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Abstract

:

Metallurgical slags are a mass-produced industrial solid waste, often destined to landfills; the volumes disposed represent an environmental burden. Over the last three decades, applications have been found for these wastes, mainly as a low-cost additive in building materials. More recently, their unique chemical properties have attracted attention to produce high-added-value materials for environmental applications, to be used as adsorbents, catalysts, or a source of reactive species in environmental engineering. Such uses can be classified as a function of the added value generated, technological complexity, and environmental impact. This review will focus specifically on the modification and use of slags for catalysis, photocatalysis, and photocatalytic production of hydrogen, which have received relatively little attention in literature. A summary will be presented about the general requirements for using unmodified slags as well as slag processed under alkaline or acidic conditions for advanced oxidation processes. Then, an overview will be given of the use of slags as photocatalysts in water treatment, organized according to the origin of the product (steel, copper, magnesium, ferromanganese), as well as emerging reports on the photocatalytic production of hydrogen, in contrast to the use of highly specific titania-based products developed for the same purpose.
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1. Introduction


Slag is the solidified or fused residue of high-temperature industrial processes. The term includes the noncombustible fraction remaining from waste incineration [1,2,3,4] and solid biofuels [5,6]. Waste materials can also be combined and heat-treated to reproduce the useful properties of blast furnace slag [7] in a synthetic product. While there is a considerable body of literature focusing on management, recycling, and valorization of these products, the present work will limit itself to metallurgical slag which is produced during the extraction and refinement of metals from their ores. These slags are divided into nonferrous and ferrous slag, with the latter subdivided into blast surface slags, steel slags, and alloy steel slags. Current valorization strategies may differ significantly between the different categories and feasibility depends strongly on the specific physical and chemical characteristics of the product.



Iron and steel slag present the most important volume of metallurgical wastes produced worldwide, estimated at 400 Mt/year [8], and have been studied intensively in terms of recycling and valorization. Most recycling strategies correspond to low-technology, high-volume applications. Slag with low Ca content is commonly used as fine and/or coarse aggregates for cement and concrete [9,10,11]. Basic Oxygen Furnace (BOF) slag is used frequently as a partial substitute in Portland cement [12,13,14], where it allows obtaining enhanced properties in terms of resistance to aggressive environments [15]. Reviews of the use of steel slag in phosphorus removal from agro-industrial wastewater streams are available [16,17]. The use of metallurgical slag to treat contaminated point-sources of industrially and naturally contaminated surface and ground water was summarized by Mercado-Borrayo et al. [18]. Specific studies have been presented on the characterization of different slags for the removal of B and As [19], removal of As III and V [20], and comparison of slag with commercial resins for B removal [21]. CeO2 nanoparticles were found to be more efficient than slag in the removal of heavy metals [22], but the slag-based process is much more economic, which facilitates its upscaling toward pilot applications. None of the former involve catalysis, as the slag serves as a source for the slow release of alkaline ions which provoke the coprecipitation of the contaminant ions on the slag surface.



A particular application of iron slag is water splitting under solar irradiation by using the oxidation of wüstite, as described by Shatokha et al. [23]. Contrary to the methods mentioned in Section 3 of this review, this is not a catalytic process, as the wüstite is transformed into magnetite, which can be valorized as a resource for iron production or may have high added value by itself. Hydrogen production in the process is considered sufficient to be used in the reduction process of iron from its ores. The study distinguishes itself from other works cited in this review by presenting an advanced thermodynamic analysis of the processes involved.



Copper slag is a waste product from the extractive metallurgy of copper. For each ton of metal produced, 2.2 to 3 t of slag is generated [24,25], with the worldwide annual production estimated at 68 Mt [26]. Although it is sometimes classified as a hazardous waste [27], leaching tests do not show the release of heavy metals [28,29]. Historically, copper recuperation from its ores was less efficient than in modern processes and copper slag is often recycled for the recuperation of metal residues [23,30], or even as an alternative source for iron [31]. Such applications are a form of waste valorization, but do not fall into the category of recycling as large volumes of solid residuals remain after the process and new slag materials may be generated. As is the case of iron and steel slags, copper slags are used as aggregates in cements and concretes [25,32,33,34,35], road surfaces, and abrasives [36,37].



Magnesium slag is produced by the Pidgeon process for the silicothermic reduction of magnesium oxide and is rich in iron and silica. Worldwide Mg production in 2017 was about 1.1 Mt [38]. Each ton of magnesium produced corresponds to the generation of 6 to 7 t of slag. Although applications in cementitious materials exist, these are not as widespread as is the case of steel slag [39,40]. Alternative uses are therefore investigated, such as the production of photocatalysts.



Silicomanganese is used as an alloying addition in iron and steel production. Its use in Portland cement [41] and Portland cement with addition of fly ash [42] was reported by Nath and Kumar. A lower volume application, but with higher added value and technological complexity, is its development as a welding slag [43] used in mining equipment [44]. Its development as a photocatalyst will be described in Section 3.4.



When considering the different applications summarized above, several levels of slag reutilization can be distinguished (Figure 1). Although the classification provided here is proposed by the authors, Yi et al. [45] use a similar subdivision in their review on steel slag utilization. At the lowest level of sophistication, the waste is used as an aggregate or a filler, usually in construction materials, with the goal of getting rid of it without recurring to landfilling. Nonetheless, the environmental benefit is double. Besides reducing the volume to be disposed of, the waste material substitutes for other resources, which very often would be produced by mining or quarrying.



At a second level, the waste material also substitutes for a primary resource, but the resulting material has better properties than the original. Primary resources are conserved and added value is created. In this scenario, the waste material becomes a resource which adds positively to the financial balance of the corresponding industry.



At the third level, the waste is used to substitute for specific high-cost materials. Such applications will be labeled as “high added value” and are typical if the material is used in environmental applications such as pollution removal in water and air. The slags are employed as adsorbents, reagents for ion exchange, or (photo)catalysts. Then, a fourth benefit can be achieved on top of the three already mentioned, by reducing contamination levels in wastewater or reclaiming water resources for further use.



Often, the low-cost alternative of using waste materials will enable the exploitation of resources, which cannot be reclaimed by conventional processes due to prohibitive costs. This defines the fourth level in terms of valorization, as the unique properties of the waste material allow developing applications which are not feasible with conventional materials, or which have prohibitive costs when used in full-scale applications.



The remainder of this paper focuses on Advanced Oxidation Processes (AOPs), specifically in catalytic and photocatalytic applications of metallurgical slags. Section 2 briefly summarizes the fundamental conditions to use as waste product as a photocatalyst for water treatment. Section 3 divides the applications under the topics of ferrous slags, copper slag, magnesium slag, and silicomanganese slag. The high-technology application of slag-based photocatalytic production of hydrogen from wastewater is an emerging topic which is covered at the end of the paper.




2. Photocatalytic and Advanced Oxidation Processes in Water Treatment


AOPs are interesting for large-scale water treatment because they do not need costly reagents, and some do not employ sophisticated equipment; also, the processes show high efficiency [46]. Degradation and mineralization of complex organic molecules by AOPs using metallurgical slag is a new approach associated with the development of alternative water treatment methods. One reason is the relatively low market value of water for industrial, agricultural, and domestic consumption, together with the very high volumes to be treated. A logical extension of this research is the photocatalytic hydrogen production from water under UV or solar radiation, using pollutants as sacrificial reagents. A schematic overview of these applications is given in Figure 2.



The well-known homogeneous Fenton reaction employs iron salts and hydrogen peroxide. Hydrogen peroxide (H2O2) is decomposed into hydroxyl radicals under the catalytic effect of Fe2+. The latter ion is soluble in water at a pH below 2.8, which imposes the use of strongly acidic conditions [47]; at higher pH, the iron is lost as ferric hydroxide sludge.



In the heterogeneous Fenton reaction, the use of solid supports containing iron improves the process. Materials used need to be chemically stable in the reaction environment, to avoid leaching of iron or other metal ions at low pH. The use of solid catalysts containing high levels of iron or iron oxides can overcome this disadvantage. In the photo-Fenton process, irradiation by visible or UV light produces more hydroxyl radicals and increases the rate of degradation of organic pollutants [46]; in addition, the use of sunlight instead of UV radiation reduces cost and increases sustainability.



Organic pollutants are decomposed through oxidation by the highly reactive • OH radical; in the ensuing reaction chain, additional radicals are created as byproducts of the oxidation to Fe2+-Fe3+ such as HO2• (hydroperoxyl) and O2• (superoxide). The hydroxyl radical is the most powerful species. Generally, it has been proposed that iron oxides present in the slag are responsible for the catalytic activity [48,49,50,51]. In the case of biological contaminants, these radicals interact with RNA and with the cell membrane, reducing the viability of the organisms [50].



Photocatalysis is the acceleration of a light-induced reaction [52]. It is generally accepted that photocatalysts are semiconductor materials, where the incidence of a photon with larger energy than the band gap of the material produces a jump of an electron (e−) from the valence band (VB) to the conduction band (CB) with a hole (h+) remaining in the VB. Donation of a hole (reception of an electron) promotes oxidation of pollutants. On the other hand, the electrons that react with H+ coming from organic degradation and water splitting generate gaseous hydrogen. The fundamental principles were reviewed by Liqiang et al. [53] and Chiarello et al. [54], while some essential concepts in the field of photocatalytic chemistry were summarized by Hermann [55].



The most extensively developed class of photocatalysts is based on TiO2, due to its low cost, wide availability, and insensitivity to photocorrosion. Its large band gap (3.2 eV) imposes the use of UV light for its activation, which only presents 4% of the total energy in the solar spectrum reaching the earth’s surface [56,57]. Several reviews are available about the modification of this material to shift the band gap to visible light [54,58,59,60,61], which often involves expensive processing and may limit the feasibility of their use in large-scale applications.



Typically, catalysts are used as fine-grained to nanosized particles. High specific surface is desirable, as it is assumed that the contaminant must be adsorbed at the surface of the catalyst for the reactions to take place. This condition is probably relaxed in the case of AOPs, where the formation of OH radicals occurs at the catalyst surface, but breakdown of organic molecules may occur in the bulk of the reactive medium [50,62]. Nanoparticles are a preferable option, but it must be considered that a high density of suspended particles may block out the light source and reduce the efficiency of the process [63,64,65]. Raceway reactors, where the catalyst is not suspended but rests at the bottom of the raceway with the contaminated water flowing over it, eliminate such considerations but require high amounts of catalysts [66,67,68]. Here, the development of low-cost alternatives to highly specific nanoparticle materials is particularly interesting.




3. Development of Photocatalysts from Specific Slags


3.1. Photocatalysis Based on Ferrous Slag


The properties of ferrous slag depend on the production process (iron making, steel making, alloy steels), but also on the origin of the iron ore. Each of these subfields presents opportunities for the development of novel techniques for slag valorization. A first example is provided by a series of studies related to the slag generated from iron ores from the Panzhihua intrusion in southeast China [69]. These ores contain a high concentration of a Ti–V-bearing magnetite, which is exploited for iron production with secondary extraction of vanadium [70].



Slag produced from this ore contains between 21 and 25% of TiO2 [71]. Acidic and alkaline hydrothermal treatments were developed to extract the titania (TiO2). Liu et al. reported the production of anatase nanoparticles by acidolysis of the slag, which was used for the degradation of 2,4-dichlorophenol under UV illumination [72]. Another source of TiO2-based, low-cost photocatalysts is electric arc furnace slag. It was found that acidolysis at very low pH (0.05) produces nanorod rutile particles which were active as a photocatalyst in the visible spectrum, due to doping of the rutile phase by Fe and Si which are present as impurities in the process [73]. At higher pH values, a mixture of anatase and rutile was obtained which also showed a lower specific surface area [74]. The authors successfully treated contaminants such as rhodamine and methylene blue [75].



Shi et al. [76] produced composite materials in which commercial nanocrystalline titania was supported on a blast furnace slag rich in Ca and Si (40.09% CaO, 34.58% SiO2, 14.78% Al2O3, 5.29% MgO, 1.53% Fe2O3, 0.78% TiO2, 0.27% MnO) by means of hydrolysis and thermal treatments. They synthesized a high-purity reference support material from CaO and SiO2 similar to the slag. The composites (containing 20, 40, 60, and 80% TiO2) were used for methylene blue removal under UV irradiation. Higher removal efficiencies were obtained at higher slag contents, while the synthetic material showed lower efficiencies. The authors concluded that the impurities in the slag improved both photocatalytic efficiency and surface area. However, slag without titania could not be used as a photocatalyst in a satisfactory manner.



The former studies are based on the use of TiO2, which is a well-known photocatalyst. They do not consider the use of the slag as a catalyst on its own. One of the first reports on using a basic oxygen slag in unmodified form in a Fenton process was published by Li et al. [77]. They attribute the efficient degradation of 4-chlorophenol to the dissolution of iron species which catalyze a homogeneous Fenton process at a pH of 2.8. As such, the slag is, strictly speaking, not a catalyst, as it is slowly consumed during the process.



Nasuha et al. [78] aimed their research toward the catalytic properties of iron oxides in an electric arc furnace slag. They applied a thermo-alkaline treatment, obtaining a mixture of maghemite (γ-Fe2O3) and larnite (Ca2SiO4). Degradation tests using a heterogeneous Fenton-like reaction on the synthetic dye reactive black 5 (RB5) were performed using a factorial experimental design involving slag dose, contaminant concentration, pH, and initial hydrogen peroxide concentration, in the absence of illumination. A degradation efficiency of 94% was obtained at a pH of 3.0, 0.2 g L−1 of catalyst, and 8 mM H2O2. The material was used for 10 cycles with efficiencies above 90% and showed negligible lixiviation of Fe (0.15 ppm).



The same authors analyzed the degradation of Acid Blue 29 (AB29) and methylene blue (MB) at different concentrations, both in dark and under visible light, using a similar experimental design. They noticed an increase in degradation under illumination. Cyclability of the catalyst was found to be lower, leading to the recommendation of substituting this material after seven cycles. One advantage of the slag, as pointed out by the authors, is that it can be recovered from the treated water by magnetic separation. As compared to the work of Shi and coworkers, the work of Nashua proposes a much higher degradation level, shorter reaction times, and simpler preparation mechanisms of the photocatalyst [79].




3.2. Use of Copper Slag as a Photocatalyst


The original hypothesis for the use of copper slag (CS) as a photocatalyst was based on its high iron content, which would promote heterogeneous Fenton-like reactions. This hypothesis is now rejected. Huanosta-Guttiérez et al. studied the degradation of phenol using CS and H2O2, with and without UV irradiation. They reported up to 50% reduction in total organic carbon (TOC). During the process, toxicity peaks were observed as the result of the formation of intermediate degradation products. They concluded that the process can be optimized to obtain maximal biodegradability of the residual products, particularly in the presence of the UV source [49].



Solís-López et al. studied the use of a heterogeneous photo-Fenton process for the disinfection of water contaminated by Ascaris suum eggs, where hydroxyl radicals play the role of damaging cell membranes and disrupting the function of RNA during the cell cycle. They suggested that fayalite (Fe2SiO4) was the main actor in the photocatalytic process and that the strongly negative charge of the CS promoted the efficient formation of ·OH radicals under solar irradiation at neutral pH. Under optimal conditions, a 90% decrease in the viability of the parasite eggs was observed [50].



Arzate-Salgado et al. compared copper slag with steel slag in the degradation of diclofenac under simulated solar radiation and in the presence of H2O2. While steel slag provided rather modest results, CS reduced the concentration of diclofenac to below the detectability limit of 0.1 mg L−1 in 90 min, with a starting concentration of 120 mg L−1 at neutral pH [51].



The slag used in these studies was obtained from a smelter in northern Mexico. The first step in the characterization of such material as a catalyst consisted of mechanical grinding and sieving, with the fraction passing through the 400-mesh used in the tests. Morphological characterization was performed using petrographic microscopy (Figure 3) and SEM observation (Figure 4), with phase identification through EDX. XRF and XRD were used to analyze chemical composition and crystalline phases. Characterization of the specific surface area was performed by means of the Brunauer–Emmet–Teller isotherm by adsorption/desorption of N2. The microstructure of the raw copper slag consisted of the orthorhombic fayalite in the form of long needles separated by opaque zones which consisted of a glassy phase (Figure 3). Magnetite was present as small equiaxed particles. This result coincided with what was observed by XRD [50]. The morphology of the product after milling is shown in Figure 4. Here, the fayalite is seen as grey elongated zones, the amorphous phase is dark grey, and the magnetite is present as white equiaxial grains on the particle surface. This morphology can be explained by the normal cooling sequence of CS at intermediate cooling speed [80]. No significant porosity was found for the granular product, which had a specific surface area of 1 m2 g−1.



Characterization of a slag for photocatalysis also requires the determination of semiconductor properties. The bandgap can be determined by analysis of the Tauc curve by the Kubelka–Munk equation using data obtained from UV–Vis diffuse reflectance spectroscopy with wavelengths in the range of 200 to 800 nm [81,82]. Electrochemical characterization of the slag has been performed by means of the Mott–Shottky analysis using the techniques described by Ramírez-Ortega et al. [83]. The band gap associated to CS was measured as 2.7 eV, which roughly confirms earlier results of 2.5 eV [50]. This value corresponds to literature data for fayalite, as determined from calculation [84] and experiment [85] and rejects earlier hypotheses that the photocatalytic activity was related to magnetite or other iron oxides. The Mott–Shottky analysis shows that CS is an n-type semiconductor, which means that it acts as a hole donor.



The band gap energy of fayalite indicates that CS is active as a photocatalyst under solar light. The amount of Fe leached from the slag into the solution was below the detectability limit (0.25 mg·L−1 Fe), showing that the process is heterogeneous photocatalysis and not provoked by leached ions. This combination of a favorable band gap value, inertness of the material in the reaction medium used, and low cost makes it an ideal candidate for the use in raceway reactors. The high efficiency in photo-Fenton processes using this photocatalyst can be explained by its nature as an n-type semiconductor (hole donor). The Fenton reaction is initiated by the splitting of the H2O2 molecule into either ·OH + OH−1, with the acceptation of an electron from the Fe-based catalyst, or ·OOH + H+, donating an electron to the catalyst. At the surface of an n-type semiconductor, excess holes can be captured, and two hydroxyl radicals can be generated instead of one. In the absence of H2O2, the degradation kinetics are slower but still significant as ·OH radicals are formed at the surface of the catalyst [49].




3.3. Photocatalysis Based on Magnesium Slag


Zhang et al. produced a photocatalyst for the degradation of methyl orange dye. The slag used consisted principally of calcium silicate (Ca2SiO4), wollastonite (CaSiO3), and calcium magnesium aluminium oxide silicate (Ca54MgAl2Si16O90), which was treated with Na2SiO3 in aqueous medium followed by an ion-exchange process between Na+ and NH4+. A composite material was then produced by aqueous impregnation with NiO or CuO. They observed that the nanocomposite obtained in this process was capable of degrading 93% of the dye in 100 min, as opposed to the pure metal oxides, where degradation levels slightly above 50% were measured, which the authors attributed to a synergic effect between oxides and substrate [86].



In a follow-up study, the authors varied the contents of NiO and CuO, showing that higher oxide contents improve the photocatalytic activity of the nanocomposite [87]. In this study, UV–Vis diffuse reflectance studies were used to assess the photoelectric characteristics of the composite. They concluded that the oxide species delay electron-hole recombination and enhance the capability for producing the ∙OH radicals. Whether the substrate or the oxides were the source of e−-h+ pairs was not addressed.




3.4. Photocatalysis Based on Silicomanganese Slag


Compared to the former three materials, silicomanganese slag is produced in much lower volumes. Two interesting catalyst applications have been developed for this waste product. Zhang et al. used thermoalkalic activation in the presence of carbon black, the latter to improve the electron transport in the product. Basic violet 5BN dye was successfully degraded by the resulting product [88].



In a second work, they developed an electrically conductive geopolymer composite by combining CaMoO4 with ferromanganese slag. In a first step, the geopolymer was synthesized by alkaline hydrothermal treatment in the presence of carbon black. After curing and crushing, a multistep process was developed for the impregnation of this material with CaMoO4. The resulting material showed good electrical conductivity and a maximum photoluminescence in blue wavelengths, which makes it particularly attractive for its use under solar irradiation. They achieved a 99.6% degradation violet 5BN dye in 90 min. The composite catalyst showed a higher efficiency than pure CaMoO4 and commercial catalysts [89].




3.5. Summary of the Use of Metallurgical Slags in Photocatalysis


As a summary of Section 3.1, Section 3.2, Section 3.3 and Section 3.4, Table 1 is presented, which provides an overview of work published in the field.





4. Hydrogen Production by Wastewater Treatment


Heterogeneous photocatalytic water treatment can become bifunctional if hydrogen is produced during the degradation of pollutants [58,59,60,61]. Hydrogen, as a fuel, has an energy content which is thrice as high as conventional fuels and does not produce CO2 upon combustion. Water reduction or water splitting under solar radiation presents an option to minimize the carbon footprint of H2 production. The pollutant acts a sacrificial agent which fulfils the role of a hole scavenger, preventing electron-hole recombination and promoting the water reduction into hydrogen [93], with the oxygen participating in the degradation of the organic molecules [94].



Zhang and Chai evaluated the use of blast furnace slag for the synthesis of a nanocatalyst by alkaline activation. They found that the activation process produced a mesoporous aggregate consisting mostly of calcium silicate hydrate and calcium aluminum hydrate. They reported the production of 52 mmol g−1 H2 under simulated solar light and attribute the photocatalytic activity to the presence of iron and titanium oxide nanoparticles within the activated slag nanoparticles [95].



Zhang et al. used blast furnace slag which was activated under alkaline conditions and loaded this material with 15 and 5% CaWO4. They used a Na2SO3/Na2S mixture as sacrificial agent and a Xe lamp of 300 W to simulate solar irradiation. Activated slag and the activated slag loaded with CaWO4 presented the same photoluminescence excitation band at 469 nm (violet-blue), with a lower intensity at 5% CaWO4, indicating that this compound inhibits the recombination of electron-hole pairs. They measured bandgap values of 3.92 eV and 3.73 eV for 1% and 5% CaWO4, respectively, and a maximum H2 production of 50 mmol L−1 after 6 hours with the latter material [96].



The same research group also reports doping of the activated slag by CeO2 nanoparticles at 1, 8, and 16% (wt) [97]. This shifts the band gap to between 1.8 and 2.28 eV, which allows photocatalysis in the visible spectrum. The material with 8% CeO2 showed the highest hydrogen production at 68 mmol L−1 after 6 hours. They also report on a study where graphene 0.001, 0.01, and 0.02% (wt) was incorporated at the activated slag surface [98]. Using the same reaction conditions as mentioned before, they obtained a production of 1.9 mmol L−1 H2 for the material with 0.02% graphene, as compared to 1.4 mmol L−1 H2 without graphene. Further improvement of this catalyst was obtained by incorporation of ZnO [99].



Sahraei et al. [100] used Ni-impregnated titania-rich slag from an iron–titanium ore for the steam reformation of glycerol, which is a low-value waste from biodiesel production. This material consists mainly of complex metal oxides. The authors found that the resulting catalyst was more efficient in terms of hydrogen production and glycerol conversion than commercial catalysts and showed a superior long-time behavior and cyclability. Dega et al. [101] studied H2 production from methane using the same catalyst, demonstrating a superior behavior with respect to existing commercial catalysts. They attribute this performance to the synergic effect of the complex Ni–Fe–Mg–Al oxides in the material. The slag-based catalyst is significantly less expensive than commercial alternatives.



The present authors have studied the production of hydrogen with copper slag as a photocatalyst, using glycerol and several alcohols (methanol, propanol, isoamyl alcohol) as a sacrificial agent under UV radiation (Hg lamp) and simulated sunlight (Xe lamp) [101]. For glycerol degradation, pH was varied from 2 to 12, slag doses from 0.4 to 2 g/L, and glycerol concentration from 0.06 to 1.74 (%v/v). For the other three alcohols, the slag dose was fixed at 1 g L−1, pH at 6.5, and the initial concentration of alcohols was set at 0.125 M. Hydrogen production was monitored for 6 h. The reduction of total organic carbon during the processes was significant, but hydrogen production was low. The latter observation can be explained by the fact that the positively charged H+ can be effectively adsorbed on the surface of the n-type semiconductor.



A summary of the publications reporting the use of metallurgical slag for the photocatalytic production of hydrogen is given in Table 2.




5. Conclusions


In the field of slag valorization, the major body of work is dedicated to the use of slag in building materials which do not normally involve advanced chemical processes or analysis. Use as cementitious materials is more complex and often allows the improvement of the properties of the final product. Recovery of valuable products from slag is the second most important field of research, including the separation of titania as a catalyst for environmental applications. Direct use of the slag in environmental applications, with or without modifications by thermal, mechanical, or chemical processes, represents an expanding field of research, focusing mainly on adsorption, ion exchange, and precipitation.



The use of slag in catalysis has emerged only recently. Two approaches are used. In the first, the slag is modified thermochemically, typically through acidic or alkaline hydrothermal treatment, producing nanoparticles with a large specific surface area and the addition of metal oxides to produce a nanocomposite provides catalytic activity. The most interesting application seems to emerge when nanosized oxides are naturally included as impurities in supporting slag-derived material. The band gap of nanoparticles depends on the particle size and this allows shifting photocatalytic activity from UV wavelengths to solar light, which is highly desirable from an economic and environmental point of view.



The second approach is to use the slag in its original state. While this may reduce the price of the slag conditioning process, it has the disadvantage that it produces a material with a low specific area. This disadvantage can be countered by using reactor types with a very large exposure area, such as raceway reactors. In these applications, it is important to correctly identify the semiconductor characteristics of the mineral phases in the slag. The energy levels of the conduction band, in comparison to the absolute oxidation potential for the compounds to be degraded, will determine the feasibility of the process; the magnitude of the band gap will determine the wavelength of the light source to be used.



All works revised in the field of advanced oxidation processes (heterogeneous Fenton processes) emphasize the capability of the photocatalyst to produce hydroxyl radicals, either from H2O or H2O2. For Fenton reactions catalyzed by copper slag, it was observed that fayalite acts as an n-type semiconductor, which increases the ∙OH-yield at the catalytic surface, resulting in a more effective use of the expensive peroxide. Other authors have indicated that nanoparticles of iron and titanium oxides may play the same role.



Most of the processes mentioned in this review are less than five years old and the research field is very new. This means that many innovative applications can be expected, in terms of the slags used, their activation processes, and the contaminants to be treated. None of the applications analyzed seem to have been taken to pilot level, which is indispensable to reach the stage of industrial application. To date, no detailed economic feasibility studies have been published, although most authors agree that slag-based reagents are much cheaper than specialized catalysts for the same processes.
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Figure 1. Schematic representation of four technology levels in the valorization of metallurgical slag. 
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Figure 2. Overview of the advanced oxidation processes achievable using metallurgical slag as a (photo)catalyst. The classical Fenton reaction is given as a reference. Generally, the removal of organic pollutants (OPs) is of interest, which may follow complex reaction paths with a variety of intermediate products; mineralization is often incomplete. In the case of hydrogen production, the organic pollutant is considered as a sacrificial agent (SA). 
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Figure 3. Polarized light observation of CS. Blue/yellow needles correspond to fayalite, elongated dark zones are silicate glass, and the equiaxed dark grains are identified as magnetite. 
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Figure 4. SEM image representing the granulometry of the slag as used in photocatalytic experiments. Fayalite is seen as grey elongated zones, the amorphous phase is dark grey, the magnetite is present as small white equiaxial grains. 
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Table 1. Summary of publications related to the use of metallurgical slag as a catalyst for contaminant degradation.
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Slag

	
Activation Treatment

	
Process of Degradation

	
Pollutant

	
Removal Efficiency

	
Reference






	
Ferrous

	
Acid hydrolysis

	
Photocatalysis

	
2-propanol

	

	
[90]




	
Ferrous

	
Alkaline fusion

	
Photocatalysis

	
20 mg L−1 Methylene blue

	
88%

	
[73]




	
Ferrous

	
Acid conditions

	
Photocatalysis

	
5 mg L−1 Rhodamine

	
91%

	
[74]




	
Ferrous +

60%TiO2

	
Alkaline hydrolysis/thermic

	
Photocatalysis

	
0.2 mMol L−1 methylene blue

	
96.2%

	
[76]




	
Ferrous

	
Alkaline/thermic

	
Fenton

	
25 mg L−1 Black reactive 5

	
94%

	
[78]




	
Ferrous

	
Ball milling

	
Photocatalysis

	
20 mg L−1 Cr(VI)

	
100%

	
[91]




	
Ferrous

	
Alkaline activation+ nanocomposite

	
Photocatalysis

	
30 mg L−1 DFB dye

	
100%

	
[88]




	
Ferrous

	
Alkaline/thermic

	
Photo-Fenton

	
25 mg L−1 Methylene blue

	
98%

	
[79]




	
25 mg L−1 Blue Acid 29

	
94%




	
Copper

	
W.T.

	
Photo-Fenton

	
50 mg L−1 phenol

	
100%

	
[49]




	
Copper

	
W.T.

	
Photo-Fenton

	
Ascaris suum

	
58%

	
[50]




	
Copper

	
W.T.

	
Photo-Fenton at neutral pH

	
30 mg L−1 Diclofenac

	
87%

	
[51]




	
Magnesium

	
Alkaline activation + nanocomposite

	
Photocatalysis

	
3 mg L−1 methyl orange

	
90%

	
[92]




	
Magnesium

	
Alkaline activation + nanocomposite

	
Photocatalysis

	
1.07 × 10−4 mol L−1 Carmin indigo

	
100%

	
[86]




	
Silicomanganese

	
Alkaline activation+ carbon black

	
Photocatalysis

	
4 mg L−1 basic violet 5BN

	
89%

	
[88]




	
Silicomanganese

	
Alkaline activation + nanocomposite

	
Photocatalysis

	
5.64 mg L−1 BV5 dye

	
98%

	
[89]
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Table 2. Use of metallurgical slag as a photocatalyst for hydrogen production.






Table 2. Use of metallurgical slag as a photocatalyst for hydrogen production.





	Slag
	Treatment
	Sacrificial Agents
	Hydrogen Production
	Reference





	Ferrous
	Alkaline activation
	Na2S:Na2SO3 =

5:1 (% weight)
	55 mmol g−1
	[95]



	Ferrous
	Alkaline activation + CaWO4
	Na2SO3:Na2S (4.36 g: 6.25 g)
	50,827 μL g−1
	[96]



	Ferrous
	Alkaline activation + CeO2
	Na2SO3: Na2S (4.36 g: 6.25 g)
	68 mmol g−1
	[97]



	Ferrous
	Alkaline activation + graphene
	Na2SO3: Na2S (4.36 g: 6.25 g)
	1.93 mmol g−1
	[98]



	Ferrous
	Alkaline activation + ZnO + graphene
	Na2SO3: Na2S
	228.3 mmol g−1
	[99]



	Ferrous
	Solid state impregnation with Ni
	Glycerol
	79% conversion of glycerol
	[100]



	Ferrous
	Solid state impregnation with Ni
	Methanol
	98% conversion of methanol
	[101]



	Copper
	Without treatment
	Waste alcohols
	0.113 μmol g−1h−1
	[102]
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