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Abstract: 

China’s extensive accumulation of steel slag not only occupies significant land 

resources but also poses risks to soil and groundwater quality. CO2 mineralization 

technology presents an effective strategy for detoxifying and repurposing steel slag, 

simultaneously generating valuable carbonates and facilitating carbon sequestration. 

However, the residual material resulting from CO2 mineralization of steel slag contains 

hazardous heavy metals and organic compounds, including amino acids that act as 

leaching agents. This study aimed to stabilize the CO2-mineralized steel slag residue 

through vitrification, transforming it into a stable glass matrix. Ternary glasses 

composed of CMSSR–SiO2–Al2O3 were synthesized at a melting temperature of 

1300 °C. The glass-forming region was delineated within compositional boundaries of 

45–77.5 wt% CMSSR, 22.5–40 wt% SiO2, and 0–15 wt% Al2O3. A representative set 

of formulations was selected to examine high-temperature viscosity, and a quadratic 

mixture model was developed to correlate component ratios with the temperature at 

which viscosity reaches 10 Pa·s. The leaching behavior of heavy metals was evaluated 

using an acid leaching protocol in accordance with Chinese national standards, with 

results indicating excellent chemical durability of the vitrified glasses.  

 

Key words: 

CO2-mineralized steel slag residual, Vitrification, Glass formulation, Viscosity-

component correlation, Chemical durability, Acid leaching. 

  



1. Introduction 

China’s steel slag production has exceeded 120 million tons per year [1,2], and 

such a large accumulation of steel slag not only occupies land but also threatens the soil 

and groundwater [3,4]. To detoxify and repurpose steel slag, extensive research has 

been conducted across various industries, with CO2 mineralization technology 

emerging as a prominent approach [5,6]. This method effectively addresses the 

challenges associated with steel slag treatment, while concurrently generating valuable 

carbonates and promoting CO2 sequestration [7–9]. However, the residue produced 

from CO2 mineralization of steel slag—hereafter referred to as CMSSR—contains 

hazardous heavy metals and organic compounds such as amino acids, which act as 

leaching agents. These contaminants necessitate further immobilization and removal 

prior to final disposal. 

Vitrification has proven to be a reliable method for transforming hazardous waste 

into chemically durable glassy materials [10,11]. This process involves melting the 

waste in combination with glass-forming additives and fluxing agents, followed by 

rapid cooling to produce a solidified glass matrix [12]. The vitrification of CMSSR 

effectively removes organic matter and immobilizes toxic heavy metals, preventing 

leaching and environmental hazards, while the resulting stable vitrified slag holds 

promise for further applications, such as the production of cement and glass ceramics 

[13,14]. The glass formulation is crucial for the melting process and the properties of 

the glass matrix, especially with respect to viscosity and chemical durability. Viscosity 

is a critical parameter influencing the melting rate and homogenization of glass, with 

optimal performance typically achieved within the range of 1 to 10 Pa·s at the melting 

temperature [15–17]. Additionally, evaluating the acid leaching behavior of heavy 

metals from the solidified matrix is essential for assessing its environmental impact, as 

acidic conditions can substantially degrade the integrity of the vitrified material [18]. 

Despite its potential, research on the valorization of CO2-mineralized steel slag residual 

through vitrification remains limited. 

Therefore, this study aims to implement vitrification technology to convert 

CMSSR into durable glass materials. A three-component mixture comprising CMSSR, 



SiO2, and Al2O3 was employed to formulate waste glasses. High-temperature viscosity 

was measured using a rotating spindle viscometer, and a quadratic mixture model was 

used to predict the effects of the components on viscosity. An acid leaching test method 

based on China’s national standard was conducted to evaluate the chemical durability 

of the waste glasses. 

 

2. Experimental 

2.1. Characteristics of the CO2-mineralized steel slag residual 

Ground steel slag, provided by Jiangsu Xugang Steel Group Co., Ltd. (China), was 

employed for CaCO3 recovery through CO2 mineralization, using a novel technique 

developed by Wang et al. [19]. During the initial leaching stage, conducted in the 

presence of acidic leaching agents, a Ca2+-rich solution was extracted for subsequent 

mineralization, while the resulting solid residue—designated as CMSSR—served as 

the target material for vitrification in this study. The crystalline phases present in the 

CMSSR were analyzed using X-ray diffraction (XRD) on a Bruker D8 Discover 

diffractometer, operated at 40 kV and 40 mA with Cu Kα radiation. Scanning was 

performed at a step size of 0.02° over a 2θ range of 10° to 70°. Phase identification was 

carried out via JADE 6.0 software (Materials Data Inc., USA). The chemical 

composition of the CMSSR was analyzed via X-ray fluorescence spectrometry (XRF, 

Malvern Panalytical, Zetium). 

2.2. Formulation and preparation of waste glasses 

Based on the compositional characteristics of the CMSSR and the principle of 

minimal glass additives, this study aimed to develop reliable vitrification formulas by 

incorporating the glass formers SiO2 and Al2O3. The proportions of CMSSR and glass 

formers were systematically varied (CMSSR: 30–100 wt%, SiO2: 0–50 wt%, Al2O3: 0–

25 wt%), typically in 5 wt% increments, to delineate the glass-forming region. Dry 

powdered CMSSR was thoroughly mixed with SiO2 (99.5% purity) and Al2O3 (99.0% 

purity), both obtained from Sinopharm Chemical Reagent Co., Ltd. About 50 g of each 

fully-mixed batch was melted at 1300 °C for 1 hour in a corundum crucible under an 

air atmosphere. The molten mixture was then quenched onto a copper plate and allowed 



to cool naturally to room temperature. The resulting glass specimens were subsequently 

prepared for characterization.  

2.3. Characterization of waste glasses 

2.3.1 Viscosity measurement 

The high-temperature viscosity of the formulated waste glasses was measured 

using a rotary spindle viscometer (Orton RSV1600) equipped with a platinum (Pt) rotor. 

The rotor was immersed at a fixed depth within the molten glass and rotated at a low 

speed. The resulting torque was recorded and subsequently converted into viscosity 

values through computer-based data processing. About 200 g of powdered waste glass 

(150–200 µm) was placed in a 150-mL corundum crucible. The sample was then 

gradually heated from room temperature to the target temperature (1250–1400 °C) at a 

heating rate of 10 °C/min and held for 30 min. The rotor was subsequently immersed 

in the glass melt at a constant speed of 20 rpm, and the sample was allowed to cool at 

a rate of 5 °C/min from the target temperature. Throughout this cooling process, the 

viscosity data were recorded up to 30 Pa·s. 

2.3.2 Chemical durability test 

In compliance with the National Standards of the People’s Republic of China—

GB/T 41015–2021 (Technical Requirements for Solid Waste Vitrification Products) and 

GB/T 30810–2014 (Test Methods for Leachable Ions of Heavy Metals in Cement 

Mortar)—a mixed acid solution of sulfuric and nitric acids was prepared and used as a 

pH regulator for conducting heavy metal leaching tests on the vitrified glass samples. 

The experimental apparatus and procedure are illustrated in Fig. 1. The vitrified glass 

specimens were first pulverized into fine powders with particle sizes between 0.125 and 

0.25 µm. Then, 10 g of this powder was added to 500 mL of deionized water and stirred 

with magnetic rotors at speeds ranging from 500 to 1000 rpm for 2 hours. Stirring 

intensity was carefully controlled to prevent excessive CO2 absorption. The pH of the 

mixture was adjusted to 7.0 ± 0.5 using the acid mixture. Following the initial leaching 

step, the solid residues were separated from the solution via vacuum filtration using a 

0.45 µm microporous membrane. These residues then underwent a second leaching 

process under more acidic conditions (pH 3.2 ± 0.5) with extended stirring for 7 hours. 



The leachates from both stages were combined in a volumetric flask, diluted to a total 

volume of 2 L, and thoroughly mixed before sampling. Heavy metal concentrations in 

the final leachates were measured using an inductively coupled plasma atomic emission 

spectrometer (ICP-AES, Leeman Labs, Prodigy 7). 

2.3.3 Structural analysis 

A Raman spectrometer (LabRAM HR Evolution, Horiba Scientific) was used to 

characterize the structural evolution of the waste glasses with different SiO2 additions. 

The sample preparation involved the encapsulation of homogeneous glass fragments in 

epoxy resin, sequential grinding to 1200-grit SiC paper, and mirror polishing via an oil-

based diamond suspension. Raman spectra were recorded on optically polished glass 

surfaces over the spectral range of 400–1400 cm–1, using a 532 nm excitation laser with 

a 6-s exposure time and three accumulations per sample. The spectral data were 

deconvoluted using the Voigt function—a convolution of Gaussian and Lorentzian 

profiles—through PeakFit software (version 4.12). The relative abundances of Qⁿ 

structural units were quantified by integrating the areas under the deconvoluted peaks, 

with their fractional contributions calculated based on the optimized curve fitting results 

[20]. 

 

3. Results and discussion 

3.1. Characteristics of the CO2-mineralized steel slag residual 

Fig. 2 displays the XRD analysis of the CMSSR, and the diffraction pattern reveals 

the presence of ferrous oxide (FeO, PDF#75-1550), silicon oxide (SiO2, PDF#99-0088), 

calcium silicate (Ca2SiO4, PDF#36-0642), and calcium-iron compounds (Ca2Fe2O5, 

PDF#38-0408, and CaAl4Fe8O19, PDF#49-1586). Both the CMSSR and the heat-treated 

CMSSR at 1000 °C were analyzed using X-ray fluorescence (XRF), which yielded 

nearly identical results. Table 1 lists the composition of the CMSSR, highlighting 

elevated levels of iron (Fe2O3: ~31 wt%), silicon (SiO2: ~22 wt%), and calcium (CaO: 

~28 wt%), alongside lower concentrations of magnesium (MgO: ~4 wt%) and 

aluminum (Al2O3: ~3 wt%). Notably, the CaO content exhibited a marked reduction of 

about 20 wt% compared to untreated steel slag, which typically contains around 45 wt% 



CaO [21,22]. The material also demonstrated elevated concentrations of heavy metals, 

particularly manganese (Mn) and chromium (Cr), with Mn reaching about 6 wt%, 

thereby constituting a primary focus of the acid leaching investigations. The reported 

analytical values represent final averages derived from multiple rounds of sampling and 

testing. 

3.2. Formulation of waste glasses 

The melting experiments indicated that the green region highlighted in Fig. 3 

delineates the glass-forming domain. Compositions outside this defined region did not 

yield glassy products, with several batches exhibiting incomplete melting. When the 

SiO2 content was maintained below 20 wt%, the resultant products exhibited 

devitrification (blue symbols in the diagram), and they may have formed a multiphase 

system comprising silicates, aluminosilicate minerals, and amorphous phases. 

Conversely, for SiO2 > 40 wt%, substantial unreacted residues were present (indicated 

by red symbols), and dark-colored aggregates formed. To determine the formulation of 

waste glasses, the following upper and lower compositional boundaries (in wt%) were 

defined: (i) CMSSR: 45~77.5 wt%, (ii) SiO2: 22.5~40 wt%, (iii) Al2O3: 0~15 wt%. The 

density of waste glasses, measured using Archimedes’ principle, increased from 2.8 to 

3.3 g/cm3 with rising waste loading, with the average derived from five repeated 

measurements. 

Based on the analysis of the glass-forming region in the CMSSR–SiO2–Al2O3 

waste glass system, compositions with varying waste loadings were calculated and are 

illustrated in Fig. 4. The primary oxide constituents—Si, Fe, Ca, and Al—exhibited 

substantial compositional variation across different formulations, with relative content 

differences reaching up to 20 wt%, significantly influencing vitrification behavior. In 

contrast, the concentrations of heavy metals Mn and Cr displayed relatively minor 

fluctuations, remaining within a 5 wt% range across all experimental batches. XRD 

patterns of selected waste glass samples (Fig. 5) revealed the absence of discernible 

crystalline diffraction peaks, confirming the predominantly amorphous nature of the 

solidified matrices. 

3.3. The viscosity of waste glasses 



As shown in the compositional diagram of the Waste–SiO2–Al2O3 glass system 

(Fig. 3), a component-viscosity model was established using five vertices (V1–V5) and 

one internal point (I0). Additionally, three validation points (VP1–VP3) were selected 

to evaluate the model’s predictive accuracy. The detailed compositions of the 

formulated waste glasses are listed in Table 2. 

Fig. 6 illustrates the relationship between viscosity (η) and temperature (°C) for 

the prepared waste glasses. Glass V1, which contained the highest concentration of 

glass-forming additives (SiO2 and Al2O3), exhibited the highest viscosity, approaching 

20 Pa·s at 1300 °C. A reduction in Al2O3 content (V2) led to a corresponding decrease 

in viscosity, and a similar reduction was observed with lower SiO2 content (VP1), 

indicating that diminishing glass former content effectively reduces the viscosity of the 

waste glasses. Notably, when the total content of glass additives was below 40 wt%, the 

viscosity at 1300 °C remained relatively low, consistently under 10 Pa·s. These 

formulations also exhibited a sharp viscosity transition between 1150 °C and 1250 °C, 

in contrast to the more gradual changes observed in glasses V1 and V2. Furthermore, 

glasses V5, I0, and V3—each containing 35 wt% additives—displayed decreasing 

viscosity trends with increasing SiO2 and decreasing Al2O3 contents. This suggests that 

Al2O3 exerts a more pronounced effect on viscosity than SiO2. 

Fig. 7 shows the natural logarithm of viscosity (ln η) as a function of reciprocal 

temperature (1/T, 10–3×K–1), which exhibited a nearly linear trend. Given the simplicity 

and effectiveness of the Arrhenius equation in describing the viscosity-temperature 

relationship of waste glasses within the viscosity range of 0.4–250 Pa·s, the curves were 

fitted using the Arrhenius equation approximation as follows [23,24]: 

ln
E

A
RT

 = +    (1) 

where A represents the temperature-independent pre-exponential factor, E denotes the 

activation energy of viscous flow, and R and T are the universal gas constant (8.3145 

J·mol–1·K–1) and absolute temperature (K), respectively. Notably, the model contains 

only two coefficients, with E serving as the sole composition-dependent variable. The 

viscosity-temperature relationship can be effectively described by the Arrhenius 



equation. 

The viscosity typically reaches about 10 Pa·s at glass-processing temperatures that 

meet melt-processing constraints, with the corresponding temperature being critical for 

optimizing glass formulations [24]. A quantitative model relating the ternary 

compositions (ni, wt%) and the temperature at which the viscosity reaches 10 Pa·s 

(TV10, °C) was developed for the six waste glasses used for fitting. A partial quadratic 

mixture model demonstrated the best performance in fitting the TV10 data and was 

validated against three other verifying points. A reciprocal transformation of TV10 was 

applied here ( 10' 1 / VT T=
) on the basis of a final goodness of fit (R2 = 0.99). This model 

takes the following general form [25,26]: 

2

10 1 1
' 1/

q q

V i i ii ii i
T T s n selected s n

= =
= = +     (2) 

where q is the number of components in the waste glass, si is the coefficient of the ith 

component, ni is the weight percentage of the ith component, and sii is the coefficient for 

the ith component squared. The model coefficients were estimated by ordinary least 

squares, yielding the following values: s1 = 4.71902E−06 (Waste), s2 = 3.30E−05 (SiO2), 

s3 = 1.24141E−06 (Al2O3), s22 = −5.10561E−07 (SiO2*SiO2), and s11 = s33 = 0. 

Fig. 8 compares the predicted and measured TV10 values, demonstrating strong 

agreement between the two and indicating that the partial quadratic mixture model 

effectively captures the relationship between TV10 and the compositional variables. 

Although the model shows a minor tendency to overestimate TV10, the maximum 

deviation is limited to 2.1%. A three-dimensional diagram generated by the model (Fig. 

9) illustrates the relationship between the compositional components and TV10 within 

the Waste–SiO2–Al2O3 ternary system, clearly visualizing the temperature at which the 

viscosity reaches 10 Pa·s and the influence of each component. Additionally, the color-

coded contour lines at the base of the diagram represent TV10 isopleths within the 

experimental domain. The plot indicates that reducing the total additive content 

generally leads to a decrease in TV10, with Al2O3 exerting a more pronounced influence 

than SiO2, consistent with the trends observed in Fig. 6. The quantitative compositional 

effects on TV10 derived from the partial quadratic mixture model provide useful 



guidance for optimizing waste glass formulations compatible with current vitrification 

processes. 

3.4. Chemical durability of waste glasses 

Fig. 10a illustrates the concentrations of total Cr and Mn ions in the leachates 

derived from acid leaching tests on 22 waste glass samples situated within the glass-

forming region. For all tested compositions, the concentration of Cr released was 

consistently below 0.02 mg/L, substantially lower than the regulatory threshold of 

0.2 mg/L stipulated by the Chinese standards for vitrified solid waste products. 

Additionally, the maximum leaching concentration of Mn was about 0.7 mg/L, which 

is also below the permissible limit of 1.0 mg/L established by the national standard. 

This indicates the excellent chemical durability of the formulated waste glasses, 

highlighting their potential for treating the CMSSR and effectively capturing these 

heavy metals. 

In summary, the leaching of Cr from these waste glasses in acidic environments is 

minimal, probably due to its low percentage of waste (~0.3 wt%), which decreases the 

potential for leaching. Consequently, Mn, which has relatively high leaching 

concentrations, is the element of primary concern in this study. Further data analysis 

revealed that as the SiO2 content increased, the leaching concentration of Mn generally 

decreased, indicating the enhanced chemical stability of the waste glasses, as illustrated 

in Fig. 10b. 

3.5 Structure analysis of waste glasses 

Raman spectroscopy has emerged as a powerful analytical tool for probing glass 

network structures and is directly correlated with future chemical durability and heavy 

metal immobilization efficiency in vitrified waste forms [27]. Three samples with 

increasing SiO2 additions (22.5, 30, and 40 wt%) and a fixed Al2O3 addition (5 wt%) 

were subjected to Raman spectroscopy analysis (designated AS22.5 to AS40, 

corresponding to 22.5–40 wt% SiO2 additions), and the results are shown in Fig. 11. 

The spectral evolution observed in the 800–1200 cm–1 region reveals characteristic Si-

O stretching vibrations, with distinct bands centered at 860, 920, 980, and 1050 cm–1 

corresponding to specific Si-O tetrahedral units denoted as Qⁿ (where Q represents a 



silica tetrahedron and n indicates the number of bridging oxygen atoms, ranging from 

0 to 3) [28,29]. The spectra were deconvoluted using Voigt profiles associated with Q0, 

Q1, Q2, and Q3 species, as illustrated in Fig. 11a. The relative proportions of these units 

as a function of SiO2 content are presented in Fig. 11b. It is evident that the fraction of 

Q0 units decreases progressively with increasing SiO2 addition, while the proportion of 

Q3 units increases, indicating enhanced polymerization of the silica network structure 

as the SiO2 content rises. 

The ratio of non-bridging oxygen to total oxygen (NBO/T) reflects the degree of 

depolymerization (DOP) of the glass network structure. The DOP is determined using 

the following equation [20]: 

0 1 2 1 4/ 4 3 2 3 0NBO T Q Q Q Q Q=  +  +  +  +     (3) 

The calculation results of the DOP values are presented in Fig. 11c, which shows that 

the DOP increases from 2.04 to 2.35 as the SiO2 addition decreases from 40 to 22.5 

wt%, indicating an increase in non-bridging oxygens and depolymerization of the glass 

network. This behavior is attributed to the relatively high CaO concentration in the 

original CMSSR, where CaO acts as a network modifier, decomposing the [SiO4] 

network structure based on the formation of less stable Si-O-Ca bonds [18,30]. This 

promotes the migration of ions, thereby increasing the extent of Mn leaching. An 

increase in the proportion of SiO2 added improved the chemical durability of the waste 

glass, leading to a reduction in the leaching of Mn ions. 

 

4. Conclusion 

This work investigated the vitrification of CO2-mineralized steel slag residuals 

through the incorporation of silica and alumina. A representative subset of glass 

formulations was selected to investigate their high-temperature viscosity, and a 

quadratic mixture model was used to effectively correlate the component and the 

temperature at which the viscosity reached 10 Pa·s. The leaching performance of heavy 

metals was evaluated through acid leaching tests in accordance with Chinese national 

standards, while Raman spectroscopy was employed to investigate the influence of 



SiO2 content on the structural configuration of the glasses and its correlation with Mn 

immobilization efficiency. The key findings are summarized as follows: 

(1) Ternary CMSSR–SiO2–Al2O3 glasses were successfully synthesized at a 

melting temperature of 1300 °C. The glass-forming region was delineated within the 

compositional boundaries of 45–77.5 wt% CMSSR, 22.5–40 wt% SiO2, and 0–15 wt% 

Al2O3. 

(2) The optimal mixture model is expressed as follows: 

2

10 1 1
' 1/

q q

V i i ii ii i
T T s n selected s n

= =
= = +   

s1 = 4.71902E−06, s2 = 3.30E−05, s3 = 1.24141E−06, s22 = −5.10561E−07, s11 = s33 = 0. 

A 3D plot based on this model illustrates the impact of the ternary composition on the 

melting temperature. A reduction in the silica and alumina additives resulted in a lower 

glass viscosity. 

(3) The highest observed leaching concentrations for Cr and Mn were below 

0.02 mg/L and 0.7 mg/L, respectively, fully meeting the regulatory limits prescribed by 

China’s standards for vitrified solid waste products (Cr ≤ 0.2 mg/L, Mn ≤ 1.0 mg/L). 

These findings underscore the superior chemical stability of the developed glass 

matrices. Moreover, increasing the SiO2 content led to greater polymerization within 

the glass network, which enhanced its chemical resistance and effectively minimized 

Mn release. 
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Table 1 Chemical composition of the residual steel slag obtained from XRF analysis. 

Composition wt% 

Fe2O3 31.02 

CaO 28.27 

SiO2 22.29 

MnO 5.75 

MgO 4.30 

Al2O3 3.20 

P2O5 2.64 

SO3 0.94 

TiO2 0.92 

Cr2O3 0.29 

V2O5 0.20 

Na2O 0.18 

SUM 100.00 

  



Table 2 Composition of the formulated waste glasses. 

Type of points Code Waste (wt%) SiO2 (wt%) Al2O3 (wt%) 

Vertices V1 45.00 40.00 15.00 

V2 55.00 40.00 5.00 

V3 65.00 35.00 0.00 

V4 77.50 22.50 0.00 

V5 65.00 22.50 12.50 

Internal point I0 65.00 30.00 5.00 

Verifying 

points 

VP1 60.00 25.00 15.00 

VP2 70.00 25.00 5.00 

VP3 75.00 25.00 0.00 

  



Figure Captions 

Fig. 1 Experimental setup and procedure for the acid leaching test. 

Fig. 2 XRD pattern of the CO2-mineralized steel slag. 

Fig. 3 Experimental region of the Waste–SiO2–Al2O3 waste glass. 

Fig. 4 Calculated compositions of waste glasses with various waste loadings. 

Fig. 5 XRD patterns of the waste glass samples (only partially displayed). 

Fig. 6 Viscosity as a function of temperature for glasses V1–V5, I0, and VP1–VP3. 

Fig. 7 ln η as a function of 1/T (10–3×K–1) for glasses V1–V5, I0, and VP1–VP3. 

Fig. 8 Comparison of the predicted TV10 and measured TV10. RMSE: Root mean square 

error. 

Fig. 9 3D diagram correlating the components and TV10. 

Fig. 10 (a) Leaching concentrations of total Cr and Mn ions from waste glasses and (b) 

effect of the addition of SiO2 on the leaching of Mn. Lines have been added for easy 

visual guidance. 

Fig. 11 (a) Deconvolution of the Raman spectral region between 800 cm–1 and 1200 

cm–1 in the AS22.5, AS30 and AS40 glasses, (b) the proportion of Qn from 

deconvolution results versus SiO2 addition, and (c) the calculation of NBO/T. 

  



 

Fig. 1 

  



 

Fig. 2 

  



 

Fig. 3 

  



 

Fig. 4 

  



 

Fig. 5  



 

Fig. 6 

 

  



 

Fig. 7 

  



 

Fig. 8 

  



 

Fig. 9 

  



 
Fig. 10 

  



 

Fig. 11 


