

  minerals-14-00695




minerals-14-00695







Minerals 2024, 14(7), 695; doi:10.3390/min14070695




Article



A Step towards CO2 Sequestration through Mineral Carbonation: Using Ammonium-Based Lixiviants for the Dissolution of Calcium from Iron-Making Blast Furnace Slag



Itumeleng C. Kohitlhetse 1, Malibongwe S. Manono 2,*, Catherine K. Motsetse 1 and Peter M. Mendonidis 1





1



Department of Chemical and Metallurgical Engineering, Vaal University of Technology, Vanderbijlpark 1911, South Africa






2



Centre for Minerals Research, Department of Chemical Engineering, University of Cape Town, Cape Town 7701, South Africa









*



Correspondence: malibongwe.manono@uct.ac.za







Citation: Kohitlhetse, I.C.; Manono, M.S.; Motsetse, C.K.; Mendonidis, P.M. A Step towards CO2 Sequestration through Mineral Carbonation: Using Ammonium-Based Lixiviants for the Dissolution of Calcium from Iron-Making Blast Furnace Slag. Minerals 2024, 14, 695. https://doi.org/10.3390/min14070695



Academic Editor: Tuncel M. Yegulalp



Received: 15 May 2024 / Revised: 20 June 2024 / Accepted: 21 June 2024 / Published: 5 July 2024



Abstract

:

In recent years, technical processes for the sequestration of CO2 through industrial waste mineral carbonation have been explored and developed. There is a large portfolio of carbon capture, utilisation, and storage (CCUS) techniques that have been employed in laboratories and at pilot scale. These include geological storage, ocean storage, and mineralisation by carbonate ores. In view of this, the main purpose of this research was to investigate and explore chemical variables, particularly ammonium salts as lixiviants for calcium mineral extraction from iron-making slag. The slag in use was acquired from a steel mill in the Vaal Triangle Region in Gauteng, South Africa. The experimental test work was conducted using different ammonium lixiviants, namely, NH4NO3, NH4Cl, and CH3COONH4, to understand the influence of anion type as well as possible differences in mechanisms of interactions. Lixiviant concentration as well as reaction time were varied in this research study. The three selected ammonium-based lixiviants showed different extents of calcium extraction owing to differences in the anion groups. NH4NO3, NH4Cl, and CH3COONH4 were found to be capable of dissolving 50% to 80% of the calcium from the selected slag for different molar concentrations. Anion type and leaching time also had significant influences on the leaching of calcium from the slag. Rapid pH degradation resulted in better calcium extraction capabilities. This work has shown that the selected ammonium salts have the potential to be lixiviants for calcium dissolution from iron-making blast furnace slags. These lixiviants would, therefore, be important to consider during calcium mineral carbonation for CO2 sequestration.
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1. Introduction


Anthropogenic carbon dioxide (CO2) emissions and their deleterious effect, climate change, are currently a major environmental threat around the globe [1,2,3]. South Africa (SA) is one of the countries that have been hit hard by these adverse effects of CO2 gas due to the fact that SA relies heavily on fossil fuels for electricity generation as well as heavy mining, manufacturing industries, and pyrometallurgical processes such as refining [4]. Carbon dioxide capture and storage (CCS) at many power plants and other large point sources such as cement production and steel-making industries represent the most promising tool for the reduction of current excess CO2 generation [5]. According to Surridge and Cloete [6], South Africa generates about 420 million tonnes (Mt) of CO2 per annum. This contributes to about 1% of global emissions [7], making it one of the world’s most ‘environmentally unfriendly’ economies, and it is listed within the top 20 greenhouse gas-releasing countries around the world [2,3,7,8]. High percentages of CO2 are experienced in the global greenhouse gas emissions being sourced by different sectors including the petroleum, petrochemical, and mining sectors, and power generation plants [2,3].



Iron and steel slags are by-products of the CO2-generating metal-making processes [9]. Recycling these slags may mitigate the environmental impact of steel making to some extent; hence, a process of the carbonation of calcium from slag material as a means of reducing the severe environmental impact of carbon production has been studied and is seen as a promising step change for the iron and steel-making industry [5,10,11,12,13]. Both the physical and chemical characteristics of steel slags were analysed in previous studies in the literature, and the progress of research into iron and steel slag’s application globally as a recyclable raw material for road construction landfill, soil reclamation, cement and concrete production, filler material in the pulp or paper industry, and fertilizer production for agricultural purposes were introduced, respectively [14,15,16,17]. Iron and steel slags are defined as non-metallic residues from steel-making manufacturing processes, and they mainly consist of calcium, magnesium, and aluminosilicates in different quantities [9,18]. Slag formation occurs when the limestone reacts with silicon dioxide sand at elevated temperatures [19]. Different types of slags are produced from steel mills by equipment such as blast furnaces, converters, basic oxygen furnaces, and electric arc furnaces with different mineralogical and elemental compositions that depend on, inter alia, the cooling technique used, such as air-cooled, foamed, granulated, or non-granulated slags, and they are microscopically very variable [9,20,21,22]. It is worth noting that the composition of iron-making and steel-making slags is not only limited by the cooling technique but there are other factors affecting the composition of iron-making and steel-making slags such as the raw materials used, the operating conditions (temperature, pressure, atmosphere), the type of furnace, and the processing methods employed during production. These factors can significantly influence the chemical, mineralogical, and physical properties of the slag, impacting its usability and related environmental considerations [23].



One scientific method of achieving remedial action against the gradual increase of CO2 concentration that arises from industrial and human activities is the extraction of calcium minerals from iron and steel slag and the further carbonation of the calcium-rich leach liquor to produce marketable precipitated calcium carbonate (PCC). In most cases, ammonium salts are utilised as lixiviants to selectively extract calcium from the steel residue [24,25]. The processes contributing towards a precipitated calcium carbonate can broadly be split into two routes: direct carbonation and indirect carbonation [6]. For example, direct carbonation of Ca(OH)2 largely refers to the reaction of Ca(OH)2 with CO2 to produce CaCO3 and H2O, as shown in Equation (1), while indirect carbonation of Ca(OH)2 refers to the dehydration of Ca(OH)2 to form CaO and H2O, with the resulting CaO reacting with CO2 to form CaCO3, as shown by Equation (2) (the reverse of the reaction in Equation (1)) and Equation (3) [26]. Direct carbonation promises to be more advantageous because it can be conducted in a single step, which is typically carried out at elevated temperatures (of up to 185 °C) and pressures (of up to 150 bar). This ensures an increase in the carbonation’s capability and efficacy. As aforementioned and evident with Reaction 2 and Reaction 1, indirect carbonation involves a two-stage process wherein the extraction of calcium mineral and CO2 mineralisation are conducted in separate reaction vessels and may, thus, introduce drawbacks in terms of operational challenges as well as cost implications (both the capital and operating expenditure being significantly higher than direct carbonation) [27,28,29].


Ca(OH)2 + CO2 → CaCO3 + H2O



(1)






CaCO3 + H2O → Ca(OH)2 + CO2



(2)






CaO + CO2 → CaCO3



(3)







Kakizawa et al. [30] considered acetic acid as a lixiviant for the leaching process in one of the most promising multi-step methods for extracting calcium from calcium silicates. It was claimed that the process occurred spontaneously under favourable conditions.



During slag formation, limestone reacts with sand to form a calcium silicate compound (wollastonite), as shown in Equation (4).


CaO + SiO2 → CaSiO3



(4)







Calcium ions are extracted from the calcium silicate compound by leaching in acetic acid, as shown in Equation (5).


CaSiO3 + 2CH3COOH → Ca2+ + 2CH3COO− + SiO2 + H2O



(5)







The Gibbs free energy change of each step was shown to be negative, so no large amounts of energy input are required, and this explains the spontaneity of the process described in [30].



Ammonium salts, namely ammonium chloride (NH4Cl) and ammonium nitrate (NH4NO3), were first proposed by Yogo et al. [12] as potential lixiviants for calcium extraction, though these were previously reported to be less efficient for the extraction of calcium compared to acid-based routes, where spontaneous recycling of the solvent solution followed calcium extraction by carbonation to improve process economics. This concept has since been developed further in numerous studies [13,24,25,31,32,33].



Ammonium salts present distinct advantages over other lixiviants such as strong acids in mineral carbonation through selective leaching of calcium from iron and steel slags [24,25,33]. These advantages are, namely, their selectivity for calcium over other elements in the slags, their high solubility, pH control, their environmental friendliness, and their cost-effectiveness [18,24,34,35,36,37]. These salts, which include NH4NO3, CH3COONH4, (NH4)2SO4, and NH4Cl, exhibit preferential complexation with calcium ions, ensuring efficient extraction while maintaining a constant pH. Their high solubility facilitates homogeneous leaching solutions, thus contributing to improved leaching efficiency. Furthermore, their reduced environmental impact and lower cost make them a reasonable and practical choice for large-scale industrial applications. Acetic acid (CH3COOH), as a weak acid, may also be preferred over strong acids owing to being environmentally friendly and selective of calcium and magnesium over other elements in iron- and steel-making slags [9].



Eloneva et al. [38] reported that using a NH4Cl solution as a lixiviant for calcium from a silicaceous slag ensures the formation of CaCl2 and NH3 when NH4Cl is reacted with the calcium silicate in the slag and that the reaction proceeds as shown in Equation (6).


2CaO·SiO2 + 4NH4Cl → 2CaCl2 + 4NH3 + 2H2O + SiO2



(6)







According to previously conducted experiments by Eloneva et al. [38] wherein lixiviant concentrations of 2 M aqueous solutions of ammonium nitrate, ammonium chloride, and ammonium acetate were used, these were found to be capable of yielding an extraction efficiency of 70–80% of the calcium-rich slag from a steel converter. In these experiments, a solid-to-liquid ratio of 20 g/L was used. Therefore, the dissolution of calcium from a steel-converter slag in different solid-to-liquid ratios in 2 M ammonium salt solutions was also researched by Eloneva et al. [38], wherein batches of samples with various masses were used in order to vary the solid-to-liquid ratio (1, 2, 3, 5, 10, 15, 20, and 30 g, respectively).



Dissolution of calcium was higher in aqueous solutions of ammonium nitrate than in ammonium acetate or ammonium chloride, although the differences were not large; they were in the 0–3% range. The extraction efficiency decreased dramatically as the solid-to-liquid ratio increased until the ratio of 60 g/L was reached. Therefore, highly dense pulps seemed to hinder dissolution processes. As the solid-to-liquid ratio was increased from 20 g/L to 100 g/L, the calcium concentration in the formed solution increased significantly. However, when the solid-to-liquid ratio was further increased to 400 g/L, the calcium concentration only doubled, after which the concentration increased only slightly. It was reported that stronger solution concentrations, particularly those greater than 2 M, should theoretically enhance extraction capabilities, especially when employed at higher solid-to-liquid ratios. However, this potential improvement in calcium dissolution appears to be constrained by the overall solubility limit of the selected lixiviant used for leaching calcium from iron- and steel-making slags. As a result of challenges seen by earlier researchers, such as improving the kinetics of the leaching and mineral carbonation reactions, and finding environmentally benign lixiviants, more frontier research on carbon capture, utilisation, and storage (CCUS) through the utilisation of iron and steel-making slags has been conducted.



He et al. [17] demonstrated synergistic calcium leaching and iron enrichment through the indirect carbonation of thermally modified steel slag. This study highlights the potential of using steel slag as a resource for carbon capture and storage, while also recovering valuable metals. Moon et al. [18] explored the carbon mineralisation of steel- and iron-making slag, emphasising its role in paving the way towards a sustainable and carbon-neutral future. They showed the importance of transforming industrial by-products into valuable carbon sinks. Lee et al. [36] investigated carbon dioxide capture using steel slag in a mineral carbonation plant, shedding light on the important process parameters and product characteristics involved. They demonstrated that understanding the variability of key process factors is crucial for the optimisation of carbon capture efficiency and product quality from a mineral carbonation plant they studied. Wei et al. [37] explored CO2 sequestration using converter slag and cold-rolling wastewater, highlighting the effect of carbonation parameters on the CCUS process. Their study provided insights into enhancing carbon capture efficiency by optimising process conditions such as the ionic strength of the cold-rolling wastewater. Another study by Lin et al. [39] synthesised calcium carbonate from Kambara reactor desulphurisation slag via indirect carbonation, demonstrating the potential of steel slag as a feedstock for CO2 capture and utilisation. This approach offers a promising route for both environmental remediation and resource recovery. Kang et al. [40] optimised CO2 sequestration in alkaline industrial residues, elucidating the enhancement mechanism in saline soil. Their findings showed that understanding the factors influencing carbonation kinetics and mechanisms is essential for designing efficient CCUS systems.



Wang et al. [41] reviewed state-of-the-art techniques for mineral carbonation of iron and steel by-products, highlighting economic, environmental, and health implications. They did a comprehensive review on this, thus providing a holistic perspective on the challenges and opportunities associated with steel slag-based CCUS. They showed that these processes involve many physico-chemical parameters and demonstrated that some key parameters are case-dependent, e.g., slag-specific, hence the need for this study where consideration is given to a blast furnace slag from a local iron-making operation. Lin et al. [42] assessed carbon dioxide sequestration from industrial wastes through mineral carbonation, offering insights into what was then accepted as the current status and future perspectives of this technology. They addressed technical challenges around scaling up carbon capture technologies, which are crucial for the widespread adoption of CCUS technologies. Liu et al. [43] investigated ultrasonic-enhanced leaching of steel slag with acetic acid, with a keen interest in unravelling a mechanism to efficiently extract calcium and synthesise calcium carbonate whiskers. Their study demonstrated innovative approaches for enhancing carbon capture efficiency and product value. Liu et al. [44] also explored the microwave-enhanced selective leaching of calcium from steel-making slag to fix CO2 and produce high-value-added CaCO3. Their research highlights the potential of novel processing techniques for valorising industrial by-products while mitigating carbon emissions. These recent advancements and frontier research developments in iron and steel slag-based CCUS show their significance in addressing climate change and promoting sustainable industrial practices that could be adopted should they be deemed viable options.



From the literature reviewed, a typical calcium leaching and carbonation route has worked for many studies [9,24,25,45,46,47]. Ammonium salt solutions such as NH4NO3, CH3COONH4, (NH4)2SO4, and NH4Cl can be used as lixiviants for dissolving calcium and magnesium minerals from their raw materials such as waste cement and iron-making slags due to their availability and their extractable quantities of calcium and magnesium. The beneficiation of these minerals may be governed by many physico-chemical parameters such as temperature, grain size, solvent concentration, and solid-to-liquid ratio. Despite many scientific investigations conducted on the use of ammonium salts for the alkaline leaching of calcium and subsequent leachate mineralisation by carbonation, the influence of factors such as solution pH, the role of the anion type, and the lixiviant molar concentration has rarely been considered in detail, thus leaving a gap in the literature.



Therefore, the main objective of this research study was to investigate chemical variables affecting calcium mineral extraction from iron and steel slag. The parameters that were considered are, mainly, lixiviant molar concentration, solution pH, and the role of the anion types. The experiments were conducted using different ammonium salts, namely NH4NO3, CH3COONH4, and NH4Cl to investigate the leachability of calcium in various lixiviants.




2. Materials and Methods


2.1. Materials


A calcium-rich slag sample was obtained from ArcelorMittal South Africa, Vanderbijlpark Works, located in the Vaal Triangle of the Gauteng province in South Africa. The auger sampling method was used on the blast furnace slag stockpile on site to ensure a representative portion of the stockpile weighing 50 kg. Once the slag sample was received in the Department of Chemical and Metallurgical Engineering at the Vaal University of Technology, the sample was blended using a Jones Riffler sampler followed by the necessary comminution process.



The leach setup consisted of magnetic stirrers to prepare the leaching salt solutions for different molar concentrations using distilled water. The particle size distribution of the sample was achieved by using a laboratory-scale rod mill and a pulveriser for the further particle micronisation of the slag down to 80% passing 75 µm. This grind size is recommended for leaching processes [48]. Rod milling is preferred over ball milling in this case because the latter technique produces a size distribution that is wider than one that would have been otherwise obtained in continuous closed-circuit grinding. It is assumed that rod milling closely mimics the desired size distribution obtained in closed-circuit ball mills [49]. The leach solution was separated from the leach pulp by means of a filter press that is air-supplied by a compressor and the resulting filter cake was dried in an oven. The solvents that were used in the leaching of the slag were ammonium acetate (CH3COONH4), ammonium chloride (NH4Cl), and ammonium nitrate (NH4NO3). Concentrations of 2 M, 3 M, and 5 M were maintained for all the solvents for the entire test work. The lixiviant concentrations of 0.5 M, 1.0 M, 1.5 M, and 2 M were considered in previous studies [50,51]. pH tests were performed throughout the experiment with the use of a calibrated pH meter.




2.2. Calcium Mineral Extraction Stage


The finely milled blast furnace slag sample was used in leach experiments that were conducted at the following time intervals: 30, 60, 90, and 120 min, respectively. The leach setup consisted of magnetic stirrers for agitation of the leaching solvent solutions for different molar concentrations using distilled water. A batch of 20 g of slag was dissolved in 100 mL of aqueous solution of each of the ammonium salts at ambient temperature. Four sealed glass bottles were used for calcium dissolution according to the four different time intervals. The pH values were measured at the aforementioned time intervals in order to study its effect on the calcium dissolution using a pH electrode supplied by Thermo Scientific. After each interval, the samples were filtered through a 0.2 µm membrane filter placed on the filter press, then the filter cake was washed after obtaining the filtrate. The filter cake on the membrane filter was oven-dried for 2 h at 80 °C and packaged after being dried and air-cooled. The schematic summary of the experimental setup is well shown in Figure 1.




2.3. Chemical Analysis and Material Characterisation


The finely ground blast furnace slag sample went through the initial sample characterisation using an ARL9400 XP+ sequential XRF (X-ray Fluorescence) analyser and Uniquant software manufactured by Thermo Fisher Scientific (Waltham, MA, USA). The XRF instrument enabled the quantification of calcium in both the elemental and oxide form in the blast furnace slag. A 50-times dilution factor was conducted on the filtrate samples before chemical analysis. An amount of 100 mL of distilled water was used to dilute 2 mL of the filtrate for each lixiviant type and their corresponding concentrations. An amount of 10 mL of the diluted leach liquor from each lixiviant type was used in determining the after-leach results using a Varian Atomic Absorption Spectrometry (AAS) (AA140) instrument (LabX, Midland, ON, Canada) to identify the chemical composition of the leached calcium. The percentage of calcium extraction was determined using Equation (7).


  % C a   E x t r a c t i o n =     C a   i n i t i a l   −   C a   f i n a l       C a   i n i t i a l     × 100  



(7)




where the % Ca extraction represented the total weight percentage of calcium that was extracted from the slag, and Ca(final) and Ca(initial) represented the concentrations in ppm (parts per million) of calcium resultant in the leachate and in the received slag, respectively.



XRD characterisation of the blast furnace slag was also conducted on the milled sample fraction ground to 80% passing 75 µm of the slag in order to study the mineralogical characteristics of the slag. A Bruker D8 Advance powder X-ray diffractometer (XRD) was used to analyse the crystallographic structure of the blast furnace slag.



Table 1 and Table 2 show the chemical composition of the slag in terms of oxides and the elemental composition of the slag, respectively.



Table 1 shows that CaO was present at a wt.% of 57.4%, while MgO2 was present at a wt.% of 1.08%, and these are two highly reactive minerals to ammonium-based lixiviants. The significant amounts of these highly reactive minerals, such as magnesium oxide (MgO) and calcium oxide (CaO), are comparable to amounts from other, various forms of iron- and steel-making slags [10]. According to Jiang et al. [52], slags from basic oxygen furnaces (BOFs) contain about 30–40% calcium oxide (CaO), 5–10% magnesium oxide (MgO), <2% phosphorus pentoxide (P2O5), 9–15% silicon oxide (SiO2), and 0.9–2.8% aluminium oxide (Al2O3). In addition, the oxide compositions of the slag under study correspond well with what was experimented upon previously [10] and indicate some differences in oxides in the 5–10% range from some other manufacturing techniques. It is also necessary to consider the run-of-mine (ROM) material grades and fluxing atmosphere during the iron-making process compared to steel-making processes. Although SiO2 was present in large quantities, amounting to a wt.% of 24, calcium as an elemental seemed to be the only reactive metal that was present in a reasonably large quantity, at a wt.% of 66 (Table 2). Dolomite-based fluxing agents, which are common in iron making, normally result in recoverable volumes of CaO and MgO in the slag, which can clearly be shown by the initial elemental and oxide characterisation, shown in Table 2 and Table 1, respectively. In addition, highly alumina-based steel slags also reveal that some percentage of scrap material was added during the steel-making process to maintain high temperatures in their furnace atmosphere and speed up the total reaction period. This slag, emanating out of an iron-making blast furnace, was expected to be slightly different from the BOF slag’s chemistry reported by Jo et al. [25]; it can be seen from Table 1 that apart from CaO and MgO, the slag contained other oxide compounds. These include sodium oxide (Na2O) at a wt.% of 0.1%, alumina (Al2O3) at 5.57 wt.%, silica (SiO2) at 24 wt.%, phosphorous pentoxide (P2O5) at 0.9 wt.%, sodium oxide (Na2O) at 1.27 wt.%, titanium oxide (TiO2) at 1.70 wt.%, manganese oxide (MnO) at 3.93 wt.%, and iron oxide (Fe2O3) at 4.10 wt.%. Table 2 also shows that the elemental composition of Ca was significantly higher for the selected slag at a wt.% of 66.



Figure 2 shows the XRD characterisation results of the ground slag. The characterisation results show that most of the calcium and magnesium present in the blast furnace slag are in the form of an aluminoakermanite ((Ca,Na)2(Al,Mg,Fe2+)) phase and not composed of a majority of calcium silicates, as was found in previous studies [53]. The XRD results were interpreted using SEARCH MATCH software to identify the phases detected. An optical microscope was used to take images of the particles after milling and screening to separate the respective particle sizes; this showed that there were some metallic inclusions in the slag. This could be caused by either the imperfect separation of the pig iron from the slag during tapping, or it may be that the droplets of metal never had the chance to combine with other droplets that would have allowed them to pass through the liquid slag due to gravity.



The literature suggests that the presence of aluminium in the aluminoakermanite phase in blast furnace slags may be advantageous in the processing of the after-leach slag residues for the production of aluminosilicate-based zeolites [54]. The selected slag did not show any detectable levels of CaSiO3 which is a typical species in iron- and steel-making slags. A study conducted by Engstrom [55] attributed differences in the mineralogy of various blast furnace slags to the characteristics of the major mineralogical components, cooling, and crystallisation rates. The XRD results for the selected iron-making blast furnace slag also detected some metallic inclusions such as nickel (Ni).





3. Results


3.1. Effect of Ammonium Lixiviants, Concentration, and Dissolution Time


As the aim of this research study was to investigate the role of ammonium lixiviants in the dissolution and extraction of calcium from the selected iron-making blast furnace, tests were conducted under three different lixiviant concentrations, namely, 2 M, 3 M, and 5 M. The percentage of calcium extraction increased gradually with the leaching time for all the lixiviant types with their corresponding concentrations.



Figure 3 represents the percentage of calcium extraction from 2 M lixiviant solutions over time. CH3COONH4 showed a 50% calcium dissolution of calcium from the slag during the first-time interval of the leaching period (i.e. 30 min) and continued, in 60 min, to perform above the other two lixiviants, namely, (NH4Cl) and (NH4NO3).



NH4Cl started fairly slowly in terms of reacting with the calcium in the blast furnace slag and only stabilised after a 60 min interval; this resulted in a sharp cumulative extraction curve. A slight cumulative increase in the percentage of calcium extraction was maintained by the NH4NO3 lixiviant type. All the lixiviant types yielded similar final percentages of calcium dissolution after 120 min of the leaching period.



Figure 4 represents the percentage of calcium extraction from 3 M lixiviant solutions over time. Figure 4 shows an exceptionally high calcium dissolution percentage by NH4NO3, which yielded about 50% after 30 min of the leaching period and kept increasing dramatically compared to the other lixiviants for the entire leaching period.



Figure 4 also shows that the percentage of calcium extracted by NH4Cl started at 40% after 30 min of the leaching time, and an exponential increase in the percentage of calcium dissolution was maintained. CH3COONH4 showed the lowest dissolution percentage at the beginning of the experiment and started increasing significantly after 90 min of the leaching time, when it resulted in a cumulative increase in the percentage of calcium dissolution equal to the other lixiviants.



Figure 5 represents the percentage of calcium extraction from 5 M lixiviant solutions over time. According to Figure 5, a 5 M lixiviant concentration resulted in a consistent exponential increase in the percentage of calcium extraction by NH4NO3 throughout the experiment.



From Figure 5, it can also be seen that CH3COONH4 showed a sharp cumulative increase in the percentage of calcium extracted; this started at a higher magnitude of calcium dissolution after 30 min of leaching compared to other lixiviants, while NH4Cl maintained a fairly constant rate of change of the percentage of calcium dissolution from 30 to 120 min. Although all the lixiviants reached similar highest-percentage calcium extractions at the end of the experiment, CH3COONH4 experienced the fastest reaction with the calcium mineral, followed by the NH4Cl lixiviant, with both lixiviants exhibiting a near-linear relationship between the percentage of calcium extraction and time in minutes.



Figure 6 represents the percentage of calcium extraction from the NH4NO3 lixiviant solutions over time. It is evident that the extraction of calcium increased with time, and it can also be seen that the rate of calcium extraction increased with increasing concentration; however, ionic strengths above 3 M resulted in the lowest calcium extraction rates, such as that evidenced by the 5 M NH4NO3 lixiviant solution.



Figure 6 shows that the 3 M concentration was very effective when NH4NO3 was used as a lixiviant; this is due to the fact that it showed an exceptionally high percentage of calcium dissolution for all the leaching periods compared to 2 M, which seemed to be a better ionic strength in comparison to 5 M.



Figure 7 represents the percentage of calcium extraction from CH3COONH4 lixiviant solutions over time. Increasing leaching time resulted in an increase in calcium extraction. Figure 7 also shows that the rate of extraction was greater for the ionic strength of 2 M in the first 50 min compared to the ionic strengths of 3 M and 5 M, which resulted in similar rates of calcium extraction throughout the leaching period.



According to Figure 7, there is no significant difference between 3 M and 5 M, as they yielded percentages of calcium dissolution that were close to one another over all the leaching periods. A lixiviant concentration of 2 M started dissolving calcium at a higher rate, which makes it better for the extraction of calcium when using CH3COONH4 as a lixiviant.



Figure 8 shows the % dissolution of calcium as a function of time in ammonium chloride solutions at three ionic strengths, namely, 2 M, 3 M, and 5 M.



In Figure 8, it can be seen that the 2 M and 5 M ionic strengths of ammonium chloride solutions yielded consistently near-linear trends with time, while the 3 M solution resulted in an exponential trend. It is interesting to note that the trend was generally and distinctly higher for the 2 M NH4Cl solution.




3.2. Overall Summary of Results


Table 3 displays the numerical data from the experiment conducted at different time intervals with different lixiviant concentrations and lixiviant types. The solution pH was recorded throughout the experiment, although it was not one of the variables that were controlled. The data given about the solution pH clearly shows that higher pH values resulted in lower calcium dissolution, whereas lower pH values led to a higher calcium extraction potential. The main reason for pH measurement was to observe its effect, although pH control was not one of the variable parameters. It was, however, deemed necessary to observe pH in order to make a reasonable correlation between lixiviant type, ionic strength, pH, and calcium dissolution.





4. Discussion


4.1. The Effect of Lixiviant Molar Concentration on Calcium Dissolution


Several studies have been published in the literature considering various experiments on the selective leaching of calcium from different steel slags [17,18,24,31,35,36,39,56], at molar lixiviant concentrations ranging from 0.5 to 2 M within a maximum leaching period of 4 h. The experimental conditions considered showed that an average calcium extraction efficiency of 70–80% could be achieved, particularly when utilising ammonium salts such as NH4NO3, CH3COONH4, CH3COOH, and NH4Cl as lixiviants. The ability of ammonium salts to selectively leach calcium from iron and steel slags was attributed to their complexation properties with calcium ions; this, in turn, played a crucial role in the dissolution and leaching of calcium from the slags, affecting the kinetics and, therefore, the efficiency of calcium extraction.



In comparison with the results obtained in this research study, it is quite evident that higher calcium extraction efficiencies were achieved, and some were comparable to extraction efficiencies reported in the literature on other iron and steel slags. According to Figure 4, it is clear that a lixiviant molar concentration of 2 M showed a potential of dissolving about 75–85% of the calcium in the slag within 1 h and 30 min of the total leaching time with all the lixiviants. Figure 5 shows that within 1 h of the leaching period, between 70 and 80% of the calcium was dissolved by the NH4NO3 lixiviant type, which was followed by CH3COONH4 and NH4Cl, when considering a 3 M concentration. A 5 M concentration relationship, shown in Figure 5, showed that the fastest calcium extraction percentage that could be achieved was within the 70–80% range, and this appeared to occur within 1 h and 30 min of the leaching period. This observation suggests that for the selected iron-making blast furnace slag, lixiviant concentrations greater than 3 M slowed the dissolution process; therefore, we conclude that the amenability of calcium to alkaline leaching processes using ammonium salt solutions is greatly enhanced by lixiviant concentrations that are lower than 5 M for the system investigated in this study. The percentage of calcium extraction was somewhat higher in aqueous solutions of ammonium nitrate than in ammonium acetate or ammonium chloride. This difference can be attributed to differences in solution chemistry, as well as how these differences allow for a complexation with calcium in solution.



The extraction efficiency increased quite slowly with stronger aqueous solutions, especially in ammonium acetate and ammonium chloride, particularly at lixiviant concentrations greater than 3 M. Stronger solution concentrations (>3 M) may not be able to provide higher extraction efficiencies for higher solvent concentrations, as this may very well depend on or be limited by the degree of the solubility of the ammonium salts [24,25,33,35]. The higher lixiviant concentrations significantly slowed the kinetics of the alkaline leaching reactions, and this primarily depends on the lixiviant type and its alkalinity.




4.2. The Effect of the Anion Type of Ammonium Salts on Calcium Dissolution


Among many lixiviants employed previously in the extraction of calcium from waste residues, NH4Cl has been commonly used [25,35]; the calcium present in the slag material primarily reacts with the NH4Cl to form an intermediate CaCl2. The same reaction further produces NH3, which significantly shifts the pH value to alkaline medium, which enhances the dissolution and carbonation of CO2, resulting in a CaCO3 precipitate and excess NH4Cl reforms, which can be reused in the extraction process if a two-stage pH swing process is employed.



Lower pH values favour calcium extraction, whereas carbonation is favoured by elevated pH values [10]; therefore, the pH value is always a factor even if it is not experimentally controlled. However, a higher pH value negatively affects the dissolution and extraction of calcium as it increases from neutral to produce more of an alkaline medium; it acts mostly against chloride ions, and is also aggressive at dissolving sulfur, depending on the fineness of the raw material; thus, such species may compete with the ability to dissolve calcium.



Figure 3 gives an indication that at 2 M ionic strength, the NH4Cl showed an ability to extract calcium due to the stability of its Cl− ions, which led to a significant increase in calcium dissolution [10,35] when compared to CH3COO− and NO3− ions, which appear to be unstable. This further supports the contention that at a lower ionic strength, chloride ions remain stable because the pH value is low, and calcium extraction is favoured.



According to Figure 4, the 3 M ionic strength results indicate that ammonium cations in the presence of NO3− ions may have experienced a significantly better stabilisation; hence, they produced a consistently higher calcium dissolution throughout the leaching period, while the Cl− ions showed a significant drop in stability when compared to the dissolution rate at the 2 M ionic strength, as well as the CH3COO− ions. An increase in ionic strength from 2 M to 3 M resulted in a significant decrease in the percentage of calcium extraction by NH4Cl, and this is due to the decrease in stability of the anions (Cl− ions) and the shifting of the pH value to alkaline medium.



Figure 5 displays a 5 M lixiviant ionic strength relationship where there is a significant drop in the percentage of calcium dissolution by the NH4NO3 lixiviant type and a consistent gradual increase in dissolution by CH3COONH4 and NH4Cl, respectively; this indicates that both CH3COOH− and Cl− ions showed the ability to dissolve calcium at a higher ionic strength, which yielded a 75–80% calcium dissolution within the period of 1 h and 30 min of the total leaching period. The theory of ionisation and solubility emphasises that the inert ions in solution create an ionic atmosphere around the cation and anion of the slightly soluble or insoluble salt. Inert cations surround the anion, while inert anions surround the cation, and this gives an ionic atmosphere that has a lower charge than the cation or anion charge [17,18,35,38,39,40,41,42,43,44,52]. In general, the net charge on the inner ion and its ionic atmosphere is less than the charge on the inner ion. The higher the ionic strength, the larger the ionic atmosphere that is induced in the charge; thus, the stability of ions primarily depends on the valence of electrons and their charges.



According to Jo et al. [25], the percentage of calcium extraction capability increased significantly in the order of (NH4)2SO4 < NH4Cl < CH3COONH4 < NH4NO3 for salt solutions, irrespective of their corresponding solution’s corresponding concentrations (0.5 M and 1.0 M). The results obtained in this study suggest that anion types present in the ammonium salts used as lixiviants play a very important role in calcium extraction; the most influential anion types in terms of calcium dissolution efficiency were found to be in the order of Cl−, CH3COO−, and NO3− (from high to low) regarding their dissolution ability due to their positive responses at different lixiviant concentrations, namely 2 M, 3 M, and 5 M. The solution pH was also shown to be an important aspect to consider as more alkaline solution chemistries yielded poor results in terms of calcium extraction.




4.3. The Effect of Reaction Time on Calcium Dissolution


In addition to molar lixiviant concentrations and the anion types of the ammonium salts, the duration of the leaching process, or reaction time, proved to be a critical factor that influences the dissolution of calcium from iron- and steel-making slags, as shown in Table 3. For the time intervals investigated in this study, the longer the reaction time, the higher the dissolution of calcium to the extent that all lixiviants achieved 100% calcium dissolution for a reaction time of 120 min. Leaching reaction periods beyond 120 min would be interesting to consider in future studies so as to ascertain whether there is a threshold beyond which some already leached calcium would fall back to the undissolved slag particles. It would also be of research interest to consider the reaction mechanisms at play.



Previous studies on similar iron-making blast furnace slags have primarily focused on short leaching periods, typically within a maximum of 2 h [50,51], and have reported achieving calcium extraction efficiencies ranging from 70% to 90% with relatively lower concentrations of the lixiviant up to a maximum of 2 M. These studies suggest that longer leaching times could potentially enhance calcium dissolution further, as observed in similar leaching processes involving ammonium salts such as NH4NO3, CH3COONH4, CH3COOH, and NH4Cl.



For instance, Figure 3 demonstrates that a molar concentration of 2 M can dissolve approximately 65% to 85% of calcium within 90 min of the total leaching time across all lixiviants. Similarly, Figure 6 illustrates that NH4NO3 achieves between 70% and 95% calcium dissolution within the first hour of leaching at a 3 M concentration. However, it should be noted that at higher concentrations (>3 M), the efficiency of calcium dissolution tends to plateau or decrease due possibly to kinetic limitations imposed by stronger lixiviant solutions [51].





5. Conclusions


Various aqueous leaching solutions were prepared and tested in a range of 2 M, 3 M, and 5 M at different time intervals, with a total leaching period of 120 min. Key variables, therefore, were lixiviant type (with a fixed cation, namely NH4+, and a variable anion, namely, CH3COO−, Cl−, or NO3−), lixiviant solution concentration or ionic strength, as well as leaching time. pH was monitored throughout the experiments so as to establish whether there would be any correlation between calcium dissolution, lixiviant type, and pH. Key findings from these variables are hereafter given.



Concentrations of 2 M and 3 M showed a rapid increase in the percentage of calcium extraction (70–80%) within 90 min of the leaching time when NH4NO3, CH3COONH4, and NH4Cl were used in the experiment. The 5 M concentration for all the solvents indicated that the leaching reaction proceeds very slowly, particularly for NH4NO3 lixiviant, due to the degree of solubility of the solvent at elevated ionic strengths.



For a reaction time of less than 90 min, CH4COONH4 resulted in the best calcium dissolution for lixiviant solutions of 2 M concentration; for 3 M solutions, NH4NO3 yielded better calcium dissolution compared to CH4COONH4 and NH4Cl. It must also be noted that for 5 M lixiviant concentrations, yet again, CH4COONH4 yielded the best outcomes in terms of calcium dissolution compared to NH4Cl and NH4NO3.



Different ammonium salts used as lixiviants in this study resulted in different extents or rates of calcium mineral extraction based on their different anions, which exhibited different chemical properties. It is concluded that all the lixiviant types utilised in this study showed a very positive response towards the calcium dissolution process; therefore, their influence was found to be dominant in the order of NH4Cl < NH4NO3 < CH3COONH4.



The solution pH changed with the lixiviant type and concentration. Solutions that were the most alkaline were less strong in enabling the dissolution of calcium from the selected iron-making blast furnace slag.
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Figure 1. A schematic summary of the experimental leaching test work. 
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Figure 2. XRD (X-ray diffraction) initial characterisation of the iron-making blast furnace slag. 
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Figure 3. Percentage of calcium extraction from a blast furnace slag in a 2 M lixiviant solution. 
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Figure 4. Percentage of calcium extraction from a blast furnace slag in a 3 M lixiviant solution. 
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Figure 5. Percentage of calcium extraction from a blast furnace slag in a 5 M lixiviant solution. 
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Figure 6. Percentage of calcium extraction in NH4NO3 as a lixiviant. 
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Figure 7. Percentage of calcium extraction in ammonium acetate as a lixiviant. 
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Figure 8. Percentage of calcium extraction in ammonium chloride as a lixiviant. 
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Table 1. Chemical composition of slag (oxides).
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	Oxides
	Compositions (wt.%)





	Na2O
	0.1



	MgO
	1.08



	Al2O3
	5.57



	SiO2
	24



	P2O5
	0.9



	K2O
	1.27



	CaO
	57.4



	TiO2
	1.7



	MnO
	3.93



	Fe2O3
	4.1










 





Table 2. Elemental chemical composition of slag.
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	Elements
	Compositions (wt.%)





	Mg
	0.8



	Al
	3.67



	Si
	13.9



	P
	0.55



	S
	1.28



	Cl
	0.22



	K
	1.51



	Ca
	66.5










 





Table 3. Numerical data on the percentages of calcium extraction and solution pH.
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% Calcium Extraction

	

	
Solution pH

	

	




	
Time (min)

	
30

	
60

	
90

	
120

	
0

	
30

	
60

	
90

	
120




	
Lixiviant

	
2 M Solutions

	
2 M Solutions

	




	
NH4NO3

	
36.41

	
54.14

	
64.46

	
100

	
6.34

	
6.94

	
6.46

	
6.58

	
6.86




	
CH3COONH4

	
50.01

	
61.17

	
75.60

	
99.99

	
8.03

	
8.25

	
8.33

	
8.26

	
8.22




	
NH4Cl

	
32.94

	
55.74

	
85.50

	
99.99

	
7.66

	
7.75

	
7.74

	
7.8

	
7.83




	

	
3 M Solutions

	
3 M Solutions

	




	
NH4NO3

	
50.49

	
72.92

	
96.21

	
100

	
5.2

	
5.75

	
5.73

	
5.77

	
5.8




	
CH3COONH4

	
26.96

	
46.61

	
77.45

	
100

	
7.93

	
7.97

	
8.05

	
7.91

	
7.95




	
NH4Cl

	
41.27

	
46.43

	
65.74

	
99.99

	
7.57

	
7.63

	
7.72

	
7.8

	
7.71




	

	
5 M Solutions

	
5 M Solutions

	




	
NH4NO3

	
4.24

	
10.32

	
39.33

	
100

	
5.68

	
5.8

	
5.86

	
5.84

	
5.86




	
CH3COONH4

	
22.64

	
45.49

	
80.33

	
100

	
7.67

	
7.71

	
7.82

	
7.91

	
7.7




	
NH4Cl

	
7.92

	
37.97

	
75.02

	
100

	
7.26

	
7.33

	
7.38

	
7.38

	
7.4
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