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Abstract

:

This paper critically discusses the structure, properties and applications of ironmaking and steelmaking slags and their silicate-based variants as low-cost adsorbents for removing cations and anions from industrial effluents and wastewater. Undoubtedly, the performance of slag-based adsorbents depends on their physical, chemical and phase chemical properties. The presence of crystalline phases, for example, has a significant effect on the adsorption capacity. However, despite their low cost and ubiquity, their chemical and geometric heterogeneity significantly affects the performance and applications of slag-based adsorbents. These challenges notwithstanding, the efficacy of slag-based adsorbents can be significantly enhanced through purposeful activation to increase the specific surface area and density of adsorption sites on the surfaces of adsorbent particles. The synthesis of functionalised adsorbents such as geopolymers, zeolites and layered double hydroxides from silicate and aluminosilicate precursors can also significantly increase the performance of slag-based adsorbents. In addition, the ability to stabilise the dissolved and/or entrained toxic metal species in stable phases in slags, either through controlled post-process fluxing or crystallisation, can significantly enhance the environmental performance of slag-based adsorbents. Most critical in the design of future slag-based adsorbents is the integration of the engineered properties of molten and solidified slags to the recovery and stabilisation of dissolved and/or entrained metals.
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1. Introduction


The use of adsorption as a separation technology dates back to ancient civilisations, and has its origins as an industrial process after the discovery of gas uptake by charcoal and clays [1]. Adsorption is simply a mass transfer process through which solute species are transferred from a fluid phase onto the surface of a solid phase. The adsorbed species become bound to the surface of the solid by physicochemical interactions [1,2,3,4,5]. In view of the simplicity of their design and their ease of operation, adsorption technologies are now widely used in various industrial processes such as in the treatment of industrial effluents and wastewater, separation of petroleum products, separation of fluid mixtures and in the neutralisation of waste gases, among others [1,2,3,4].



As a result of the anthropogenic discharge of industrial effluents and wastewater, the use of adsorption technologies to treat these fluid streams has attracted universal interest from researchers globally. To date, several studies have focused on the ideal characteristic properties of adsorbents such as large internal pore volume, large internal surface area, active surface properties and/or functional groups, pore size distribution, weak adsorbate/adsorbent interactions, chemical, thermal and mechanical stability and the cost of constituent materials [1,2,3,4,6,7]. Adsorbents can essentially be described as amorphous materials consisting of complex networks of interconnected micropores (Φ < 2 nm), mesopores (2 nm < Φ < 50 nm) and macropores (Φ > 50 nm) [8,9]. Ideally, a highly porous adsorbent with a large surface area is especially important for fast adsorption equilibrium kinetics and high adsorption capacities in commercial applications (Table 1). The pore structure, particularly the pore size, shape and pore size distribution properties, is also of particular importance to the adsorption capacity of adsorbents.



The characteristic adsorbent requirements, such as high adsorption capacity, fast adsorption kinetics, good reusability and low cost, are critical in the practical design of adsorption processes [3,4,6]. Commercial adsorbents must also possess good mechanical properties such as strength and attrition resistance, as well as high adsorptive, regenerative and recyclability capacities. In other words, the adsorbents should have a high ability to be both regenerated and recycled without losing their mechanical and adsorptive properties. These properties are considered to be critical in enhancing the economics of adsorption processes.



Table 1 gives a summary of a selected number of commercial adsorbents and some of their properties.



For centuries, activated carbon has been one of the most commonly used commercial adsorbents in the treatment of industrial effluents and wastewater [1,3,4]. It is currently considered the world’s most powerful adsorbent, and is applicable for the removal of a variety of problematic pollutants such as metal ions, phenols, dyes, pesticides, polychlorinated phenols, chlorinated hydrocarbons and detergents, among others, from wastewater and industrial effluents [2,11,12]. There is no doubt that activated carbon is a ubiquitous adsorbent material that provides a combination of high surface area per unit volume, desirable mechanical properties and high adsorptive and regenerative capacities [2,4,11].



Activated carbon is produced from carbonaceous materials such as various grades of coal (bituminous, subbituminous and lignite), petroleum coke, peat, wood or nutshells [12]. The processes used to produce activated carbons from these feedstocks can be grouped into two main steps, namely (a) thermal devolatisation (400–600 °C in an oxygen-deficient atmosphere) followed by the gasification of the devolatised char with an oxidising agent, and (b) chemical activation, in which the carbonisation and chemical activation are conducted concomitantly [11,12,13]. The thermal and chemical activation treatments thus produce a product that is not only microporous, but also contains a significant amount of mesopores and macropores [13]. The presence of the mesopores, micropores and macropores facilitates the access of adsorbate molecules to the interior of the carbon particles. These properties thus enable the activated carbon to possess excellent adsorptive properties due to the high surface area per unit volume [13].



Despite its utility as an adsorbent, activated carbon is an expensive material, the properties of which are largely dependent on the quality of the starting carbonaceous material and the particular activation process used [4,11,12]. As a result, there is growing interest in developing alternative low-cost adsorbents such as natural and synthetic zeolites and industrial waste byproducts (e.g., metallurgical slags, fly ash and agricultural wastes). To date, several studies have reported satisfactory adsorptive properties of these low-cost adsorbent materials, as well as their potential to be activated in order to improve their adsorption capabilities [2,3,4,14,15,16,17,18,19]. Among the low-cost adsorbents investigated so far, the application of metallurgical slags and other aluminosilicate-based industrial waste byproducts as low-cost and sustainable adsorbents has drawn considerable interests from many scientists globally.



Metallurgical slags play indispensable roles in the efficient extraction and refining of metals [20,21,22]. They are formed from the reaction between fluxes, intentionally added as part of the furnace charge, and gangue minerals in ores during the smelting process, or from the reaction between fluxes and dissolved impurities during refining [20,21,22]. Fluxing produces a low liquidus and complex slag melt which is immiscible with the metal and/or alloy phases, and is thus easily separated during tapping [20,22]. These materials not only play a role in controlling the metallurgical efficiency of smelting and refining processes, but are also critical in improving the energy efficiency [23]. Unfortunately, metallurgical slags constitute a high volume of waste byproducts in most pyrometallurgical processes. Currently, large volumes of solidified slags are disposed of in landfills. However, the disposal of slags in landfills creates long-term environmental challenges [22,23,24]. In order to mitigate the anthropogenic effects of process slags, it is therefore imperative to explore alternative utilisation options and to reduce the amounts that end up in landfills [22,23,24,25]. Thus, the alternative use of slags as sustainable and low-cost adsorbents is one such approach that can increase the valorisation potential of these materials [3,4,22,23,24,25].



This review paper discusses the application of metallurgical slags and their silicate-based variants as low-cost adsorbents for removing cations and anions from industrial effluents and wastewater. This review paper is structured as follows. After the introductory remarks already given, Section 2 provides a brief overview of adsorption, adsorption isotherms and applicable kinetic models. Section 3 provides a detailed overview of sources, types and physicochemical (physical, chemical and phase chemical composition) properties of ironmaking and steelmaking slags. Section 4 provides a detailed analysis of the applications of ironmaking and steelmaking slags as low-cost adsorbents. Section 5 highlights the opportunities to improve the performance of ironmaking and steelmaking slag adsorbents. Lastly, Section 6 and Section 7 highlights the environmental challenges and future prospects, respectively, while Section 8 is the conclusion.




2. Basic Principles of the Adsorption Process


The heterogeneity of adsorbent surfaces significantly affects their adsorption equilibrium and kinetics. Heterogeneous adsorbents contain multiple adsorption sites wherein the adsorbates can bind, with each site having individual heats of adsorption [9,26]. Adsorbent and adsorbate properties also determine whether the nature of interaction is physisorption or chemisorption. Physisorption is as a result of weak and reversible electrostatic and intermolecular van der Waals attractions between the adsorbent and sorbate molecules [9,26,27]. In contrast, chemisorption is characterised by stronger forces of attraction, such as covalent bonding or ligand–metal coordination bonds. Thus, it is difficult to remove chemisorbed species from the solid surface [9,26].



The design and control of adsorption processes require in-depth knowledge of equilibria, kinetics and thermodynamics. For practical applications of adsorption, it is important to model the adsorption rates, and to establish the time dependence of adsorption systems under various process conditions [28,29,30,31,32,33]. Technically, the adsorption capacity and the resulting adsorption mechanisms depend on the characteristics of the adsorbates and adsorbents, adsorbate–adsorbent interactions and system conditions such as pH, temperature and solute concentration, among others [3,26,34]. In addition, the physicochemical surface properties of adsorbents provide significant insights into the adsorption mechanisms and the degree of affinity of adsorbents [31].



Basically, the process of adsorption involves the following mechanistic steps [5,26,34]: (1) film diffusion (external diffusion) from the bulk fluid phase to the external surface of the adsorbent, (2) pore diffusion (or intraparticle diffusion) from the external surface into the pores of the adsorbent and (3) reaction of the adsorbate on the adsorbent active sites on the external surface or in the pores. The overall rate of adsorption depends on the cumulative sum of the mass transfer resistances of these three mechanistic steps [26]. Any one of the three mechanistic steps already stated can be rate-limiting, but the quantum of the rate limiting step depends on the interaction of several factors, such as adsorbent and adsorbate types and properties, and operating conditions [26]. The adsorption of dissolved metal ions in particular can be described as a sequential process of metal ion diffusion through the boundary layer, intraparticle diffusion and adsorption of ions onto the adsorbent surface [6,7]. Both chemical reaction and diffusion-based mathematical models are frequently used to analyse kinetic data from adsorption processes. The following subsection covers the fundamentals of adsorption isotherms and kinetic models.



2.1. Adsorption Isotherms


An adsorption isotherm is a set of equilibrium capacity data over a range of fluid-phase concentrations at fixed temperature [29]. The isotherms govern the retention, release or mobility of an adsorbate from an aqueous phase to a solid phase at constant pH and temperature [31]. The isotherms also provide the theoretical adsorption capacity, and are important tools used in model analysis, process design and operation of adsorption systems [1,29,30]. Amongs the several adsorption isotherm models available in literature, the Langmuir (Equation (1)) and Freundlich (Equation (2)) isotherms are commonly used to determine the capacities of different adsorbents [3,28,30,31,33].


  Langmuir :    q e  =    Q o  × b ×  C e    1 + b ×  C e     



(1)






  Freundlich :    q e  =  K f  ×  C e   1 n    ; n > 1  



(2)




where qe (mg g−1) is the equilibrium sorption capacity, Qo is the maximum amount of solute adsorbed per unit mass of adsorbent corresponding to complete coverage of available adsorption sites, Ce is the equilibrium solute concentration in solution (mg L−1), b is the Langmuir adsorption coefficient, Kf is the temperature-dependent Freundlich constant related to maximum adsorption capacity (mg g−1) and n is the dimensionless Freundlich constant related to surface heterogeneity.



The Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number of energetically identical adsorption sites. Once the sites are filled, no further sorption can take place on that surface, and the surface eventually reaches a saturation point where the maximum adsorption of the surface has been achieved. Thus, Langmuir isotherms are valid for dynamic equilibrium adsorption processes on homogenous surfaces with no transmigration of the adsorbate in the plane of the surface, and negligible interaction between the adsorbed species [3,29,31]. In contrast, the Freundlich isotherm is commonly used to describe adsorption characteristics for heterogeneous surfaces and/or where strong interaction are present between adsorbate species. The model can be applied to multilayer adsorption, with non-uniform distribution of adsorption heats and affinities over the heterogeneous surfaces ([3,29,31]).




2.2. Kinetic Models


The kinetics of an adsorption process is dependent on the physicochemical characteristics of adsorbents and adsorbates, and on hydrodynamic and system parameters such as pH, agitation and temperature [3,5,26,34]. Kinetic isotherms, plotted as uptake vs. time, are typically used to represent the kinetics of adsorption [26]. The rate of transfer of adsorbates from the bulk fluid phase to the adsorbent surface and their accumulation on the adsorbent surface, determine the overall kinetics of adsorption and hence, the efficiency of the adsorption process [34]. In essence, the determination of kinetic models of adsorption parameters allows for the design and scale-up of an adsorption system, which basically requires knowledge of adsorption equilibrium and kinetics [5,28,34].



To date, several kinetic models have been developed to describe the rates of adsorption systems based on the concentration of solutions and capacity of adsorbents [3,28,35]. Other models are based on the assumption that either sorption or intraparticle diffusion is the rate-limiting step [35]. Basically, both the chemical reaction and diffusion-based mathematical models are frequently used to analyse kinetic data from adsorption processes. Among the various models, most studies on adsorption have focussed on the Lagergren pseudo-first-order and Ho and Mackay’s pseudo-second-order models to depict the rates of reaction [5,26,28,34,35]. However, Qui et al. [5] argued that the chemical reaction models, such as the pseudo-first- and second-order rate equations, are neither useful in understanding adsorption mechanisms nor helpful in designing fixed-bed systems. Instead, Qui et al. [5] advocate for the use of adsorption diffusion models such as liquid film diffusion, intraparticle diffusion and double exponential models. Nevertheless, it is important that the choice of models adopted achieves a balance between accuracy and simplicity.





3. Sources, Types and Properties of Metallurgical Slags


Metallurgical slags can broadly be categorised into nonferrous, ferroalloy and ferrous slags. Nonferrous slags are produced during the production of nonferrous metals from their ores and belong to the FeO-SiO2-CaO slag system [21,22,24]. Ferroalloy slags are produced in the production of bulk ferroalloys, and predominantly consist of SiO2, MgO and Al2O3 as the main oxides. Ferrous slags, produced in the production of iron and steel products, belong to the CaO-SiO2-Al2O3-MgO-FeO system [21,22,23,24,36]. Among the various types of metallurgical slag systems, ferrous slags have attracted considerable interest due to the large volumes produced. In fact, the World Steel Association [37] estimates that over 400 million tonnes of ferrous slags are produced annually. Thus, exploring the use of these slags as low-cost adsorbents is beneficial in reducing the volumes of landfilled slags, thereby mitigating the storage and toxicity concerns associated with their disposal [22,23,25]).



Ironmaking and steelmaking slags are categorised according to the unit processes in which they are produced [21,22,23,24,36]. Ironmaking slags are produced during the conversion of iron oxides, pellets, sinter and fluxes in the presence of coke to produce hot metal in a blast furnace. A modern blast furnace (BF) process operating at typical cut-off iron ore grades (60–66 wt. % Fe) produces about 200–300 kg of slag per ton of hot metal [22,23,24,38]. In contrast, steelmaking slags are produced from the melting of scrap metals in an electric arc furnace (EAF) to produce liquid steel, or from the conversion and refining of hot metal in oxygen steelmaking and ladle refining. Depending on the quality of raw materials, the slag rate in a basic oxygen furnace (BOF) or EAF ranges between 150–200 kg and 130–180 kg per ton of steel, respectively [22,23]. Steelmaking slags consist primarily of CaO, MgO, SiO2 and FeO, and can thus be represented by the CaO-SiO2-MgO-FeO quaternary system [22,23,39].



3.1. Chemical Properties of Ironmaking and Steelmaking Slags


3.1.1. Blast Furnace Slags


The chemical and phase compositions of blast furnace slags (BFS) have been studied by several researchers [21,22,23,38,40,41,42,43,44,45,46,47,48,49]. Blast furnace slags belong to the CaO-SiO2-MgO system, and may contain minor oxide components such as MnO, FeO, Na2O, S and K2O, among others [21]. Talling and Krivenko [41] reported the typical composition of blast furnace slag to consist of 30–50 wt. % CaO, 28–40 wt. % SiO2, 8–24 wt. % Al2O3 and 1–18 wt. % MgO. Rao [45] proposed the typical composition of blast furnace slags to consist of 34–43 wt. % CaO, 27–38 wt. % SiO2, 7–12 wt. % Al2O3, 7–15 wt. % MgO, 0.15–0.76 wt. % MnO, 0.2–1.6 wt. % FeO and 1.0–1.9 wt. % S. In other studies, Dimitrova and Mehandgiev [42] also reported the chemical properties of blast furnace slags as containing high amounts of BaO (3–3.5 wt. % BaO). Table 2 shows the typical chemical compositions (un-normalised) reported for blast furnace slags.




3.1.2. Steelmaking Slags


The composition of steelmaking slags varies greatly from batch to batch, depending on the type of steel produced (e.g., carbon steel vs. stainless steels) and on the quality of starting raw materials [22,23,36,45,48,49,50] (Table 3). BOF slags, for example, tend to have a high CaO content (>35 wt. % CaO, and up to 12 wt. % free CaO), up to 38 wt. % iron oxides (FeO/Fe2O3), 7–18 wt. % SiO2, 0.5–4 wt. % Al2O3 and 0.4–14 wt. % MgO [36]. The chemical compositions of EAF slags also vary greatly and have been reported to consist of 22–60 wt. % CaO, 10–40 wt. % FeO, 6–34 wt. % SiO2, 3–14 wt. % Al2O3, 3–13 wt. % MgO and varying amounts of free CaO and MgO [22,23,36]. According to Rao [45], BOF, open hearth, EAF and ladle slags tend to have a broad chemical composition consisting of high FeO (6.8–23.4 wt. %), 39.9–52.2 wt. % CaO, 4.6-12.8 wt. % SiO2, 1.3–20.5 wt. % MgO and 1.9–9.3 wt. % MnO. From the studies highlighted so far, there seem to be strong similarities between BOF and EAF slags due to similar refining functions of these two processes [22,23,36,45]. Ladle furnace slags (LFS), particularly those produced in the production of stainless and other high-alloy steels, are also strongly dependent on the grade of steel produced [22,23,50,51]. For example, Shi [39] reported the composition of ladle furnace slags to vary within a broad compositional range of 30–60% CaO, 2–35% SiO2, 5–35% Al2O3, 1–10% MgO and 0.1–15% FeO.



As shown in Table 3, the wide compositional variability and presence of toxic alloying elements in steelmaking slags presents challenges to their potential utilisation as low-cost adsorbents. The following subsection further highlights the phase chemical compositions of solidified ironmaking and steelmaking slags.





3.2. Phase Chemical Properties of Ironmaking and Steelmaking Slags


Knowledge of phase chemical properties of ferrous slags is essential, mainly because their adsorptive capacities are closely linked to these properties. Solid crystal formation is a function of both the chemical composition of the melt and its cooling rate [22,36,54]. Thus, the phase chemical properties of solidified slags largely depend on both the chemistry of the melt and the methods and processes used to cool the slags after tapping from the furnace [22,23,24,36,44,54]. Essentially, tapped process slags can be cooled and solidified in several different ways, including the following: (1) slow cooling under atmospheric conditions in slag pots or pads to produce a crystalline and vesicular slag product, (2) quenching using water jets to produce a vitrified granulated slag, (3) moderate cooling using controlled amounts of water or steam to form expanded, highly porous and low density slags and (4) quick cooling with water or in air using a pelletizing drum, producing glassy spherical slag particles. In most cases, slow-cooling and granulation represent the majority of slag-processing options for most iron and steel plants globally [23,44].



Slow-cooled blast furnace slag (s-BFS) consists of crystallised Ca-Al-Mg silicates, mostly as melilite (Ca2MgSi2O7–Ca2Al2SiO7) and merwinite (Ca3MgSi2O8) [21,22,23,44,48]. Little or no crystallization takes place in granulated BFS (g-BFS), leading to the formation of glassy amorphous phases as a result of the vitreous solidification process [22,23]. In contrast, both slow-cooled and granulated steelmaking slags tend to form more complex oxides and silicates upon solidification (Table 4), and essentially tend to exist as complex and heterogeneous phases containing merwinite (3CaO·MgO·2SiO2), olivine (2MgO·2FeO·SiO2), di- and tricalcium silicates (2CaO·SiO2; 3CaO·SiO2), CaO-FeO-MnO-MgO solid solution phases, free lime (CaO), MgO and FeO [36,39,50,52,53,55,56].



The adsorption capacity of slags may depend on their degree of crystallisation attained during the solidification process. Several studies have investigated the effect of the degree of crystallinity on the absorptive capacity of ironmaking and steelmaking slags. The findings indicate that an increase in the amount of crystalline phases such as gehlenite (Ca2Al2SiO7), larnite (Ca2SiO4), bredigite (Ca5MgSi3O12), merwinite (Ca3Mg(SiO4)2) and akermanite (Ca2MgSiO7), among others, significantly increases the adsorption capacity of cations and anions from solution [15,19,25,57,58]. However, since these phases may not always be uniformly present in the post-solidification state, several studies have explored in detail the impact of activation and modification on the adsorption capacities of slags [42,57,59,60,61,62,63,64,65,66]. Section 5 further discusses in detail the common modification and activation techniques and their impacts on the performance of slags.




3.3. Physical Properties of Ironmaking and Steelmaking Slags


Knowledge of the physical properties of slag-based adsorbents is important in the design of adsorption processes. From a practical point of view, adsorbents must have high selectivity and adsorption capacities, fast adsorption kinetics, high regeneration capabilities, good mechanical strength and low cost [8]. Among these, the adsorption capacity is by far the most important characteristic of adsorbents. The amount of adsorbate to be taken up, amount of adsorbent required, size of the adsorption vessel and capital costs largely depend on the adsorption capacity of the adsorbent selected [29]. To a greater extent, the pore structure of the adsorbent (pore sizes, shape and pore size distribution) largely determines its adsorption capacity. Consequently, a highly microporous structure with a high surface area is a requisite for high adsorption capacity by an adsorbent. Based on the aforementioned factors, this subsection discusses the key physical properties of ironmaking and steelmaking slags and their possible application as low-cost adsorbents.



The performance of ironmaking and steelmaking slags as low-cost adsorbents depends on their pore structure, pore area and volume and internal pore surface area [8,62,68]. These properties are particularly important since the pore structure (i.e., pore size, pore shape and pore distribution) of porous solids controls the internal pore volume and area [8]. Xue et al. [62] analysed the porosity of BOF slags, and their results suggested that the slag materials are mesoporous (2 < dp < 50 nm). Similarly, Curkovic et al. [67] and Liu et al. [69] deduced the mean pore diameter (dp) in steelmaking and EAF slags to be in the range of 17 to 27 nm and 12.58 nm, respectively. Rađenović et al. [58] proposed ladle furnace slags to be mesoporous, with an average pore diameter and pore volume of 3.21 nm and 2.6 × 10−3cm3 g−1, respectively. The findings from various studies (Table 5) affirm the proposition that ironmaking and steelmaking slags can be considered mostly mesoporous, low-cost adsorbents.



Ironmaking and steelmaking slags have a mesoporous and amorphous structure with a typically low specific surface area of less than 10 m2 g−1 [25,58,63,67,69,70,74], even though relatively high values of up to 32 m2 g−1 have been reported by Feng et al. [71] and Zahar et al. [73] (Table 5). Runtti et al. [74] also reported relatively higher values. Nevertheless, the typical and relatively low surface area in many slags shown in Table 5 potentially limits the amount of solute that can be adsorbed from industrial effluents and wastewater. However, the presence of both amorphous and crystalline phases in slags, highlighted in Table 4, fortunately enhances the adsorptive capacity for ions from solutions [3,4,15,25,68]. In addition, the reported porosity of typical slag-based adsorbents is in the range of 47% to 56 %, which is somewhat comparable to commercial zeolites, silica gels and activated Al2O3 [68].





4. Applications and Performance of Slags as Low-cost Adsorbents


The chemical composition (Table 2 and Table 3), morphological phases (Table 4), physical properties (Table 5) as well as other properties such as the number of adsorption sites and type of surface functional groups all determine the mechanisms of adsorption and reactivity of the slag surfaces with adsorbates. For instance, the dissolution of free lime in the slag play a significant role in regulating the solution pH and hydrolysis of the dissolved cations [75,76]. In addition, the hydrolysis products of various chemical phases in slags dictate the mechanisms of bonding with adsorbates [70]. The adsorption performance is also a function of the slag type and its particle size distribution. A porous slag structure with a micropore size distribution (dp < 2 nm) creates a large internal surface area for high adsorption capacity and efficiency of the adsorption process [3,15,42,59,68,70,77]. Specific experimental conditions such as agitation rate, temperature and solid/liquid phase ratio, and the solution conditions such as solution pH, adsorbate types and concentration, ionic strength and competing adsorbates also affect the adsorption capacity of slags [3]. Based on the aforementioned considerations, this section gives a detailed review of the current understanding of the adsorption of heavy metal ions and other adsorbates by slags.



4.1. Acid Neutralisation and Precipitation of Metal Ions


Basic oxides have been extensively investigated in the precipitation of metal ions from industrial effluents. For example, limestone and its derivatives (e.g., quick lime, hydrated lime) are commonly used in the neutralisation and chemical precipitation of metal ions from acid mine drainage (AMD) effluents [78,79,80] and wastewater streams [16,81,82]. Since ironmaking and steelmaking slags contain significant amounts of basic oxides which combine useful properties of acid neutralisation, metal precipitation and adsorption, these materials can be considered as alternatives to lime-based chemical precipitation processes. For example, the dissolution and acid neutralisation behaviour of the various slag minerals were proposed in earlier studies by Bodurtha and Brassard [75]. The authors concluded that the slag materials had the same neutralisation capacity as calcite for AMD treatment, even when only 60% by volume of the slag was dissolved.



The acid neutralisation capacity (ANC) of ironmaking and steelmaking slags depends on the slag’s chemical and phase composition [62,71,75,76,83,84]. As discussed in Section 3, ironmaking and steelmaking slags materials consist of complex mixture of oxides such as CaO, MgO, FeO, MnO, Al2O3 and SiO2. These oxides can undergo hydration reactions under aqueous conditions, thereby increasing their alkalinity, adsorption capacity and chemical precipitation ability for metal ions [62,76,84]. Ironmaking and steelmaking slags also contain significant amounts of lime (e.g., 30–50 wt. % CaO for BOF slags) that occurs either freely or bound to various silicates and ferrites. It must be noted that the free CaO and MgO present in the slag dissolve completely, easily and rapidly in acidic aqueous systems to provide the largest and immediate contribution towards acid neutralisation (Equations (3)–(5)) [76].


  M e O +  H 2  O → M e    (  O H  )   2     ( Me   =   Ca ,   Mg )  



(3)






  M e    (  O H  )   2  + 2  H +  → M  e  2 +   + 2  H 2  O    ( Me   =   Ca ,   Mg )  



(4)






  M e O +   2  H +  → M  e  2 +   +  H 2  O    ( Me   =   Ca ,   Mg )  



(5)







In addition, the weakly bound CaO in compounds such as dicalcium silicate (2CaO· SiO2), tricalcium silicate (3CaO· SiO2) and dicalcium ferrite (2CaO· Fe2O3) also dissolves, albeit slowly, to consume the acid as well (Equations (6) and (7)).


  2 C  a 2  S i  O 4  + 4  H 2  O → 3 C a O · 2 S i  O 2  · 3  H 2  O + C a    (  O H  )   2   



(6)






  2 C  a 3  S i  O 5  + 6  H 2  O → 3 C a O · 2 S i  O 2  · 3  H 2  O + 3 C a    (  O H  )   2   



(7)







The adsorption of cations by slags is proposed to occur through electrochemical interactions on slag surfaces and by virtue of the high content of easily hydrolysable calcium and aluminium silicates. Based on surface models, Dimitrova [70] proposed the adsorption process to involve surface complex formation, precipitation, irreversible ion exchange, interaction of dissolved components of the slag with metal ions and the subsequent deposition of such products on slag adsorbent surfaces. Due to the complexity of adsorbent–adsorbate interactions, it is therefore important to understand the dissolution mechanisms of slags and their components in order to fully interpret the reactivity of slags and/or individually dissolved components of the slag with adsorbates [62,71,75,76,83,84].




4.2. Adsorption Capacity of Slags


The quantity of adsorbate per unit mass of adsorbent (i.e., adsorption capacity, mg g−1) to be taken up, kinetics and extent of adsorption vary depending on the type and physicochemical characteristics (e.g., specific surface area, pore size distribution and active-surface properties) of the adsorbent employed. These parameters are also a function of the experimental conditions employed (e.g., ionic strength, types and concentration levels of adsorbates, mixing time, competing adsorbates, agitation rate and temperature) [42,62,67,69,70,71,84,85,86,87]. This subsection briefly discusses the previous studies on the topics, focusing mainly on the adsorption capacity of slags. It further discusses the effect of adsorption parameters such as solution pH, initial concentration of adsorbates, slag loading ratio and competitive multi-solute adsorption.



Yamashita et al. [87] proposed several assumptions governing metal adsorption on converter furnace steelmaking slag surfaces, including the following: (1) ion substitution caused by CaO and MgO, (2) hydroxide precipitation at high pH, (3) sulphide precipitation and co-precipitation by sulphur and iron oxides, respectively, and (4) possible adsorptive effects of the 2CaO·SiO2 phase. Dimitrova [70] proposed the process of adsorption to be facilitated by the chemical interaction of dissolved slag components with metal ions and the subsequent deposition of such products on slag surfaces. Several other studies have also proposed that the process of adsorption for metal ions with silicate-based adsorbents occurs through ion-exchange, adsorption and precipitation mechanisms [42,71,83,88]. In such cases, silicate and aluminosilicate phases in the slags undergo hydrolysis to support ion exchange and/or precipitation, depending on pH and metal ion concentration. However, in many instances, the proposed mechanisms of adsorption of metal ions by slags tend to be inconsistent and/or are not yet clearly understood.



Gao et al. [86] conducted experiments to investigate the adsorption and desorption of cations from effluent solutions using porous iron-rich slag (0.1–0.5 mm particle sizes, ≈ 10 000 Å macropore size, 10 m2 g−1 surface area and density 3.5 g/cm3). X-ray diffraction analysis of the iron-rich slag identified the presence of wüstite (FeO), magnetite (Fe3O4), gypsum (CaSO4) and akermanite (Ca2MgSi2O7) as the major phases. The authors proposed a slow hydrolysis s of akermanite to release OH− ions responsible for maintaining an alkaline pH, as described in Equation (8).


    C  a 2  M g S  i 2   O 7   ¯  + 3  H 2  O → 2 C  a  2 +   + M  g  2 +   + 6 O  H −  + 2 S i  O 2   



(8)




where the overbar represents the adsorbent (solid) phase.



Adsorption tests by Gao et al. [86] indicated complete adsorption of metal ions at low initial concentrations (Cd2+ = Ni2+ = Pb2+ = 2 mgL−1; Cu2+ = 0.1 mg L−1; pH = 4). The adsorption selectivity sequence was Pb2+ > Cu2+> Ni2+ > Cd [86]. Gao et al. [86] proposed that the electrostatic and acid–base interactions in slags were responsible for the observed adsorption behaviour. In addition, the hydrolysis of akermanite eliminated the competitive adsorption of H+ ions, thereby improving metal adsorption capacity. Furthermore, the approximated overall stoichiometry of metal adsorption involved both akermanite and surface adsorption sites on iron oxides, as shown in Equation (12). Gao et al. [86] proposed the hydrolysis of akermanite (Equation (9)) and intra-particle diffusion to be rate-limiting.


       C  a 2  M g S  i 2   O 7   ¯  + 2    (  ≡ S  O −   )  N  a +   ¯  + 6  H +  + M  e  2 +   + 3  H 2  O                 → 2 C  a  2 +   + M  g  2 +   + 2 N  a +  + 6  H 2  O +   2 S i  O 2   ¯  +      (  ≡ S  O −   )   2  M  e  2 +    ¯      



(9)




where overbar + solid phase;   ≡ S  O −   =deprotonated surface site



Dimitrova [70] measured Ca2+ and Si4+ dissolution from BF slag in the absence and presence of Zn2+ ions as a function of temperature, and proposed the Ca2+ and Si4+ ions to result from the hydrolysis of CaO and SiO2 compounds in the slag, respectively. Based on the constant CaO: SiO2 ratio in the system without Zn2+ ions, Dimitrova [70] concluded that the partial hydrolysis and hydration of 2CaO· SiO2 releases Ca2+ and Si4+ ions. However, the concentration of Ca2+ ions was several orders higher than that of Si4+ ions when Zn2+ ions were introduced, which suggested a non-equivalent ion exchange between Ca2+ and Zn2+ ions. The lack of equivalence during ion-exchange process was attributed to interactions of the metal ions with colloidal silica, as well as the variations in the amounts of soluble silicon.



Dimitrova and Mehandgiev [42] conducted batch adsorption experiments for Pb2+ ions using BFS. The study investigated the effect of initial pH (2 ≤ pH ≤ 9, surface area (0.3–0.5 m2 g−1), adsorbent mass (1–10 g L−1 BFS), metal ion concentration (13–93 mg L−1 Pb2+) and ambient temperature on the equilibrium pH and adsorption efficiency. A 98% adsorption for Pb2+ ions was achieved, even at high solute concentrations of 92.6 mg L−1 Pb2+ ions, at 1 g L−1 BFS loading ratio and a pH range of 2–9. The findings also indicated that the equilibrium pH increased with increase in mass of BFS in the particle size range 0.25 < dp < 0.50 mm. The authors proposed an ion-exchange interaction process between the slag matrix and H+ ions, particularly in highly acidic solutions [42].



Dimitrova and Mehandgiev [19] also explored mechanisms of adsorption of individual Cu2+, Zn2+ and Ni2+ ions by BF slag by measuring dissolved Ca2+, Si4+ and pH from slag hydrolysis. The authors proposed a non-equivalent ion-exchange behaviour between metal ions and Ca2+ ions as a result of the incomplete hydrolysis of the slag. In a similar study, Dimitrova et al. [15] also reported non-equivalent ion-exchange behaviour between Cu2+ and Ca2+ ions, and proposed that the high sorption of Cu2+ ions in activated crystalline slag, despite the observed decrease in surface area, was due to the creation of active adsorption sites through isomorphous substitution (type Al3+ -> Si4+) induced during crystallisation. Furthermore, the study concluded that adsorption occurred both inside the crystal lattice and between the crystal spaces, compared to amorphous slag where adsorption was limited to the surface. In acidic pH, the ≡SOH sites (S being Si or Al) supported the adsorption of Cu2+ ions through a surface exchange mechanism (Equations (10)–(13)):


       (  A l , S i O  )   2 −  C  a  2 +    ¯  + 2  H +  →   2    (  A l , S i O  )   −   ¯   H +  +   C  a  2 +     Blank   solutions  



(10)






       (  A l , S i O  )   2 −  C  a  2 +    ¯  + M  e  2 +   →      (  A l , S i O  )   2 −   ¯  M  e  2 +   +   C  a  2 +     (  Me  2 +     =    Cu  2 +   ,    Zn  2 +   ,    Ni  2 +   )  



(11)






  or        (  ≡ S O  )   2 −   ¯  2 C  a  2 +   + M  e  2 +   →      (  ≡ S O  )   2   ¯  M  e  2 +   + C  a  2 +    



(12)






  2 S O H + C  u  2 +   =    (  S O  )   2  C u + 2  H +    ( S   =   Al   or   Si )  



(13)




where overbar = solid phase,    (  ≡ S O  )    = deprotonated surface site, S = Al or Si and Me2+ = any metal ion.



Feng et al. [1] investigated comparative adsorption of Cu2+ and Pb2+ ions by ironmaking slag (unnormalised composition 46.3 wt. % CaO, 5.9 wt. % MgO, 35.6 wt. % SiO2, 10.3 wt. % Al2O3, 15.6 wt. % FeO; surface area 31.929 m2g−1 and porosity 55.5%) and steelmaking slag (unnormalised composition 37.5 wt. % CaO, 12.0 wt. % MgO, 32.5 wt. % SiO2, 18.0 wt. % Al2O3, 1.75 wt. % FeO; surface area 22.333 m2g−1 and porosity 47.3%). The tests were conducted at ambient temperatures, initial pH = 5.5, ion concentrations 2 g L−1 slag and particle size 90% passing 45 µm. Due to the more favourable physicochemical properties of ironmaking slag, higher Cu2+ and Pb2+ adsorption was observed compared to that of steelmaking slag. In both slags, the loading of Pb2+ ions was higher than that of Cu2+ ions, with the adsorption behaviour being attributed to the preferential adsorption sites for Pb2+ ions on the slag surfaces (see Section 4.3.5). Using the Langmuir adsorption model, the maximum adsorption capacities (Qmax) for ironmaking slag were 95.34 mg g−1 Pb2+ and 88.50 mg g−1 Cu2+. The Qmax values and Langmuir regression coefficients for the ironmaking slag were higher than those for steelmaking slag due to higher CaO content, higher specific surface area (i.e., ironmaking slag = 31.929 m2 g−1 and steelmaking slag =22.33 m2 g−1), higher porosity (i.e., ironmaking slag = 55% and steelmaking slag = 47.3%) and higher ion-exchange ability. Feng et al. concluded that the removal of metal ions occurred by both precipitation and ion exchange as a result of the high alkalinity of the slags. The authors also proposed that use of a finely sized slag fraction (90% passing 45 µm) nearly doubled the adsorption capacity of Pb2+ ions compared to values reported in literature for ironmaking slag with similar oxide composition but with coarser particle sizes [71].



Chen et al. [72] investigated the adsorption kinetics and equilibrium of Cu2+, Cd2+, Zn2+ and Pb2+ ions using two kinds of EAF slags from different steel plants in China. The two slags had the following properties: Slag 1: 42.30 wt. %CaO, 9.82 wt. % MgO, 5.28 wt. % Al2O3, 27 wt. % FeO, 3.31 wt. % MnO, and 15.15 wt. % SiO2; BET surface area =3.148 m2 g−1; density 3.096gcm−3; pH = 10.69; and Slag 2: 49.60 wt. % CaO, 14.51 wt. % MgO, 1.23 wt. % Al2O3, 18.74 wt. %FeO, 1.28 wt. % MnO and 14.66 wt. % SiO2; BET surface area = 0.445 m2 g−1; density 3.974g cm−3 and pH = 11.75. From a starting ion concentration of 2 mmolL−1, the observed Qmax for Cu2+, Cd2+, Zn2+ and Pb2+ on Slag 2 (0.9–2.00 mm) were 0.156, 0.166, 0.148 and 0.145 mmol g−1, respectively, while those of Slag 1 (0.9–2.00 mm) were 0.101, 0.058, 0.112 and 0.120 mmol g−1, respectively. The results indicated that Slag 2 had a higher adsorption capacity despite having a significantly lower BET surface area than Slag 1. The findings were contrary to expectations from a physical property point of view, and could thus possibly be attributed to the higher CaO content coupled with the interaction of complex hydrolysis, ion-exchange and surface precipitation phenomena on the surfaces of Slag 2.



Han et al. [85] investigated the removal of hexavalent chromium (Cr6+) ions (75–150 mg L−1) from wastewater using BOF slags with a normalised composition of 48 wt. % CaO, 37 wt. % Fe2O3, 8 wt. % SiO2, 5 wt. % MgO and 2 wt. % MnO. The removal of Cr6+ ions from wastewater was proposed to occur via a redox process in which the calcium and iron (as FeO, Fe3O4, Ca2Fe2O5 and CaFe2O4) phases in the slag reacted with the acid to release Fe2+ and Ca2+ ions. According to Han et al. [85], the Cr6+ ion was subsequently reduced to insoluble Cr3+ by Fe2+ via a redox mechanism, thereby decreasing the amount of Cr6+, Fe2+ and H+ ions in solution while increasing Cr3+ and Fe3+ ions. More recently, Gao et al. [84] also proposed that the slag must initially dissolve to release Ca2+ ions which then interact with metal ions to form precipitates that are subsequently adsorbed on the slag surfaces.



Table 6 further summarises the findings from the various studies on the adsorption capacities of ironmaking and steelmaking slags. These studies elucidated the efficacy of solute adsorption based on the adsorption behaviour of heavy metal ions by the slags. However, the interpretations, comparisons and predictions of the adsorption data proposed by the various authors vary greatly, possibly compounded by the heterogeneous nature of the slags. Thus, the differences in observations may complicate any protracted efforts to engineer the specific properties of ironmaking and steelmaking slags and enhance their adsorption capacities. Nevertheless, the various studies highlighted so far have converged on the technical and economic merit of ironmaking and steelmaking slags as low-cost adsorbents for remediating industrial effluents and wastewaters. Section 6 of this paper further discusses some of the promising approaches being pursued to enhance the adsorptive capacities of ironmaking and steelmaking slags.




4.3. Parameters that Affect the Adsorption Capacity of Slags


The adsorption performance depends on, among other factors, the physicochemical and surface properties of slags. Moreover, the cations and anions in solutions have different affinities for various functional groups on the slag surfaces. In addition, the competitive adsorption of cations is a complex phenomenon that is dependent on the surface interactions and solute concentrations. It is well known that several factors, including solution pH, initial solute concentration, speciation of cations in solution and surface charge, affect the adsorption of cations and anions from solution. Other factors such as adsorbent loading ratio and adsorbent particle size also play a crucial role. Thus, this section discusses in detail the effect of selected parameters on the adsorption performance of slags under different experimental conditions.



4.3.1. Effect of Solution pH


The solution pH has a significant effect on the rate and mechanism of the adsorption of metal ions onto slags. Findings from several studies have clearly demonstrated that the efficiency of the adsorption of metal ions increases with increase in pH [3,42,59,61,62,70,71,75,76,77,83,93,94,95]. In addition, the pH of a solution is intricately linked to the point of zero charge (PZC) of the adsorbent surfaces, and hence the pH of the solution relative to the PZC affects the adsorption of cations and/or anions [3,61,94,95]. Technically, the PZC is defined as the pH value at which the surface of a substance has a net neutral charge [3,61,94]. The solution pH makes solid surfaces neutral at pH values equal to the PZC and positively charged below the PZC, while the solid surfaces become negatively charged at pH values greater than the PZC [95]. This implies that in the low pH region, the adsorption of positively charged ions below PZC may involve competitive effects of the hydrogen ion adsorption, thereby suppressing the adsorption of metal ions (Equation (14)). In this instance, the slag surfaces tend to have a large positive charge density, which results in electrostatic repulsion between metal ions and surface charges [61,94].


       (  ≡ S O  )   2 −   ¯  C  a  2 +   + M  e  2 +   +  H +  →      (  ≡ S O  )   2   ¯   H +  + M  e  2 +   + C  a  2 +    



(14)




where overbar = adsorbent (solid) phase and    (  ≡ S O  )    = deprotonated surface site (S = Al or Si).



Though the position of the PZC defines the affinity of the surface to the ionic species, the extent of adsorption may also either increase or decrease depending on solid surface characteristics, saturation, and oxidation state and/or speciation of metal ions, electrostatic forces, adsorbent net surface charge density and adsorption site density [3,61,71,93,95,96].



The effect of solution pH on the adsorption behaviour of metal ions by ironmaking and steelmaking slags has been elucidated in several studies. In earlier studies, Huang and Rhoads [93] proposed that adsorption of Zn2+ on several silicate-based materials is only effective at pH > 7 due to the competitive effect of H+ ions at low pH. A study by Zahar et al. [73] also confirmed that the adsorption efficiency of Mn2+ ions by steelmaking slag increased with an increase in pH (3-8), with the optimum pH being 6.



Dimitrova and Mehandgiev [42] studied the effect of initial pH on Pb2+ ion adsorption from a solution of 92.55 mg L−1 Pb2+ ions using g-BFS (dp ≤ 0.8 mm, 1 g L−1). The results showed a 98% Pb2+ adsorption efficiency at pH > 6.0. The adsorption profile followed an S-shaped graphical relation that is typical for inorganic adsorbents. The adsorption increased with increase in initial pH, and the occurrence of increase in equilibrium pH was attributed to the hydrolysis and ion-exchange interaction of H+ and the Ca2+ in the glass phases of the slag (Equation (15)). Dimitrova and Mehandgiev [42] interpreted the mechanism of Pb2+ adsorption on the assumption that acid neutralisation and adsorption were dominant at pH < 5.5, while the precipitation of Pb2+ complexes such as PbOH+ and Pb3(O   H 4  2 +    ) occurred at pH > 5.5. In similar studies, Dimitrova and Mehandgiev [19] evaluated single-component adsorption of Cu2+, Zn2+ and Ni2+ ions by BFS and obtained over 94% metal removal in all cases. The findings from this study also confirmed that the adsorption of metal ions on slags was accompanied by a gradual increase in equilibrium pH due to the hydrolysis of the slag.


  = S i O C a + 2 H O H → S i O H + C  a  2 +   + 2 O  H −   



(15)




where  =  SiOCa is the adsorbent site showing Ca and bonds.



Feng et al. [71] investigated the effect of PZC values for ironmaking and steelmaking slags. The results showed low adsorptivity of Cu2+ and Pb2+ ions at pH values below the PZC as a result of electrostatic repulsion between metal ions and the positively charged slag surfaces. A similar trend was observed for steelmaking slag at pH 3.2. Based on electrophoretic measurements, Feng et al. [71] also established that the equilibrium pH and metal adsorption were controlled by the slag surface charges. However, Feng et al. [71] also attributed the high metal adsorption at higher pH values to the possibility of precipitation of metal ions.



Kim et al. [83] investigated the adsorption of Cu2+ ions (10–5000 mg L−1 at 100 g L−1 slag dose) using three types of steelmaking slags (unnormalised composition: Slag 1 = 65.8% CaO, 10.8 wt. % SiO2, 1.6 wt. % Al2O3, 3.5 wt. % MgO, 13.4 wt. % T-Fe; Slag 2= 44.6 wt. % CaO, 6.1 wt. % SiO2, 3.9 wt. % Al2O3, 2.7 wt. % MgO, 1.0 wt. % MnO, 28.3 wt. % T-Fe; Slag 3 = 54.2 wt. % CaO, 23.3 wt. % SiO2, 7.3 wt. % Al2O3, 5.1 wt. % MgO, 2.0 wt. % T-Fe). The adsorption efficiency (Qmax ≈ 300 mg g−1) increased with increase in solution pH for all slags, which, in turn, was strongly related to the lime content of the slags. The results indicated that the removal of Cu2+ ions occurred via precipitation of hydroxides at high equilibrium pH. Similarly, Huifen et al. [97] also explored the multi-solute adsorption of Cu2+, Zn2+ Cd2+ and Pb2+ ions by steelmaking slag as a function of solution pH (at 25 mg L−1 Me2+, 30 g L−1 slag). The adsorption efficiency increased with increase in solution pH, which was attributed to ion exchange below pH 3.5 and hydroxide precipitation above pH 3.5 as a result of slag hydrolysis. These findings also concurred with earlier studies by Dimitrova [70] and Dimitrova and Mehandgiev [19,42] finding that the removal of metal ions was negligible below pH 5 due to the competitive effect of hydrogen protons.



Xue et al. [77] applied speciation diagrams and an extended constant–capacitance surface complexation model to determine the pH-dependence and mechanism of adsorption of Cu2+, Cd2+, Pb2+ and Zn2+ ions on BOF slag in both single and multicomponent systems. The value of pH50, defined as the pH at which 50% of the adsorption takes place, was found to follow the sequence Zn > Cu > Pb > Cd in single-solute systems, and Pb > Cu > Zn > Cd in multi-solute systems. Xue et al. [77] proposed that, for all ions, adsorption initially occurred on permanent charge sites at low pH via an ion-exchange process, followed by adsorption at variable charge sites to form complexes at high pH values. The shift in the adsorption mechanism largely depended on the type of cations and pH. Furthermore, the differences in surface speciation reflected the fact that metal ions that readily formed hydrolysis products adsorbed via complex formation on variable charged sites. The observed order of preference in single-solute systems was attributed to the tendency of cations to form hydrolysis products. In multi-solute systems, the preference for Pb2+ sorption was attributed to the smaller hydrated cationic radius of Pb2+ ions as well as to the higher electronegativity of Pb for electrostatic and inner surface complexation reactions (discussed in Section 4.3.5).



Liu et al. [89] investigated the adsorption of Cr3+ ions by steelmaking slag (100 mg L−1 Cr3+, 30 g L−1 slag, and composition 38.83 wt. % Fe2O3, 32.73 wt. % CaO, 10 wt. % MgO, 3.29 wt. % MnO, 12.33 wt. % SiO2, 0.18 wt. % Al2O3, and 0.2 wt. % Cr2O7). Complete adsorption was attained in the pH range 1.3–7.5. However, other studies have reported that the removal of Cr3+ was only possible at pH < 5 [98,99]. From the Pourbaix diagrams, Cr3+ and CrOH2+ species are the dominant species in the pH range 2–4, while increasing the pH over 5 would result in the formation of soluble hydroxyl complexes such as Cr(OH)3 [98,99,100]. In a similar study, Han et al. [85] also proposed that acidic conditions favoured the removal of Cr6+ ions by BOF slag. In both cases, the specific role of acid was to neutralise any OH− ions generated from the hydrolysis of slag, thereby reducing the formation of soluble Cr(OH)3 species. Most importantly, the chemical reaction between the acid and the FeO and Fe3O4 phases in slag released Fe2+ ions that were responsible for the removal of Cr6+ through a redox process [85,89].



In a recent study, Gao et al. [84] proposed that the efficiency of vanadium removal from soil washing effluent by BOF slag (100 mg L−1 V, dp < 0.15 mm; 50 g L−1 slag; 1< pH <11) was not affected by the initial pH of the solution. The lack of pH-dependence on the removal of vanadium ions can be attributed to the high initial pH of slag (pH = 12.47) as a result of the high content of basic oxides (33.66 wt. %CaO, 30.87 wt. Fe2O3, 6.06 wt. % MgO, and 2.60 wt. % MnO). Furthermore, according to Gao et al. [84], vanadium exists as anions in solution and, consequently, was unlikely to form hydroxyl precipitates with the OH− or suffer from antagonistic competitive effects of H+ or other cations on slag surfaces.




4.3.2. Effect of Initial Concentration of Metal Ions


The amount of ions adsorbed is a function of the initial concentration of the adsorbate [69,70,77,101,102]. According to Weber and Morris [102], the initial rate of adsorption is directly proportional to the solute concentration in processes that are controlled by site adsorption. Increasing the initial adsorbate concentration thus increases the driving force to overcome the resistance to mass transfer of metal ions between the aqueous and the solid phases [102]. Results from several other studies have also confirmed the effect of initial concentration of adsorbates on the performance of granular slag adsorbents [69,70,73,77,85]. In particular, Xue et al. [77] observed an increase in the amounts of Cu2+, Pb2+, Zn2+ and Cd2+ ions adsorbed onto BOF slag with increases in solute concentration. Similarly, Liu et al. [69] also observed that the adsorption efficiency of Pb2+ ions increased with increase in initial concentration. Since external diffusion was considered to be rate-controlling, the higher solute concentrations provided the driving force and reduced the resistance to external diffusion of the adsorbates [69,70,77].



It must be noted that other studies found contrasting results. For example, Zahar et al. [73] observed that the adsorption efficiency of Mn2+ by steelmaking slag decreased with increase in initial concentration. A similar trend was also observed by Han et al. [85] based on the adsorption of Cr6+ ions by BOF slag from solutions containing 75–150 mg L−1 Cr6+. Complete adsorption was achieved in adsorption systems with initial concentrations of up to 100 mg L−1 Cr6+, and decreased to 65% when the solute concentration was increased to 150 mg L−1 Cr6+ [85]. Similarly, Gao et al. [84] reported a decrease in the adsorption efficiency of vanadium with an increase in initial concentration. A study by Dimitrova [70] using ungranulated blast furnace slag also found that the adsorption efficiency was limited to 60% Cu2+, 46% Zn2+ and 32% Ni2+ in relatively high solute solutions (C0 = 3.5 × 10−3 M), whereas complete adsorption of Cu2+ and Zn2+, and 72% of Ni2+ was achieved from dilute solutions (C0 = 5 × 10−4 M). Dimitrova [70] proposed the colloid–chemical interactions of solutes, both in solution and on the surfaces of slag, to be the driving force for adsorption.




4.3.3. Effect of slag loading ratio


In general, higher adsorbent loading ratios result in higher adsorption efficiencies. Increasing the adsorbent loading ratio increases the sorptive surface area and the number of available active binding sites. The relationship between the adsorbent mass and adsorption efficiency has been confirmed in many studies [42,69,85,89,97]. Dimitrova and Mehandgiev [42] proposed that the adsorption efficiency of metal ions increased with increase in g-BFS adsorbent/sorbate ratio at any given initial metal ion concentration. The researchers proposed that the adsorption of Pb2+ ions occurred via an ion-exchange mechanism through which the calcium dissolution from slags created free adsorption sites for Pb2+ ions. Thus, increasing the adsorbent loading ratio at fixed adsorption volume increased the amount of adsorption sites and equilibrium pH conditions favourable for Pb2+ adsorption.



Huifen et al. [97] explored the adsorption of a multi-solute system of Cu2+, Zn2+ Cd2+ and Pb2+ ions (Cu2+= Zn2+ = Cd2+ = Pb2+ = 25 mg L−1) by steelmaking slag as a function of the mass of slag. Similarly, the adsorption efficiency increased with increase in mass of slag. In a similar study, Liu et al. [89] also observed that the efficiency of Cr3+ ion adsorption by steelmaking slag (100 mg L−1 Cr3+, 30 g L−1 slag) increased with increase in solid/liquid phase ratio. Similarly, Han et al. [85] observed an increase in adsorption efficiency of Cr6+ ions and fast kinetics in the initial stages of the adsorption process with increase in the mass of BOF slag. Since the removal of Cr6+ ions was proposed to occur via a redox process involving Fe2+ ions, increasing the mass of slag increased the concentration of solubilised Fe2+ ions available for the redox reaction [85]. In a more recent study, Gao et al. [84] also confirmed an increase in the adsorption of vanadium ions when the BOF slag loading ratio was varied between 0.5 and 2.5 g L−1.



The slag loading ratio critically affects the adsorption capacity and, subsequently, the design of adsorption processes themselves. Indeed, the amount of adsorbent affects the design size of the adsorption vessel and, ultimately, the overall costs of the adsorption process. Since ironmaking and steelmaking slags are typically associated with limited adsorption capacities, large quantities of slag would then be required to attain reasonable effluent discharge standards. In other words, the low adsorption capacity dictates the use of higher slag loading ratios, which in essence, creates challenges in terms of the reactor size and the overall environmental footprint of the treatment plants. Thus, the economic application of ironmaking and steelmaking slags as low-cost and sustainable adsorbents depends on increasing their adsorption capacities. Section 5 highlights some of the promising approaches to enhance the adsorptive capacities of slags.




4.3.4. Effect of Particle Size


Adsorption is a surface heterogeneous reaction involving pore and intraparticle diffusion. In essence, the effective mass transfer kinetics of heterogeneous systems depend on particle size distribution, specific surface area and particle porosity, among other factors [3,103,104,105,106]. This means that adsorbent particle sizes play a significant role on the adsorption capacity and rate of adsorption by granular, non-porous adsorbents. The surface area increases with a decrease in particle size and this, in turn, increases adsorption opportunity on the outer surfaces of slag materials [3]. Findings from previous studies have also corroborated the effect of particle sizes of ironmaking and steelmaking slags on the removal of metal ions from solution. For example, Liu et al. [89] observed an increase in the adsorption efficiency of Cr3+ ions (C0 = 100 mg L−1 Cr3+; 30 g L−1 slag) with a decrease in the particle sizes of steelmaking slag. The initially high rate of Cr3+ ion adsorption was attributed to the availability of large surface area at the start of the adsorption process. However, as adsorption progressed, surface adsorption sites become exhausted and the overall rate of adsorption thus became controlled by the intraparticle or pore diffusion. Liu et al. [69] also observed that the efficiency of adsorption of Pb2+ ions (100 mg L−1 Pb2+ initial concentration and 30 g L−1 slag loading ratio) increased from 46.5% to 96% when the particle size range was reduced from 25–18 mm to 0.125–0.09 mm, beyond which further reduction in particle size had no significant effect on the adsorption efficiency. Han et al. [85] observed a decrease in Cr6+ adsorption by BOF slag when particle size was increased beyond 0.045–0.058 mm. Similarly, Gao et al. [84] also observed an increase in the adsorption efficiency of vanadium from soil-washing effluent when the BOF slag particle size was decreased from 0.15–2 mm to < 0.15 mm.



Based on findings from these and several other studies, reducing the particle sizes increases the surface area for adsorption, and thus enhances the opportunity for adsorption of metal ions through pore and intraparticle diffusion. It is also clear that the diffusional resistance to mass transfer is greater for larger particles, due to possible blockage of surface sites, longer diffusional path lengths, mass transfer resistance and shorter contact time, among other factors [69,89,103,105]. Nevertheless, the chemical and geometric phase heterogeneity of slags significantly affects the elaborate understanding of mechanism of adsorption. For example, Dimitrova and Mehandgiev [42] could not establish any mathematical relationship between the adsorption of Pb2+ ions on BFS and surface area with decrease in the particle size diameter of slag.




4.3.5. Competitive Multi-Solute Adsorption


Multi-solute systems are the typical state of pollutants commonly associated with industrial effluents and wastewaters. However, multi-solute adsorption may be complicated by the effects of interaction and competition amongst the solutes on adsorbent sites. Several studies highlighted so far have proposed the adsorption capacities and mechanisms of multi-solute adsorption to involve ion exchange, electrostatic interaction and complex adsorption. However, the relative contribution of these mechanistic steps is not clear, mostly due to the complexity imposed by the heterogeneity of the slags [22,23] and/or the complex synergistic or antagonistic interactive effects of metal ions in multi-solute systems [77,100,107,108,109]. In addition, interpretations of multi-solute adsorption data appear to be inconsistent, and the mechanisms are yet to be clearly understood.



For typical cations found in common industrial effluents, the order of selectivity in multi-solute systems can be affected by interaction of complex factors such as the cationic radii (e.g., Pb2+ = 1.19Ǻ; Cd2+ = 0.95 Ǻ; Zn2+ = 0.75 Ǻ; Cu2+ = 0.73 Ǻ; Ni2+ = 0.70 Ǻ; Cr3+ = 0.69 Ǻ, etc.), hydrated cationic radii (e.g., Pb2+ = 4.01 Ǻ; Cu2+ = 4.19 Ǻ; Cd2+=4.26 Ǻ and Zn2+= 4.3 Ǻ; Ni2+=4.04 Ǻ) and hydration energy (e.g., Eh(Pb2+) = −1481 kJ mol−1 < Eh(Cd+2) = −1807 kJ mol−1 < Eh(Ni2+) = −2106 kJ mol−1 < Eh(Zn2+) = −2046 kJ mol−1 < Eh(Cu2+) = −2119kJmol−1 < Eh(Cr3+) = − 4560 kJ mol−1) [107,108,109,110,111,112]. The ionic radius of metal ions is inversely related to the charge density and electrostatic attraction, which, in turn, limits the interaction of the metal ions with adsorption sites [108,109,113]. Furthermore, metal ions with higher Pauling electronegativity (e.g., Pb2+ (χ = 2.33) > Ni2+ (χ = 1.91) > Cd2+ (χ = 1.69) > Cr3+ (χ = 1.66) > Zn2+ (χ = 1.65) > Cu2+ (χ = 1.90)) and lower hydration energy adsorb more readily onto the surface of adsorbents [108,109,113].



A number of studies have attempted to elaborate the mechanism of competitive adsorption in multi-solute systems [19,70,77,89,100,107,108,109,111]. For example, Gao et al. [86] proposed the adsorption of Cd2+ = Ni2+ = Pb2+ = 2 mg L−1; Cu2+ = 0.1 mg L−1 by iron-rich slag to follow the following selectivity sequence: Pb2+ > Cu2+ > Ni2+ > Cd. In a similar study, Dimitrova [70] observed the adsorption behaviour of a multi-solute system consisting of Cu2+, Ni2+ and Zn2+ on blast furnace slags to follow the selectivity sequence Cu2+ > Zn2+ > Ni2+. Xue et al. [77] also proposed the selectivity sequence of both single-solute and multi-solute adsorption systems of Cu2+ = Cd2+ = Pb2+ = Zn2+ = 0.21 mmol L−1 at pH50 and 13.6 g L−1 BOF slag to follow Zn2+ > Cu2+ > Pb2+ > Cd2+ in single-solute systems, and Pb2+ > Cu2+ > Zn2+> Cd2+ in multi-solute systems. The higher preference for adsorption for Pb2+ ions, for example, in multi-solute systems can be attributed to lower cationic radii (4.01 Ǻ ), lower hydration energy (−1807 kJ mol−1) and higher Pauling electronegativity (χ = 2.33), which resulted in stronger electrostatic interaction with the active functional groups present in the slag [77,108,109,113]. Similarly, Liu et al. [89] conducted a multi-solute adsorption study involving Cr3+, Cu2+, Pb2+ and Zn2+ ions at 25 mg L−1 each, with 120 g L−1 of steelmaking slag, and proposed the adsorption sequence to follow Cr3+ > Zn2+ > Cu2+ > Pb2+. The preferential adsorption behaviour of Cr3+ was attributed to the higher electrostatic attraction as a result of the higher charge density of the Cr3+ ions. In other words, the smaller the cationic radii and the greater the valence, the more closely and strongly the ion was adsorbed onto adsorbent surfaces [107,108,109,110,111,112,113]. The findings by Liu et al. [89], however, were inconclusive regarding the adsorption selective behaviour of the other ions (Zn2+, Cu2+ and Pb2+) in solution with Cr3+, which in essence, presents both challenges and opportunities for future studies to elaborate further the mechanistic behaviour of such multi-solute industrial systems.



The decrease in solute adsorption from multi-solute systems relative to their respective single systems can be attributed to the effects of competitive adsorption as the metal ions compete for active sites present on the surface of the adsorbent [19,70,77,86,89,113,114,115,116]. Xue et al. [77] proposed that metal ions that form hydrolysis products (e.g., Cu2+, Pb2+ and Zn2+) are more readily adsorbed to variable-charge surfaces at higher pH values. It is thus assumed that an increase in amounts of more strongly bonded ions reduces the number of adsorption sites available for further adsorption of other cations from multi-solute systems. According to Neris et al. [113], the presence of other ions in multi-solute industrial effluents and wastewaters can affect the ability to remove certain metal ions present in aqueous solutions, either through synergistic or antagonistic competitive effects.






5. Opportunities to Enhance the Adsorption Performance of Slags


The performance of slags as adsorbents largely depends on their physical properties (e.g., internal pore volume, porosity and internal surface area), chemical composition and phase chemical properties. These properties are, in turn, affected by the degree of crystallisation achieved during the solidification process. Thus, to date, several studies have demonstrated the correlation between the adsorption capacity and the degree of crystallisation of the slags. In fact, the presence of crystalline phases such as gehlenite (Ca2Al2SiO7) and akermanite (Ca2MgSiO7) has been suggested to significantly increase the adsorption capacity of granulated blast furnace slags [15,19,57]. Nonetheless, the chemical and geometric heterogeneities arising from variable chemical and phase chemical compositions, and cooling and the crystallisation behaviours, often result in inconsistencies of the adsorption properties of slags [59,77]. This is particularly the case for pore structure and specific surface area, as such properties tend to be strongly dependent on the cooling and crystallization behaviour.



The adsorption properties of slags reported in Table 5 are significantly lower than those reported for commercial adsorbents (Table 1). Nevertheless, ironmaking and steelmaking slags are still comparatively attractive for use as low-cost adsorbents since they are inexpensive byproducts produced in large volumes [3,4,25,117]. In addition, ironmaking and steelmaking slags have high mechanical strength properties and, as such, the adsorbents derived from these materials are most likely to have desirable properties such as high resistance to abrasion and attrition when in use [117]. Thus, in order to overcome the obvious performance challenges and increase the utilisation potential of slags as adsorbents, several techniques have been proposed to modify the core functional properties of slags in order to improve their adsorption capacities.



To date, several studies have reported on the benefits of modification and/or activation treatment to increase the specific surface area and density of adsorption sites on the surfaces of the adsorbent particles [42,57,59,60,61,62,63,64,65,66]. Other studies have also proposed the synthesis of functionalised adsorbents such as geopolymers [74,118,119,120,121,122,123], permeable reactive barriers or slag filters [124,125,126,127,128,129,130,131,132], zeolites and zeolite precursors [133,134,135] and layered double-hydroxide-based adsorbents [133,134,135,136,137,138]. This section discusses in detail the opportunities to improve the adsorption capacity of slag-based adsorbents. In particular, it discusses the common modification and activation techniques and their impact on the adsorption performance of the slags. It also provides a brief overview of properties of permeable reactive filters, slag-based zeolites and layered double hydroxides. It concludes by highlighting the application of these novel slag-based adsorbents in the treatment of industrial effluents and wastewater.



5.1. Activated Slags and Their Performance as Adsorbents


It has been proposed that the performance of activated slags is comparable to that of activated carbon [3,15,42,59,70]. Basically, slags can be activated via three main routes, namely thermal, mechanochemical and alkali activation. The following subsections discuss in detail the various activation methods and the resulting adsorption capacities of the activated slags.



5.1.1. Thermal Activation


Thermal activation involves purposeful heat treatment, with and without additives, to increase the amount of crystalline phases in solidified slags. To date, extensive studies have highlighted the benefits of activation of slags for use in the adsorption of cations and anions from industrial effluents and wastewaters [42,57,59,60,61,62,63,64,65,66,139,140]. In particular, Yang et al. [139] investigated the effect of nitrate removal by thermally activated steelmaking slags mixed with Al(OH)3. The performance of slags modified at 800 °C was 1.9 times higher than that of unmodified slags. The superior performance was attributed to a 3.34-fold increase in specific surface area and a 2-fold increase in the total pore volume of thermally modified slags [139]. Islam and Patel [60] observed an increase in porosity from 9.74% to 17.89%, and in specific surface area from 5.62 m2 g−1 to 40.89 m2 g−1, in BOF slags thermally activated at 1000 °C for 24 h. The fluoride adoption capacity of the thermally activated slags was also significantly higher than that of un-activated slags [60]. In earlier studies, Dimitrova et al. [15] also investigated the adsorption Cu2+ ions on g-BFS heat-treated between 400 °C and 1000 °C. Their findings indicated that the thermal activation of the largely amorphous g-BFS at temperatures greater than 600°C facilitated the formation of crystalline phases such as Ca2Al2SiO7, Ca2MgSi2O7 and CaAl2Si2O8, which in turn, resulted in a 2-4-fold increase in the adsorption capacity for Cu2+ ions.




5.1.2. Mechanochemical Activation


Mechanochemical activation uses mechanical energy to promote the rate of reaction in physicochemical processes. It involves the compound effects of particle fracture and other bulk and surface physicochemical changes [140,141,142,143,144]. The adsorption capacity of slags can thus be enhanced by the finer particles, physicochemical activation, and the higher specific surface area arising from mechanochemically induced dislocations and other defects [59,65,140,142,144]. Of particular interest to this review are studies by Andini et al. [144] and Li et al. [65]. Andini et al. [144] investigated the mechanochemical activation of blast furnace slags using different milling conditions in a planetary mill (charge ratios, CR = 50, and CR = 100; rotational speeds, v = 300 rpm and 600 rpm; and time, t= 15 min and 120 min). The specific surface area, total specific porosity and specific mesoporosity of milled materials significantly increased from 7 m2 g−1, 0.0239 cm3 g−1 and 0.0149 cm3 g−1 in untreated samples to 15.5 m2 g−1, 0.5963 cm3 g−1 and 0.1885 cm3 g−1, respectively, after milling at CR = 50; v = 300 rpm and t = 15 min. However, further increasing the severity of milling conditions to CR = 100; v = 600 rpm and t = 120 min marginally increased the specific surface area, total specific porosity and specific mesoporosity to 8 m2 g−1, 0.0642 cm3 g−1, and 0.0298 cm3 g−1, respectively. The observed behaviour at more severe mechanochemical activation conditions was attributed to increased agglomeration of particles. In a recent study, Li et al. [65] investigated the adsorption of phosphorus on steelmaking slag modified by high-energy planetary milling. The specific surface area and the total pore volume of the modified slags increased from 2.96 m2 g−1 and 0.0046 cm3 g−1 to 4.85 m2 g−1 and 0.016 cm3 g−1, respectively. In addition to the faster adsorption equilibrium, the observed P-adsorption by modified slag was 2.6 times higher than that of un-modified slags. These findings clearly demonstrated the beneficial effects of mechanochemical activation on the adsorption performance of slags [65,144].




5.1.3. Alkali Activation and Geopolymerisation of Slags


Alkali-activated slags, also known as geopolymers, are synthesised from the reaction of a solid aluminosilicate precursor under alkaline conditions to produce a product consisting of hydrous alkali-aluminosilicate and/or alkali-alkali-earth-aluminosilicate phases [74,117,118,119,120,121,122,123,145]. Geopolymers are amorphous or partly crystalline materials composed of [SiO4]4− and [AlO4]5− 3D-tetrahedral structures linked randomly by covalently shared oxygen atoms [74,118,121,123,145]. The negative charge of the [AlO5]5− tetrahedron is balanced by exchangeable alkali and alkali-earth cations such as Na+, K+, Ba2+ and Ca2+ ions. Thus, the high cation-exchange capacity makes them ideal candidates for the adsorption of heavy metal ions from solution, since the extra framework cations can be replaced by dissolved cations through ion-exchange reactions. Furthermore, the high porosity and surface area also significantly increase the adsorption capacity for heavy metal ions [117,121].



As discussed in Section 2, ironmaking and steelmaking slags belong to the CaO-SiO2-MgO-Al2O3 system. Thus, these slags typically contain significant amounts of silica, aluminosilicates and calcium-aluminosilicate phases, which makes them ideal precursors for the synthesis of low-cost, slag-based geopolymer adsorbents. To date, extensive studies have focused on evaluating the performance of geopolymerised slags as novel functionalized adsorbents and photocatalysts in the treatment of industrial effluents and wastewaters [74,117,119,120,121,122,123,146,147].



Zhang et al. [118] synthesised a Ni-Ca cementitious-materials-based catalyst from steelmaking slag via a two-step reaction involving polymerisation and ion exchange. The Ni-Ca cementitious material achieved over 94% photocatalytic degradation of methylene blue dye under ultraviolet irradiation. In a similar study, Zhang et al. [146] proposed a three step process of polymerisation, ion exchange, and impregnation to synthesise a novel catalyst from alkali-activated granulated blast-furnace-slag-based cementitious material (ASCM) doped with Fe2O3. The cementitious product was then applied to photocatalytically degrade Congo red dye. The photocatalytic reaction was observed to follow second-order reaction kinetics. The high degradation efficiency was attributed to the strong interaction between the ASCM and the active Fe2O3 species [118].



Runtti et al. [74] conducted a comparative evaluation of adsorption of capacities of SO42- ions from mine wastewater using BFS, metakaolin (MK), geopolymerised blast furnace slag (BFS-GP) and metakaolin geopolymers (MK-GP). The BFS and metakaolin geopolymers were also modified by incorporating barium, in the form of BaCl2, into the geopolymer matrix. High specific surface areas were achieved in BFS-GP (64.5 m2 g−1) and Ba-modified BFS-GP (63.1 m2 g−1), compared to unmodified BFS (2.79 m2 g−1), MK (11.5 m2 g−1) and MK-GP (22.4 m2 g−1). Furthermore, the Ba-modified geopolymerised materials exhibited higher SO42- ion-removal capacity compared to similar but ungeopolymerised materials. Since geopolymers naturally have a low affinity for the sorption of anions (e.g., SO42−), the Ba-modification of geopolymerised materials represented a technical opportunity to achieve low residual concentrations of SO42− (< 2 mg L−-1) in mine effluents.



In a similar study, Luukkonen et al. [119] investigated the simultaneous removal of Ni (II), As (III) and Sb (III) from spiked mine effluents using metakaolin and blast furnace slag geopolymers. The specific surface areas of unmodified BFS, geopolymerised BFS (BFS-GP), unmodified metakaolin (MK) and metakaolin geopolymers (MK-GP) were in the order of 2.79 m2 g−1, 64.5 m2 g−1, 11.5 m2 g−1, and 22.4 m2 g−1, respectively. The micropore volume of BFS-GP increased from 0.001 cm3 g−1 to 0.025 cm3 g−1, while the macro- and mesopore volumes also increased from 0.008 cm3 g−1 to 0.070 cm3 g−1, respectively, as a result of geopolymerisation. Despite the low sorption capacities obtained for Ni2+, As3+ and Sb3+ ions (3.74 mg g−1, 0.52 mg g−1 and 0.34 mg g−1, respectively), possibly due to the non-synergistic competitive adsorption behaviour among the adsorbates, the results indicated BFS-GP to be the most effective sorbent compared to BFS, MK and MK-GP.



In a more recent study, Sarkar et al. [147] synthesised a geopolymer from calcium-oxide-rich BOF slag, using a NaOH and Na2SiO3 mixture (1:1 w/w), to form a product consisting of a tetrahedral porous matrix consisting of Ca2SiO4 and Ca3SiO5. The specific surface area and total pore volume in geopolymerised slag increased from 4.859 m2 g−1 and 0.018 cm3 g−1 to 30.84 m2 g−1 and 0.091 cm3 g−1, respectively. The average pore diameter also decreased from 155Ǻ to 118.6Ǻ. Batch experiments using geopolymerised BOF slag achieved maximum adsorption uptake of Ni2+ of 85.29 mg g−1 at 318 K from a solution containing initial 175 mg L−1 Ni2+. The adsorption rate followed a pseudo-second-order model, further indicating that the process was dominated by chemisorption.





5.2. Slag-Based Permeable Reactive Barrier Materials


To date, extensive studies have focused on developing efficient and long-lasting filter media for constructed wetlands. Constructed wetlands (CWs) are subsurface constructions situated across the path of contaminated effluent flow, and constitute low-cost artificial treatment systems commonly used for in situ passive treatment of municipal and industrial wastewaters [126]. Their performance is thus strongly related to the physicochemical and hydrological properties of the filter materials [148,149]. Due to the low cost and high abundance of ferrous slags, the use of slag-based reactive permeable materials (herein interchangeably referred to as slag filters) in CWs has attracted global attention in recent years. To date, slag-based permeable reactive media have extensively been investigated as a promising technology in the economical remediation of municipal and agricultural wastewaters, acid mine drainage, landfill leachates and other contaminated process waters [71,124,125,126,127,128,129,130,131,132,150,151,152,153]. By their nature, ironmaking and steelmaking slags contain significant amount of lime (e.g., 30–50 wt. % CaO for BOF slags) occurring either as free CaO or as CaO bound to various silicate, aluminate and ferrite phases such as Ca14Mg2(SiO4)8, Ca2Al2SiO7 and Ca2Fe2O4. Thus, slag filters made from the basic calcium-rich slags are of particular interest, as the chemical and hydration reactions result in high effluent pH, adsorption capacity and chemical precipitation [125,126,127,128,129,130,131,132,152].



Bowden et al. [152] investigated the removal of phosphorus using BOF slag (normalised composition 39.9 wt. % CaO, 10.2 wt. % SiO2, 3.2 wt. % Al2O3, 5.1 wt. % MgO, 34.6 FeO, 4.2 % MnO, 2.3 wt. % P2O5, and 0.5 wt. % TiO2). Long-term continuous flow column tests achieved effective phosphorus (C0 = 1–50 mg L−1) removal of up to 62% after 406 days. Phase characterisation of loaded slags indicated the formation of increasingly less soluble octacalcium phosphate (Ca8H2(PO4)6·5H2O), brushite (CaHPO4·2H2O) and hydroxyapatite ((Ca5(PO4)OH)) phases on the surfaces of the slags. Pratt et al. [125] also proposed the removal of phosphate ions from P-effluent solutions to occur via adsorption onto the amorphous Fe-oxyhydroxides dominating the porous matrix and surface of the slag, followed by precipitation of stable Ca-Fe-P-O precipitates on the slag surfaces.



Claveau-Mallet et al. [132] investigated the long-term column treatment of multi-component mining leachate containing phosphate, fluoride, Mn2+ and Zn2+ ions using EAF-based reactive slag filters. The slag filter system containing approx. 7% readily soluble Ca14Mg2(SiO4)8 phases achieved a removal efficiency of 99.9% P, 85.3% F, 98% Mn2+ and 99.3% Zn2+ after 179 days of operation. Claveau-Mallet et al. [132] proposed that the removal of phosphates, fluorides and metal ions (Mn2+ and Zn2+) in Ca-rich slag filters was pH-dependent and occurred mainly via the formation of hydroxyapatite (Ca5(PO4)OH) and fluoroapatite (Ca5(PO4)3F phases on the surfaces of slags [132].



Barca et al. [128] investigated the removal of phosphorus (C0 = 10 mg L−1) from a wastewater treatment plant using EAF (normalized composition: 35.2 wt. % FeO, 27.4 wt. % CaO, 15.3 wt. % SiO2, 10.1 wt. % Al2O3, 9.4 wt. % MnO, 2.0 wt. % MgO, and 0.6 wt. % P2O5) and BOF (normalized composition: 29.2 wt. % FeO, 44.7 wt. % CaO, 12.3 wt. % SiO2, 1.4 wt. % Al2O3, 3.5 wt. % MnO, 7.0 wt. % MgO, and 1.8 wt. % P2O5) slags. P-removal performance after 52 week longitudinal tests improved with increasing CaO content in the slags, as well as with decreasing particle sizes of the slag particles. In particular, smaller-sized EAF slags (5–16 mm) and BOF slags (6–12 mm) achieved 98% (0.91 g P kg−1 EAF slag) and > 99% (1.05 g P kg−1 BOF slag), respectively, compared to 88% (0.81 g P kg−1 EAF slag) and 95% (1.01 g P kg−1 BOF slag) for larger-sized EAF (20–40 mm) and BOF (20–50 mm) slags, respectively. Similarly, Barca et al. [128,129] conducted longitudinal 2 year field experiments to investigate P-removal performance using EAF slag (unnormalised composition: 43.7 wt. % Fe2O3, 26. 0 wt. % CaO, and 14.4 wt. % SiO2; 20–40 mm) and BOF (unnormalised composition: 54.6 wt. % CaO, 27.0 wt. % Fe2O3, and 13.3 wt. % SiO2; 20–40 mm) slags in CWs. Over the 2 year period, EAF slag-based filters removed 37% of the total inlet P, compared to 62% removal in BOF slag-based filters. The P-removal efficiencies increased with increasing CaO content, as well as with increasing temperature and hydraulic retention ratio for both slags. Barca et al. [128,129] proposed the mechanism of P removal to be controlled by the dissolution of Ca-bearing phases from slags, followed by the precipitation of Ca-phosphates and their accumulation onto the filters.



Sasaki et al. [151] investigated the immobilisation of arsenate and other ions in groundwater impacted by acid mine drainage using a permeable reactive barrier column containing granulated blast furnace slag. At pH = 2, the As5+ decreased from 15 mg L−1 to 0.4 mg L−1. The authors proposed the removal mechanism to involve the formation of hydrated calcium arsenate phases from the co-precipitation with iron oxyhydroxides on the surfaces of the adsorbent [151]. Similarly, Ahn et al. [124] evaluated the comparative performance of BF and BOF slags on the removal of As5+ and As3+ from tailings leachate (variable pH; As5+ = As3+ = 25 mg L−1). The BOF slag proved to be a better sorbent due to the higher CaO content, which favoured the formation of Ca-As compounds. The importance of CaO in the immobilisation of arsenate, via the formation of low-solubility calcium-arsenates, has also been emphasised in other studies [154,155,156,157], and is proposed to occur according to the following reactions (Equations (16)–(18)).
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The studies highlighted so far indicate the high potency of ironmaking and steelmaking slags as permeable reactive media for remediating contaminated wastewaters and effluents. However, the long-term environmental impact of slag-based permeable reactive media requires further research. For example, the concomitant leachability of the dissolved and/or entrained metal species within the slag matrix, particularly for steelmaking slags, under different solution pH conditions requires further research. Thus, the global acceptance of in situ slag-based permeable reactive filters is predicated on developing an in-depth understanding of their long-term toxicity characteristic leaching behaviour [24,158,159]. The potential environmental challenges of steelmaking-slag-based adsorbents are further discussed in Section 6.




5.3. Synthesis of Zeolites from Slags


Unlike their geopolymer counterparts, which are amorphous or partly crystalline, zeolites are microporous, crystalline aluminium-silicates, with group I or II as counterions. The structure of a zeolite is made up of a framework of [SiO4]4− and [AlO4]5− tetrahedrally linked to each other at the corners by sharing their oxygens [13,160,161,162]. Figure 1 shows an idealised structure of a zeolite framework of tetrahedral [SiO4]4−, with a Si/Al substitution ([AlO4]5− yielding a negative charge, and consequently a cation-exchange capacity [13,160].



Zeolites can be natural or synthetic in nature. Natural zeolites, formed through natural geological processes, typically possess a honeycomb-like structure consisting of openings or pores of the order of a few atoms in width (~2–10Ǻ) [161]. In contrast, synthetic zeolites are synthesized by hydrothermal chemical processes using calcium-rich aluminosilicate materials as feedstocks [161]. Conventional hydrothermal processes involve reaction of the zeolite precursors with alkaline media such as NaOH, Na2SiO3, Na2CO3 and KOH. The type and quality of the zeolite formed is thus a function of the hydrothermal temperatures, pressures, concentration of reagent solutions, pH, process of activation and ageing period. Synthetic zeolites also tend to possess more uniform lattice structures and uniformly sized pores when compared to their natural counterparts [13,160,161,162].



Zeolites are clinoptilolitic in nature, and exhibit a strong affinity for the sorption of heavy metal ions from solutions [116,161,162,163,164,165,166,167]. Furthermore, the adsorption properties of zeolites depend on their high cation-exchange capabilities, and channel or pore diameter and volume [13,122,160,161,162,163]. The 3D structure of zeolites possesses large channels containing negatively charged sites, with the negative charge being balanced by cations such as Na+, K+, Ca2+ and Mg2+ [13,160,161,162]. The exchangeable cations occupy channels within the structure, and can easily be replaced by heavy metal cations [163]. Furthermore, the channels are microscopically small, thereby facilitating cation exchange during the adsorption process [161,162].



In essence, zeolites can be classified as low-silica, intermediate-silica, or high-silica zeolites, and the Si/Al molar ratio of the zeolite precursors thus determines the type and properties of the zeolite produced [161,162]. Thus, the high silica, aluminosilicate and calcium-aluminosilicate content of ironmaking and steelmaking slags makes them ideal precursors for the synthesis of zeolites and their variants. To date, several studies have explored the synthesis of zeolites using ironmaking and steelmaking slags as precursors [133,134,135]. In particular, Sugano et al. [133] synthesised type-A zeolite from the hydrothermal treatment of synthetic BFSs under different temperature conditions (328 < T < 358 K; 1 M NaOH solution; and solution to slag ratio of 15 mL g−1). The direct hydrothermal treatment of BFS mixed with SiO2 and Al2O3 (Si/Al = 1 and CaO + MgO = 15 mass %) produced a zeolite product containing 50 mass % Na-P1 (Na6(Si10Al6O32)·12H2O)) and 50 mass % of combined tobermorite (Ca5Si6O16(OH)) and hydrogarnet (3CaO·Al2O3·(3-x)SiO2·2xH2O (where 0 ≤ x ≤3). Further optimizing the zeolite precursors by adding suitable amounts of SiO2 and replacing the Al2O3 with NaAlO2 produced 75 mass % of type-A zeolite (Na12[AlO2)12(SiO2)12]·27H2O) and 25 mass % of combined tobermorite and hydrogarnet. The ratio of type-A zeolite was increased to 82 mass % by using remelted BFS and SiO2 and Al2O3 mixture (Si/Al = 1 and CaO + MgO =15 mass %) [133].



Li et al. [135] synthesised a mixture of NaA (Linde Type A: 6CaO· 6Al2O3·12SiO2) and sodalite (4Na2O·2Al2O3· 6SiO2) zeolites from the hydrothermal treatment of titanium-bearing EAF slag. A NaA zeolite with good crystallinity and cubic morphology was obtained at 140 °C for 3 h at n(SiO2)/n(Al2O3) = 2:1 and n(H2O)/n(Na2O) = 100:1. The transformation from metastable NaA zeolite to a high-framework-density sodalite zeolite was favoured by decreasing the n(H2O)/n(Na2O) to 40:1 while increasing the hydrothermal temperature and time to 160 °C and 12 h, respectively. However, the adsorption capacity for Cu2+ ions by NaA synthesised at 120 °C was significantly higher (1.346 mmol g−1) than that of sodalite synthesised at 140 °C (0.722 mmol g−1) and 160 °C (0.673 mmol g−1). In an earlier study, Kuwahara et al. [134] also synthesized FAU-type zeolites (Type X, Type Y) using a two-step hydrothermal treatment of Ti-bearing steelmaking slag. The FAU-type zeolite was applied as a support for the TiO2 photocatalyst for the degradation of organic pollutants. The photocatalytic activity increased with increasing Si/Al ratio. Due to the abundance of major constituent elements such Ti, Si and Al in slags, these studies clearly highlight novel approaches to the utilisation of otherwise problematic Ti-bearing steelmaking slags [134,135].




5.4. Synthesis of Layered Double Hydroxides from Slags


Layered double hydroxides (LDHs) belong to a class of nanostructured and lamellar-structured anionic clay minerals consisting of positively charged metal hydroxide sheets, exchangeable counter ions and water molecules in the hydrotalcite-like interlayers [136,168,169,170,171,172,173,174]. The general formula of an LDH can be expressed as [M2+1-xM3+x(OH)2]x+(An-)x/n· mH2O, where M2+ and M3+ represent divalent and trivalent metal cations such as Mg2+ and Al3+, respectively; An- represents an intercalated anion for charge compensation; x is the charge density (c.a. 0.25 < x <0.33); and m is the number of interlayer water molecules [136,168,170,172]. Due to the ubiquitous structural and physicochemical properties such as interlayer anion-exchange ability, easy accommodation of cations in the hydroxide layer and strong basicity, LDHs have attracted widespread attention as novel adsorbents in the treatment of industrial effluents and wastewaters [136,168,169,170,171,172,173,174,175,176,177].



To date, extensive studies have investigated the performance of LDHs in the removal of anions and cations from problematic anthropogenic wastes and effluents. Bagherifam et al. [169] investigated the removal of As (III) and As (VI) co-existing with SO43− and CO32− in soils using Zn-Al-SO4 LDHs. The authors observed maximum adsorption capacities of 34.24 mg g−1 and 47.39 mg g−1, respectively. Zhang et al. [174] also observed an incremental adsorption capacity of Cr(VI) by Fe3O4/C/Mg/Al LDH with increase in solution pH (pH range 2–6). A maximum adsorption capacity of 143.3 mg g−1 was observed at pH = 6. However, the equilibrium adsorption capacity decreased with further increase in pH from 6 to 12. Ling et al. [175] observed high adsorption efficiencies for methyl red and Cr(VI) using Co/Fe LDHs (Co/Fe = 2:1, 3:1, and 4:1), and proposed the adsorption mechanism to involve external surface adsorption and interlayer anion exchange. Similarly, Lu et al. [177] investigated the adsorption behaviour of methyl orange and Cr(VI) ions using Ni/Fe LDHs (Ni/Fe = 4:1, 3:1, 7:3, and 1:1). Maximum adsorption capacities of 205.76 mg g−1 methyl orange and 26.78 mg g−1 Cr(VI) were observed for Ni/Fe = 4:1. In a separate study, Gong et al. [176] investigated the competitive adsorption behaviour of heavy metal ions from multi-solute effluents using anisotropic Mg2Al-LDH nanocrystals. The removal efficiencies for Cu2+, Cd2+ and Pb2+ were observed to be 99.7%, 89.3% and 55.4%, respectively. Gong et al. [176] proposed the adsorption behaviour to involve isomorphic substitution coupled with adsorption bonding with the surface hydroxyl groups and surface precipitation. The order of selectivity (Cu2+ > Cd2+ > Pb2+) was attributed to the closer ionic radii of Cu2+ (0.073 nm) and Cd2+ (0.093 nm) to that of Mg2+ in the LDH for isomorphic substitution, compared to that of Pb2+ (0.119 nm) [176].



Given the novelty of LDHs as adsorbents, the straightforward synthesis of novel LDHs from ironmaking and steelmaking slags has begun to gain traction in recent years. In particular, the synthesis of LDHs from ironmaking and steelmaking slags provides interesting opportunities for enhancing the valorisation of these waste materials [136,137,138,168]. Kuwahara et al. [136] proposed a straightforward synthesis of a single-phase, Ca-based LDH material from blast furnace slags using a two-step process of hydrochloric acid leaching and precipitation. The synthesis process produced two streams, a residue containing 92 wt. % SiO2 and a leachate containing Ca and other dissolved metals. The leachate was then precipitated with NaOH to produce a Ca-Al-based hydrocalumite compound (with Ca: Al: Cl = 2:1:1). The phosphate adsorption capacity of the Ca-Al-based hydrocalumite increased significantly, from 1.5 mg g−1 in raw slag to 40 mg g−1, and was three times greater than that of the conventional Mg-Al-based hydrotalcites. Furthermore, single-phase Type-A and Type-X zeolites with exceptional water adsorption capacities (247 mg g−1 and 333 mg g−1, respectively) were synthesised from the conventional hydrothermal treatment (conc. NaOH, 100 °C, 6 h) of the hydrated silica residue [136].



Kuwahara et al. [137] also synthesised a calcium-silicate hydrate (CSH) via a two-step dissolution–co-precipitation of BFS using HCl and NaOH. The optimised conditions (pH = 11 and T = 100°C) produced a calcium-silicate hydrate product with stoichiometry Ca: Si = 1:1, incorporating other metal cations derived from slags (Al3+, Mg2+, Fe3+, Ti3+ and Mn2+) into its structure. The observed high adsorption to Cu2+, phosphate ions and model proteins was attributed to the large specific surface area (219 m2 g−1), pore volume (0.78 cm3 g−1) and cation-exchange properties associated with hydrated Ca2+ ions abundant in the network structure. In a similar study, Shao et al. synthesised hierarchically structured CSH nanocomposites from the direct alkaline activation of steelmaking slags. The CSH-based materials exhibited fast kinetics and high adsorption capacity for Cu2+ (Qmax = 244 mg L−1), Zn2+ (Qmax = 273 mg L−1) and Pb2+ (508 mg L−1) ions. Shao et al. proposed the excellent adsorption performance to result from the release of Ca2+ and OH− from the CSH nanocomposites. Furthermore, the calcined spent CSH product exhibited high reusability potential as a photocatalyst in the degradation of methylene blue dye [137].



The findings from these and several other studies clearly demonstrate the potency of LDH-based adsorbents in the removal of anions and cations from both single- and multi-solute solutions [136,168,169,170,171,172,173,174,175,176]. In particular, the findings highlight the potential to utilise ironmaking and steelmaking slags as low-cost, high-value feedstocks in the synthesis of novel LDH-based adsorbents for treating industrial effluents and wastewaters. Nonetheless, this research is still in its infancy, and further work is still required to optimize and scale up the synthesis to industrial scale before these LDHs can gain global prominence.





6. Environmental Challenges of Steelmaking-Slag-Based Adsorbents


Unlike g-BFS, which have widely been accepted as having low toxic potency, the adoption of steelmaking slags in external markets is still at its infancy [22,23]. As highlighted in Table 3 and Table 4, the heterogeneity of chemical and phase properties of steelmaking slags complicate their adoption as low-cost adsorbents. Furthermore, steelmaking slags are also associated with significant amounts of dissolved and/or entrained alloying elements such as Cr, Ni, Mn, Mo and V [22,23,178]. Thus, the application of steelmaking slags as low-cost adsorbents is constrained by the potential concomitant dissolution and speciation of these toxic metal elements under different environmental conditions. The environmental impact of steelmaking slags is further exacerbated by the high toxicity and potential mobility of these elements, particularly chromium, in environmental ecosystems [22,23,24,159,179,180,181,182,183,184,185].



Chromium is an indispensable alloying element used in large quantities in the production of various grades of steels (approx. 10.5–30 wt. % Cr in stainless steels) [178,186,187]. However, chromium is one of the most problematic heavy metal species typically found in steelmaking slags. This is due to its significantly higher environmental potency compared to other alloying elements listed above [22,23,178]. In fact, chromium, in the form of the hexavalent state (Cr(VI)), is classified as one of the most potent mutagenic, carcinogenic and teratogenic agents known to man [22,23,24,180,181,182]. Given the high anthropogenic potency of chromium, the environmental behaviour of chromium-containing steelmaking-slag-based adsorbents requires further debate. Therefore, this section focuses in detail on the potential of concomitant dissolution of chromium from steelmaking-slag-based adsorbents. Techniques used to stabilise the chromium in stable phases in slags in order to reduce its potential leachability are also discussed.



6.1. Toxicity and Environmental Challenges of Chromium Bearing Slags


Chromium is an indispensable alloying element in the production of stainless steels. In fact, the production of ferrochromium alloys and stainless steel products constitutes one of the major anthropogenic sources of chromium [22,23,181,186,187]. As shown in Table 4, the chromium in steelmaking slags can exist in different forms and oxidation states. Basically, chromium can exist as oxides dissolved in slags (e.g., (Mg,Mn)(Cr,Al,Fe)2O4; FeCr2O4; CaCrO4) or as entrained zero-valent Cr and/or Cr in solid solution with other metals (e.g., Fe-Cr-Ni solid solution). Essentially, most of the chromium dissolved in slag exists in the +3 oxidation state. In the trivalent oxidation state, chromium is stable and has limited mobility in the environment. However, the transformation from the stable trivalent to the unstable hexavalent state is thermodynamically feasible under different oxidative environmental conditions. In the hexavalent state, chromium is highly toxic, soluble in water and highly mobile in the environment [22,23,24,54,183,185,186]. The non-biodegradability of Cr(VI) species further presents long-term ecological risks, as they tend to persist in the environment [182]. Thus, the typical environmental challenges of Cr-bearing slag-based adsorbents typically arise from the potential oxidation and redox reactions involving the unstable Cr-bearing phases to form Cr(VI) species under different environmental conditions [22,23,54,180,181,182,184].



Several studies highlighted in the preceding sections investigated the adsorption performance of steelmaking slags under different environmental conditions. However, few studies, if any, have attempted to evaluate the potential of concomitant dissolution of Cr-bearing phases from these steelmaking-slag-based adsorbents. The presence of readily soluble Cr-bearing phases (e.g., CaCrO4, CaCr2O4, Ca4Al6CrO16 and zero-valent Cr and/or Cr in solid solution with Fe and Ni) in steelmaking slags increases the probability of concomitant dissolution of the chromium phases [54,188,189,190]. Furthermore, as highlighted earlier, Cr(VI) is generated via the oxidation of anthropogenic Cr(III). The chemistry of chromium in any given environmental compartment thus depends on conditions such as pH, concentration, hydrolysis, redox, complexation and/or adsorption conditions [179,180,181,182,183,184]. Likewise, species commonly occurring in steelmaking slags, industrial effluents and in the natural environment, such as ferrous iron, manganese oxides and organic matter, can result in the rapid oxidation of Cr(III) to Cr(VI) [179,180,182,183]. Nonetheless, to date, the effects of the various environmental conditions on the leachability and oxidation of Cr species in steelmaking-slag-based adsorbents are not clear and/or have largely been ignored by most researchers. Thus, it is important for future research to investigate the short and long-term toxicity characteristic leaching behaviours of, and the release of Cr species from, steelmaking-slag-based adsorbents under different environmental conditions [24,158,159].




6.2. Stabilisation of Chromium in Slags


The chromium in steelmaking slags exists in readily soluble oxidation states. Thus, if not stabilised, the chromium in these phases can elute into the environment [22,23,180,181]. To date, extensive studies have demonstrated effective techniques to stabilise the dissolved and/or entrained Cr phases in slags during and after solidification. Technically, the environmental performance of Cr-bearing slags can be improved by controlled post-furnace flux additions and/or variations in the cooling paths [52,54,188,189,190,191,192,193,194,195,196,197,198].



Tanskanen and Makkonen [193] investigated the chemical and phase chemical compositions of air-cooled high-carbon ferrochrome (HCFeCr) slags containing 8 mass % Cr. The authors observed the presence of low-Cr phases such as glass, forsterite, pyroxene and Mg-Al spinel phases, as well as Cr-rich Mg-Al-Cr spinel phases (Figure 2). The authors proposed the Mg(Al,Cr)2O4 and Mg(Al,Cr)2O4 spinel phases to be the main chromium-binding phases in the slag [193].



Kühn and Mudersbach [192] proposed that the addition of MgO, Al2O3 and FeO prior to the crystallisation of molten stainless steelmaking slags stabilised the chromium in stable spinel phases such as (Mg,Fe)(Al,Cr)2O4, FeCr2O4 and MgCr2O4, thereby reducing its leachability. Kühn and Mudersbach [192] also proposed the binding efficiency of the spinel phases to be a function of the spinel factor (Factor sp) (Equation (19)).
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A Factor sp less than or equal to 5 denotes high Cr leaching, while between 5 and 25 denotes less than 0.05 mg L−1 Cr leaching. Lastly, a factor sp greater than 25 denotes little or no chromium leaching. Figure 3 shows the correlation between the spinel factor and the measured chromium leaching levels [54,192].



Albertsson [194] also observed that the addition of Al2O3 to molten stainless steelmaking slags increased the chromium partition ratio to the stable MgAl2O4-MgCr2O4 spinel phases. In an earlier study, Cabrera-Real et al. [189] investigated the effect of basicity (CaO/SiO2) ratio and MgO content on the crystallisation behaviour of CaO-SiO2-Cr2O3-CaF2-MgO slags. The predominance of a stable spinel phase, MgCr2O4, and the minor presence of soluble CaCr2O4 phases was observed at CaO/SiO2 = 1. However, the amount of CaCr2O4 and Ca5(CrO4)4F increased at CaO/SiO2 ≥ 2. Similarly, the effect of Al2O3 and MgO content and CaO/SiO2 ratio on the crystallisation of CaO-SiO2-Cr2O3-MgO slag system was also demonstrated by Garcia-Ramos et al. [188]. The authors observed the presence of soluble CaCr2O4, CaCrO4 and Ca4Al6CrO16 phases in slags solidified without MgO or Al2O3 addition, and proposed that the CaO/SiO2 ratio must be maintained at CaO/SiO2 < 2 in order to mitigate the formation of the soluble phases [188]. Garcia-Ramos et al. [188] also proposed the order of solubility of Cr-bearing species in acidic environments to follow the sequence MgCr2O4 > CaCr2O4 > Ca4Al6CrO16 > CaCrO4.



From the studies highlighted in this subsection, mitigating the solubility of chromium from slags is strongly dependent on its ability to partition to spinel-forming compounds. From Figure 2 and Figure 3, it is clear that the concomitant dissolution of chromium under different environmental conditions encountered in adsorption processes can be mitigated by purposeful processing in the molten state and controlling the crystallisation behaviour of the slags. In other words, it is possible to control the phases and speciation of Cr in steelmaking-slag-based adsorbents by integrating post-furnace fluxing and controlling their crystallisation and solidification behaviour [54,192,194].




6.3. Integrating Metal Recovery from Steelmaking Slags


The recovery of alloying elements from slags not only increases the intrinsic monetary value of the slags, but also reduces their environmental impact during reuse as low-cost adsorbents. To date, several physical, pyrometallurgical, hydrometallurgical and/or combinations of different processes have been proposed to recover the valuable metal alloys from slags while producing an environmentally benign barren slag product (Figure 4) [21,22,23,53,55]. Physical beneficiation methods such as gravity and magnetic separation have traditionally been applied to recover entrained alloying elements such as Cr and Ni in alloys while producing a barren slag product suitable for use as an adsorbent. However, physical beneficiation methods may not suitable for metal species dissolved in silicate phases [53,56]. Pyrometallurgical processing under carbothermic or metallothermic conditions can be used to completely reduce the metal oxides dissolved in slag into metallic forms and separate them from slag based on differential settling and density behaviours. Lastly, in hydrometallurgical processing, the dissolved and/or entrained metals in slags are separated using differences in constituent solubilities and/or electrochemical properties while in aqueous solution [21,53,55,199].





7. Mitigating the Environmental Challenges of Spent Slag Adsorbents


The environmental performance of ironmaking- and steelmaking-slag-based adsorbents discussed so far is predicated on their short- and long-term toxicity characteristic leaching properties (TLCPs). In fact, one of the major challenges of slag-based adsorbents is the accumulation of solid wastes loaded with high concentration of toxic cations and anions [158,200]. Unlike organic pollutants which tend to degrade over time, the toxicity of heavy metals commonly associated with steelmaking slags is exacerbated by their persistence in the ecosystem [201]. The uncontrolled disposal of spent slag adsorbents thus presents long-term environmental challenges as a result of secondary pollution caused by the release of toxic pollutants into the environment [202]. Essentially, two major approaches can be adopted to mitigate the environmental impact of spent slag adsorbents, namely: (i) regeneration, recycling and reuse, and (ii) immobilisation treatment.



The ability to be regenerated, recycled and reused is one of the key characteristic properties of granular adsorbents. The regenerability, recyclability and reusability of spent slag adsorbents not only improves the economics of the process, but also reduces the environmental footprint of the adsorption systems. In addition to recycling and reuse, immobilisation treatment is also an effective approach to address the environmental impact of spent-slag-based adsorbents and other inorganic solid wastes. Over the years, the immobilisation of hazardous wastes using cementitious materials and thermal treatment methods has, in fact, been proven to be effective in reducing the mobility of toxic ions in the environment [201,203,204,205,206,207,208,209,210,211]. This section briefly discusses the opportunities and challenges in the regeneration of spent-slag-based and other inorganic adsorbents. It further discusses the immobilisation of hazardous wastes, specifically spent slag adsorbents and similar inorganic solid wastes, using cementitious materials and thermal treatment.



7.1. Regeneration, Recycling and Reuse of Spent-Slag-Based Adsorbents


Adsorbents lose their characteristic adsorptive capacity after multiple adsorption cycles, and must thus be regenerated and recycled. The recyclability of the spent adsorbents is controlled by their ability to be regenerated without losing adsorptive capacity and/or without further generating waste streams [8,61,212,213,214]. In essence, regeneration refers to the process of reactivating spent adsorbents for reuse in an adsorption cycle. Shahadat et al. [213] also defined regeneration as the rapid recycling or recovery of spent adsorbents using technically and economically feasible methods. Thus, the selection of a regeneration method not only depends on the type of adsorbents, adsorbate-adsorbent interactions, scale and performance of regeneration processes, but also on the appropriateness and costs of the technologies involved [8,200].



Among the various technical options available, thermal and chemical methods, or combinations thereof, are the most commonly used regeneration methods used for a variety of granular adsorbents [8,61,200,213,214,215]. Thermal regeneration involves heating an adsorbent to a particular temperature to break the bonds between the adsorbate and adsorbent without degrading the adsorbent [61,213]. Chemical regeneration involves the decomposition of particular species using specific solvents and/or chemical species in solutions [213]. These methods are relatively cheap and simple, and can be easily be applied at industrial scales. However, these thermochemical methods, in their various forms, have inherent challenges such as loss of structure within the inorganic adsorbents, leading to reduced absorption capacity, loss of adsorbent during each treatment cycle and challenges in recovering adsorbates after regeneration [8,61,200,212,213,214,215].



7.1.1. Regeneration of Spent-Slag-Based Adsorbents


To date, a sizeable number of studies have attempted to evaluate the regeneration properties of inorganic adsorbents [61,86,138,200,202,212,214,215,216]. Nonetheless, scientific studies explicitly examining the thermochemical regeneration of slag-based adsorbents are few and far between [86,138,212,215].



Gao et al. [86] proposed that ethylenediamine and ammonia could be effective eluants in the removal of heavy metal cations from slag-based adsorbents, as they are less aggressive to the slag components compared to other organic and mineral acids. According to Gao et al. [86], cations desorption from slag phases such as akermanite occurs through ion-exchange and complexation processes (Equation (20)).
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Similarly, Zhou and Haynes [212] investigated the desorption behaviour of Pb2+ and Cd2+ ions from BFS in 0.01M NaNO3 electrolyte and 0.1M HNO3. Desorption of both Pb2+ and Cd2+ was observed to be low in 0.01M NaNO3, whereas 0.1M HNO3 was effective in desorbing Pb2+ ions from spent BFS adsorbents, albeit with loss of adsorbent capacity from chemical attack by the aggressive inorganic acid. However, 0.1M HNO3 proved to be ineffective for desorption of Cd2+ due to the high residual alkalinity of the slag and the strong adsorbate–adsorbent interactions [86].



In a recent study, Shao et al. [138] proposed a different approach to mitigating the environmental impact of spent-slag-based adsorbents. In this study, the authors synthesised a novel photocatalyst from the calcination of a spent calcium silicate hydrate (CSH) composite adsorbent for the removal of heavy metal ions from wastewater. The spent CSH was then loaded with copper (CSH-Cu composite) and converted into a photocatalyst, via a simple calcination process, for the removal of organic dyes. The CSH-Cu composite calcined at 300 °C achieved over 90% photocatalytic degradation of methylene blue after 150 min, and was comparable to other novel and commercial photocatalysts. Subsequent photodegradation tests revealed minimal decay of the photocatalyst compared to the initial cycle. This study clearly demonstrates the synergistic applications of solid wastes in the treatment of industrial effluents and wastewaters.




7.1.2. Challenges to Regenerability of Slag-Based Adsorbents


Desorption of cations from spent inorganic adsorbents is favoured by low pH [86,138,212,215]. Essentially, the desorption of metal cations under low pH conditions can be attributed to (1) desorption and/or dissolution of adsorbed cations, since both their sorption and precipitation are favoured at high pH; (2) strong competition between H+ ions and metal cations causing displacement of cations into solution; (3) acid conditions favouring dissolution of Fe and Al oxide/silicate adsorption surfaces, thereby releasing the adsorbed and/or surface precipitated ions; and (4) acid reacting with residual alkalinity, thus lowering sorption capacity. Nonetheless, as highlighted above, low pH results in the degradation and loss of adsorption capacity of spent adsorbents.



Unlike their more expensive counterparts, such as granular activated carbons and other functionalised low-cost adsorbents, slags are low-cost adsorbents that are available in large quantities. The low intrinsic monetary value of slags may not justify the additional costs of regeneration, and thus has limited their exploration as feasible commercial regeneration methods [214]. Furthermore, the chemical heterogeneity of slags and complexity of sorbate-adsorbent interactions further complicates the selection of appropriate solvents and/or control of process variables. Thus, the low regenerability and reusability of spent-slag-based adsorbents is problematic as it increases the risk of secondary pollution and volume of waste materials disposed of in landfills. In order to mitigate the potential environmental impacts of spent-slag-based adsorbents, future studies should therefore focus on methods and techniques to increase the regenerability, reusability and recyclability of these materials [202,212,214].





7.2. Immobilisation and Stabilisation of Spent-Slag-Based Adsorbents


7.2.1. Immobilisation using Cementitious Materials


Immobilisation of hazardous wastes in cementitious materials is a mature and widely accepted environmental remediation technology. It involves the addition of a cementitious binding agent to encapsulate and reduce the mobility of toxic elements [201,203,206,207,208,217,218,219]. Cementitious materials such as ordinary Portland cement (OPC), alkali-activated cement (AAC) and chemically bonded phosphate ceramic (CBPC) not only solidify hazardous wastes by chemical means, but also insolubilize, immobilise and encapsulate the toxic contaminants [201,217,218]. In fact, it has been proposed that the immobilisation of contaminants by cementitious materials typically involves their physical encapsulation in structurally integral monolithic phases with reduced long-term TCLPs [201,203,206,207,208,217,218,219,220]. However, despite the plethora of literature on the immobilisation of hazardous wastes in cementitious materials, the literature specific to spent-slag-based adsorbents is limited. The lack of research data in this area thus presents challenges to the immobilisation of spent-slag-based adsorbents, particularly for the bulk slags used as permeable reactive media in constructed wetlands. Therefore, it is imperative for future research to focus on investigating pragmatic immobilisation techniques and the long-term TCLPs of immobilised spent inorganic adsorbents in order to increase the acceptance of slags as bulk adsorbents.




7.2.2. Immobilisation by Thermal Vitrification


Thermal treatment is also one of the proven methods for the inertisation treatment of inorganic hazardous wastes. Thermal vitrification involves the high-temperature transformation of solid wastes into environmentally stable waste forms, such as glass and ceramics, via sintering, vitrification and/or vitrification-controlled crystallisation [201,204,205,209,210,211,221,222,223]. Thermal vitrification, in particular, converts inorganic wastes into stable and homogenous glassy phases with and without glass precursors and modifiers [204,209,210,211]. Chemical and physical encapsulation by thermal vitrification thus creates a homogenous and dense product with improved TLCPs [204,205]. According to Colombo et al. [204], the thermal vitrification of inorganic wastes has several advantages, namely (i) the ability of inorganic glasses to incorporate large amounts of heavy metal ions by chemically binding them in an inorganic amorphous network; (ii) high inertness of inorganic glasses to chemical and biological agents, thereby enabling them to be disposed of in landfills or reused for other applications; (iii) the ability of the process to result in large reductions in volumes of the waste; and (iv) mature technology with well-established costs and operational logistics.



To date, extensive studies have demonstrated that glass and glass ceramic technologies can convert silicate-based inorganic wastes to functional materials with substantial market opportunities, while at the same time, converting hazardous wastes into chemically inert glassy matrices [205,210,221,222,223]. In particular, several studies have demonstrated the synthesis of glass ceramics from admixtures of slags and other inorganic wastes. An earlier study by Nel and Täbber [222] investigated the synthesis of ceramic tiles from ground blast furnace slags mixed with clay, whiting and quartz. The properties of the cast ceramic products sintered between 1200 °C and 1250 °C were comparable to ordinary ceramic flooring materials. Ponsot et al. [210,211] investigated the synthesis of glass ceramics from the low temperature sintering and sinter-crystallisation of admixtures containing fayalite (Fe2SiO4) slags and soda-lime glass. The direct sintering of a slag–soda lime glass mixture produced lightweight glass ceramics with limited water absorption, high chemical stability and mechanical properties comparable to commercial porcelain tiles [211]. Bai et al. [205] synthesised glass ceramics from admixtures of high-carbon ferrochrome slags (HCFS), waste glass, limestone, soda and fluorite using a two-stage heat treatment process. The mechanical properties (104 MPa bending strength and 9860 MPa micro hardness) of the HCFS-based glass ceramics were comparable to those of normal clay-slag-based glass ceramics.



Karayannis et al. [221] synthesised novel sintered clay-based ceramic materials incorporating EAF carbon steelmaking slag. Sintering the extruded admixtures containing 6 mass % EAF slag around 1100 °C increased the phase-transformation-induced densification, thereby improving the mechanical performance of the ceramic products. Verbinnen et al. [202] also demonstrated the stabilisation of oxyanion and heavy-metal-cation-laden spent inorganic and iron-based adsorbents in ceramic materials. Heating a mixture of industrial sludge and 3 mass % spent adsorbent loaded containing Mo, Cr, Ni, Cu, Zn, Cd and Pb to 1100 °C for 30 min effectively stabilised the heavy metal cations to below regulatory limit TCLP values. Similarly, Rathore and Mondal [214] investigated the stabilisation of arsenic- and fluoride-bearing spent inorganic adsorbents (i.e., thermally treated laterite, acid–base-treated laterite and aluminium oxide/hydroxide nanoparticles) in clay bricks. Various admixtures were prepared, compacted into bricks and sintered in the temperature range of 800 to 1000 °C. In addition to meeting the physical properties stipulated by the Indian and ASTM standards, the maximum solubilities of arsenic (150µg L−1) and fluoride (2.1µg L−1) from the sintered bricks were observed to be below the permissible limits stipulated by USEPA standards [214]. The studies highlighted in this subsection clearly demonstrate the potential to synthesise functional materials with high value and low TCLPs from slag admixtures, albeit with no explicit reference to spent-slag-based adsorbents. The gap in scientific literature thus clearly highlights the opportunities and the need for further research in order to increase the inherent value of spent-slag-based adsorbents. Furthermore, inasmuch as the high costs of thermal energy may create sustainability constraints to the thermal vitrification of spent adsorbents, such costs can, however, be compensated for by the environmental benefits and the recycling and reuse opportunities of these glass-based products [204,210]. In conclusion, notwithstanding the current limitations, thermal vitrification technologies still have significant potential in the valorisation treatment of spent-slag-based adsorbents.






8. Conclusions and Future Prospects


This paper reviewed the application of ironmaking and steelmaking slags as low-cost adsorbents. The performance of slag-based adsorbents depends on specific properties such as physical, chemical and phase chemical composition, porosity and surface functional properties. The adsorption capacity of slags is controlled by physical properties such as pore structure, pore area, pore volume and internal pore surface area. However, the chemical and geometric heterogeneity of slags has significant effects on their performance as low-cost adsorbents and permeable reactive barrier materials. In particular, the variable pore structure and low specific surface area of slags compared to commercial adsorbents can potentially limit their adsorption capacity in industrial applications. Notwithstanding these challenges, the efficacy of slag-based adsorbents can be significantly enhanced through purposeful activation to increase the specific surface area and density of adsorption sites on the surfaces of adsorbent particles. The synthesis of functionalised adsorbents such as geopolymers, zeolites and layered double hydroxides from aluminosilicate precursors can also significantly increase the utilisation of slags as adsorbents.



The mechanisms of adsorption by ironmaking and steelmaking slags are complex. So far, a limited number of studies have attempted to investigate these adsorption mechanisms in detail. However, the few mechanisms proposed to date appear to be inconsistent even under similar adsorption conditions. This is due to the fact that the chemical and phase heterogeneity of steelmaking slags, coupled with the complexity of adsorption in multi-solute systems, further complicates any attempts to elaborate the mechanisms of adsorption. Thus, detailed studies in multi-solute systems that reflect actual industrial effluent compositions are required in order to understand the competitive metal ion adsorption phenomena. Furthermore, elaborating the mechanistic steps in both single- and multi-solute systems requires further investigations.



The application of slag-based adsorbents is predicted on their environmental performance. In particular, steelmaking slags are typically associated with significant amounts of dissolved and/or entrained alloying elements. This, in turn, constrains the adoption of these materials due to the potential of concomitant dissolution and speciation of these toxic metal species under different environmental conditions. This review paper highlighted potential techniques by which to stabilise the toxic metal species in stable phases in slags in order to reduce their potential leachability. Future studies could focus on investigating the controlled solidification and crystallisation of slags in order to engineer specific adsorptive properties and improve the environmental performance of slag-based adsorbents. In other words, integrating the recovery of alloy species and the stabilisation of dissolved and/or entrained metals is critical to the design of future slag-based adsorbents.



Lastly, one of the major challenges for the use of slag-based adsorbents is the accumulation of solid and liquid wastes loaded with high concentrations of toxic cations and anions. Unfortunately, only a limited number of studies have attempted to evaluate the fate of spent-slag-based adsorbents. Thus, in order to mitigate the environmental challenges associated with disposal of loaded slag-based adsorbents, future research should focus on improving the regeneration, recycling and reuse, and the immobilisation treatment of the spent-slag-based adsorbents.
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Figure 1. Idealised structure of a zeolite framework [160]. 
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Figure 2. Phase chemical composition of air-cooled HCFeCr slags [23,193]. 
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Figure 3. Chromium leaching as a function of spinel factor (Factor sp) [54,192]. 
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Figure 4. Simplified process flowsheet integrating metal recovery and the production of environmentally benign barren slag products from steelmaking slags. 
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Table 1. Examples and properties of commercial adsorbents [10].
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Adsorbent

	
Nature

	
Pore Diameter, dp (Ǻ)

	
Particle Porosity, εp

	
Particle Density (g cm−3)

	
Surface Area (m2 g−1)






	
Activated alumina

	
Hydrophilic; amorphous

	
10–75

	
0.50

	
1.25

	
320




	
Silica gel (small pore)

	
Hydrophilic/ hydrophobic; amorphous

	
22–26

	
0.47

	
1.09

	
750–850




	
Silica gel (large pore)

	
100–150

	
0.71

	
0.62

	
300–350




	
Activated carbon (small pore)

	
Hydrophobic; amorphous

	
10–25

	
0.4–0.6

	
0.5–0.9

	
400–1200




	
Activated carbon (large pore)

	
>30

	
-

	
0.6–0.8

	
200–600




	
Molecular sieve carbon

	
Hydrophobic

	
2–10

	
-

	
0.98

	
400




	
Molecular sieve zeolites

	
Polar hydrophilic; crystalline

	
3–10

	
0.2–0.5

	
1.4

	
600–700




	
Polymeric adsorbents

	
-

	
40–25

	
0.4–0.55

	
-

	
80–700
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Table 2. Typical chemical composition of blast furnace slags.
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Composition (wt. %)

	




	
CaO

	
SiO2

	
Al2O3

	
MgO

	
MnO

	
FeO

	
S

	
References






	
30–50

	
28–40

	
8–24

	
1–18

	
na

	
na

	
na

	
[41]




	
36–45

	
33–42

	
10–16

	
3–16

	
≤2

	
na

	
na

	
[40]




	
33.7

	
35.1

	
10.6

	
14.4

	
0.5

	
0.4

	
0.8

	
[46]




	
41.7

	
33.8

	
13.4

	
7.4

	
0.3

	
0.5

	
0.8

	
[47]




	
35–42

	
35–40

	
8–15

	
8–9

	
0.3–1.0

	
0.5–0.8

	
0.7–1.5

	
[21]




	
34–43

	
27–38

	
7–12

	
7–15

	
0.15–0.76

	
0.2–1.6

	
1.0–1.9

	
[45]




	
30–56

	
28–38

	
8–24

	
1–18

	
0.5–2

	
0.5–1

	
na

	
[38]




	
35–42

	
33–38

	
10–15

	
7–12

	
≤1

	
≤1

	
1–1.5

	
[44]








na: not available.
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Table 3. Typical chemical composition (un-normalised) of various steelmaking slags.
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Slag Type

	
Chemical Composition (wt. %)

	
References




	
CaO

	
SiO2

	
Al2O3

	
MgO

	
FeO

	
Fe2O3

	
MnO

	
P2O5

	
TiO2

	
Cr2O3






	
BOF

	
45–60

	
10–15

	
1–5

	
3–13

	
7–20

	
3–9

	
2–6

	
1–4

	
na

	
na

	
[49]




	
BOF

	
39.40

	
11.97

	
2.16

	
9.69

	
30.23

	
na

	
2.74

	
1.00

	
0.40

	
0.20

	
[36]




	
BOF

	
47.71

	
13.25

	
3.04

	
6.37

	
na

	
24.36

	
2.64

	
1.47

	
0.67

	
0.19

	
[50]




	
BOF

	
47.9

	
12.2

	
1.2

	
0.8

	
26.3

	
na

	
0.3

	
3.3

	
na

	
na

	
[48]




	
BOF

	
30–55

	
8–20

	
1–6

	
5–15

	
10–35

	
na

	
2-8

	
≤2

	
0.4–2

	
≤0.73

	
[39]




	
BOF

	
42–55

	
12–18

	
≤3

	
≤8

	
na

	
na

	
≤5

	
≤2

	
na

	
≤10

	
[40]




	
EAF

	
30–50

	
11–20

	
10–18

	
8–13

	
8–22

	
5–6

	
5–10

	
2–5

	
na

	
na

	
[49]




	
EAF (carbon steel)

	
30–60

	
9–20

	

	
5–15

	
15–30

	
na

	
3-8

	
≤0.58

	
na

	
0.15–1.5

	
[39]




	
EAF

	
45.5

	
32.2

	
3.7

	
5.2

	
3.3

	
1.0

	
2.0

	
na

	
0.13

	
0.05

	
[52]




	
EAF

	
46.9

	
33.5

	
2.30

	
6.22

	
1.07

	
0.36

	
2.60

	
0.02

	
0.16

	
2.92

	
[53]




	
EAF (stainless steel)

	
39–45

	
24–32

	
3–7.5

	
8–15

	
1–6

	
na

	
0.4–2

	
≤0.16

	
na

	
0.15–29.2

	
[39]




	
EAF

	
25–40

	
10–17

	
4–7

	
4–15

	
na

	
na

	
≤6

	
≤1.5

	
na

	
≤3

	
[40]




	
Ladle

	
30–60

	
2–35

	
5–35

	
1–10

	
0.1–1.5

	
na

	
0-5

	
≤0.9

	
na

	
≤0.73

	
[39]




	
Ladle

	
55

	
15

	
12.5

	
7.5

	
na

	
2.1

	
0.36

	
na

	
0.33

	
0.01

	
[51]








na: not available; EAF (CS): electric arc furnace (carbon steel); EAF (A/S.S): electric arc furnace (alloy/ stainless steel.
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Table 4. Typical phase chemical characteristics and utilisation challenges of ironmaking and steelmaking slags.
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Slag

	
Phase Chemical Properties

	
Comments

	
References






	
Granulated-Blast Furnace Slag (g-BFS)

	
Glassy-amorphous and vitrified phases

	
In addition to conventional uses as construction additives, g-BFS and s-BFS can be adopted as adsorbents and geopolymers in the treatment and remediation of industrial effluents and wastewater (Section 3). Activation of BFS is conducted in order to increase their adsorptive capabilities (Section 5).

	
[21,22,23,44]




	
Slow-cooled Blast Furnace Slag (s-BFS)

	
Crystallized mineral composition mainly consisting of melilite (Ca2MgSi2O7–Ca2Al2SiO7), and merwinite (Ca3MgSi2O8).




	
Basic Oxygen Furnace (BOF)

	
Ca3SiO5; α-Ca2SiO4; β-Ca2SiO4; 2CaO·Fe2O3; CaO; MgO; 4CaO·Al2O3·Fe2O3; CaO-FeO-MnO-MgO solid solution; wustite solid solution; entrained metallic-Fe

	
The presence of free CaO and crystalline Ca-Al-Mg silicates imparts acid neutralisation and adsorption capacities, respectively. The SiO2 and Al2O3 are precursors to the synthesis of geopolymers, zeolites and layered double hydroxides from steelmaking slags (Section 5).

	
[22,23,39,50,52]




	
Electric Arc Furnace (EAF)

	
FeCr2O4; FeFe2O4;Ni-Cr-Fe solid solution; Ca2SiO4; SiO2; Ca14Mg2(SiO4)8; CaCrO4; Ca3Mg(SiO4)2; Ca2MgSi2O7; Ca2Al2SiO7; (Ca,Mn)2SiO4; Fe-Cr -Ni intermetallic solid solution; (Mg,Mn)(Cr,Al,Fe)2O4 spinel solid solution; (Fe,Mg,Mn)O wustite type solid solution;

	
The presence of dissolved and/or entrained toxic alloying elements (e.g., Cr and Ni) limits the direct application of steelmaking slag adsorbents. Thus, the long-term toxicity characteristic leaching properties (TCLPs) of slags are largely unknown and require further research (Section 6). Their utilisation could thus be enhanced by integrating with metal recovery and/or slag-cleaning steps to produce environmentally benign residues for use as adsorbents (Section 6).

	
[22,23,52,53,54,55,56,58,67]




	
Ladle Furnace (stainless steel)

	
FeCr2O4; FeFe2O4;Ni-Cr-Fe solid solution; Ca2SiO4; CaF2; CaCrO4;Ca14Mg2(SiO4)8; Ca2SiO4; Ca4Si2O7F2; MgO; Fe-Cr; Fe-Ni
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Table 5. Selected properties of ironmaking and steelmaking slags of interest in the adsorption process.
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Material

	
Surface Area (m2 g−1)

	
Pore Volume (cm3 g−1)

	
Mean Pore Diameter, dp (nm)

	
Particle Size (d)

	
References






	
BFS

	
4.93

	
na

	
na

	
0.063–0.25 mm

	
[70]




	
Granulated BFS

	
1.63

	
na

	
na

	
d < 0.25 mm

	
[15]




	
Ungranulated BFS

	
1.83

	
na

	
na

	
d < 0.25 mm




	
Granulated BFS

	
~1

	
na

	
na

	
d < 0.25 mm & 0.50–1.25 mm

	
[15]




	
Granulated BFS

	
0.3–0.5

	
na

	
na

	
d < 0.25 mm and 0.25–0.80 mm

	
[42]




	
EAF

	
0.142

	
na

	
12.58

	
0.05–0.630 mm

	
[67]




	
Ironmaking slag

	
31.93

	
na

	
na

	
24.5 µm

	
[71]




	
Steelmaking Slag

	
22.33

	
na

	
na

	
24.1 µm




	
Steelmaking slag

	
0.82–1.85

	
na

	
17–27

	
0.85–0.08 mm

	
[69]




	
Steelmaking slag

	
0.29

	
na

	
na

	
0.5–1.0 mm

	




	
EAFBS slag

	
3.42

	
na

	
na

	
0.9–2.0 mm

	
[72]




	
BFS

	
0.66

	
0.032

	
18.53

	
44–149 µm

	
[25]




	
Steelmaking (BOF) slag

	
7.34

	
0.028

	
15.9

	
44–149 µm




	
Steelmaking slags (unmodified)

	
7.52

	
11 000

	
5.91

	
2000–4000 µm

	
[63]




	
Steelmaking slag (modified)

	
8.62

	
112 000

	
5.58

	
2000–4000 µm




	
Steelmaking slag

	
30.27

	
0.028

	
30.72

	
d < 1 mm

	
[73]




	
LF slag

	
3.04

	
0.0026

	
3.21

	
0.125–0.063 mm

	
[58]




	
Steelmaking slag (unmodified)

	
2.854

	
0.013

	
na

	
<0.25 mm

	
[64]




	
Steelmaking slag (modified)

	
9.53

	
0.025

	
na

	
<0.25 mm




	
BFS

	
2.79

	
0.008

	
12.7

	
na

	
[74]




	
BFS geopolymer

	
64.5

	
0.070

	
5.93

	
na




	
Barium-modified BFS geopolymer

	
63.1

	
0.070

	
6.32

	
na








na: not available.
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Table 6. Reported maximum adsorption capacities and efficiencies of various unmodified slag materials.
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	Slag Type
	Crystalline/

Amorphous State
	Experimental Conditions
	Adsorption Capacity (mg/g)
	Adsorption Efficiency (%)
	Selectivity

Series
	References





	BFS
	-
	Co = 10−4–10−3 mol/L Me2+ *; pH = 4.0–4.2;

T = 25 °C; dp = 0.063–0.25 mm;

Phase ratio = 1g/L BFS
	2.1 × 10−3 mol/g Cu2+;

0.95 × 10−3 mol/g Ni2+

1.58 × 10−3 mol/g Zn2+
	100% Cu2+;

100% Zn2+

72% Ni2+
	Cu2+ > Zn2+ > Ni2+
	[70]



	BFS
	-
	Co = 13–93 mg/L Pb2+; pH = 2–9;

T = 25 °C; dp = 0.1–5 mm;

Phase ratio = 1g/L BFS
	~ 37 mg/g Pb2+
	98% Pb2+
	
	[42]



	BFS
	Crystalline
	Co = 10−3 mol/L Me2+ (Cu, Ni and Zn); pH = 4;

T = 25 °C; dp = 0.1–5 mm;

Phase ratio = 1g/L BFS
	-
	94–100% Me2+ (Cu, Ni and Zn)
	Cu2+ > Ni2+ > Zn2+
	[19]



	BFS
	Mainly amorphous
	Co = 16.5 mg/L Cu2+; pH = 4;

T = 25 °C; dp < 0.25 mm;

Phase ratio = 1g/L BFS
	16.52 mg/g Cu2+
	-
	-
	[15]



	EAF
	Crystalline
	Co = 100–1000 mg/L Pb2+ and Cu2+; pH = 4.5;

T = 20–40 °C; dp = 0.05–0.63 mm;

Phase ratio = 10 g/L EAF
	37.04 mg/g Pb2+

39.22 mg/g Cu2+
	-
	Cu2+ > Pb2+
	[67]



	Ironmaking slag
	-
	Co = 15–170 mg/L Pb2+ and Cu2+; pH = 5.5;

  T   =   18   ° C ;    d ¯   p = 24.1–24.5 μm;

Phase ratio = 2 g/L slag;
	95.34 mg/g Pb2+

88.50 mg/g Cu2+
	-
	Cu2+ > Pb2+
	[71]



	Steelmaking slag
	-
	Co = 25 mg/L Cr3+ = Zn2+ = Cu2+ = Pb2+; pH = 1.3–7.5; T = -; dp = 420–177 μm;

Phase ratio = 10 g/L slag; Time = 1 h;
	-
	97.87% Cr3+; 96.79% Zn2+;

85.41% Cu2+;

82.08% Pb2+;
	Cr3+ > Zn2+ > Cu2+ > Pb2+
	[89]



	EAF (SG slag)
	Crystalline
	Co = 0.2–3.2 mmol/L Me2+; pH = 5;

T = 25 °C; dp = 45–90 μm;

Phase ratio = 10 g/L slag
	0.156 mmol/g Cu2+;

0.166 mmol/g Cd2+;

0.148 mmol/g Zn2+;

0.145 mmol/g Pb2+;
	-
	Cd2+ > Cu2+ > Zn2+ > Pb2+
	[5]



	EAF
	-
	Co = 6 mg/L Arsenic; pH = 10;

T = 25 °C; dp = -;

Phase ratio = 7 g/L EAF
	1.99 mg/g As
	100% As
	-
	[6]



	BOF
	Crystalline
	Co = 1000–4000 mg/L Cu2+; pH = 3–5;

T = 20 °C; dp < 0.6 mm;

Phase ratio = 5 g/L BOF
	245.2 mg/g Cu2+
	99.9% Cu2+ (from 1000 mg/L)
	-
	[62]



	BOF
	-
	   C o    =   1000   mg / L   Fe  2 +  ;   5000   mg / L   S  O 4  2 −    ;

pH = 2.5; T = 25 °C; dp < 75 μm;

Phase ratio = 20–140 g/L BOF (100 g/L optimum)
	-
	99.7% Fe2+;

  75 %   S  O 4  2 −    ;
	-
	[90]



	Steelmaking slag
	Crystalline
	1–100 mg/L Co2+ & Ni2+; 2–170 mg/L Cd2+; 3.5–350 mg/L Pb2+; pH = 2–5.5; T = ambient; dp = -; Phase ratio = 5 g/L slag
	0.04 mmol/g Co2+;

0.05 mmol/g Ni2+;

0.04 mmol/g Cd2+;

0.08 mmol/g Pb2+;
	-
	Pb2+ > Ni2+ > Cd2+ > Co2+
	[91]



	Steelmaking slag
	-
	Co = 100 mg/L Mn2+; pH = 3–8 (6 optimum);

T = 25 °C; dp = 1 mm;

Phase ratio = 0.1–2 g/L slag
	~1.5 mg/g Mn2+
	>95% Mn2+
	-
	[73]



	BOF
	Crystalline
	75–150 mg/L Cr6+; pH = -; T = 25 °C; dp < 0.180 mm; Phase ratio = 10 g/L BOF
	11.9 mg/g Cr6+
	100% Cr6+ (≤100 mg/L);

64.8% Cr6+ (~150 mg/L)
	-
	[85]



	BOF
	Crystalline
	5-100 mg/L Vanadium; pH = 1–11; T = 25 °C; dp < 0.15 mm; Phase ratio = 50 g/L BOF
	5.45 mg/g
	97.1% V (100 mg/L; pH = 6
	-
	[84]



	Steelmaking slag
	Crystalline
	0.05–1 mg/L Phenanthrene; 3–5 mg/L Naphthalene; pH = 3–11; T = 25 °C; dp < 150 μm; Phase ratio = 1–10 g/L slag
	0.043 mg/g phenanthrene;

0.041 mg/g naphthalene
	-
	-
	[64]



	BFS
	More amorphous than crystalline
	5 mg/L Pb = Cu = Cd = Cr = Zn; pH = 2–9; T = 25 °C; dp = 150-300 μm; Phase ratio = 5 g/L BFS
	5.05 mg/g Cd

4.83 mg/g Cr

5.22 mg/g Cu

4.93 mg/g Pb

4.26 mg/g Zn
	~88–95% for all metal ions (5 mg/L; pH = 6.5)
	Pb, Cu, Cd > Cr > Zn
	[92]







*Ci = initial metal ion concentration; #BFS = blast furnace slag; BOF = basic oxygen furnace slag; EAF = electric arc furnace slag.
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