	
-

	
16.25

	
2.57

	
-

	
4.89

	
59.22




	
3-MF

	
-

	
29.39

	
-

	
-

	
1.46

	
20.09

	
-

	
-

	
49.05




	
4-CF

	
-

	
1.44

	
-

	
-

	
17.63

	
27.59

	
-

	
-

	
53.34




	
5-lime

	
-

	
-

	
-

	
-

	
43

	
-

	
-

	
-

	
57




	
6-Ti-containing

	
-

	
-

	
8.37

	
-

	
41.21

	
-

	
-

	
14.27

	
36.15




	
N

	
3-MF

	
-

	
13.42

	
-

	
-

	
1.89

	
58.24

	
-

	
-

	
26.45




	
4-CF

	
-

	
1.53

	
-

	
0.46

	
25.39

	
13.64

	
1.48

	
-

	
56.70




	
5-lime

	
-

	
-

	
-

	
-

	
34.99

	
-

	
-

	
-

	
65.01




	
ATN

	
2-C2S

	
7.87

	
3.33

	
12.46

	
-

	
35.95

	
8.81

	
0.74

	
-

	
30.83




	
3-MF

	
-

	
15.45

	
5.00

	
-

	
26.89

	
30.89

	
-

	
-

	
21.77




	
4-CF

	
6.73

	
1.91

	
1.59

	
-

	
26.89

	
33.70

	
0.13

	
-

	
21.05




	
5-lime

	
-

	
-

	
-

	
-

	
49.01

	
4.71

	
-

	
-

	
46.28
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Table 5. Kinetic parameters for lime dissolution in slag.
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	Slag
	0
	A
	T
	N
	ATN





	K (cm/s)
	0.445 × 10−4
	1.205 × 10−4
	2.279 × 10−4
	4.123 × 10−4
	2.373 × 10−4



	ρb (g/cm3)
	3.7
	3.06
	3.58
	3.1
	3.12



	Δw (CaO)
	11.1%
	15.78%
	13.94%
	11.29%
	16.15%
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