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1    Introduction 

Metal extraction technologies have impacts on the environment and generate waste materials 

during processing (Dippenaar, 2005), causing challenges with their storage, transportation and 

environmental pollution (Ozturk & Gultekin, 2015). In recent decades, industrialisation and 

urbanisation have increased rapidly leading to large amounts of waste materials being 

generated at significant rates. As such, existing landfill sites have filled rapidly, increasing the 

importance for exploration of new disposal sites (Francis, 2005). A critical issue of 

environment protection is the treatment of increased and diverse waste materials which threaten 

public health (Kuo et al., 2008). To mitigate landfill and environmental issues associated with 

waste disposal, increasing recycling or the development of new by-products has become 

principal incentive for industry (Francis, 2005). Iron and steelmaking industries are one of the 

major industrial activities where recycling and reusing of process wastes is required. 

 

2    Pyrometallurgical process  

Pyrometallurgical and hydrometallurgical processes are the two main metal extraction and 

recovery technologies generally used to produce refined metals. The pyrometallurgy is a 

process that utilizes high temperatures to alter the mineral chemically, separate desired metals 

from other materials and ultimately reduce the metal oxides to free metals. This process applies 

high temperature reactions, roasting, smelting and conversion of metal oxide to metal 

(Ramachandra Rao, 2006). The differences between oxidation potentials, melting points, 

vapour pressures, densities and/or miscibility of the ore components are used in these processes 

(Roto, 1998). Pyrometallurgical processes are also used to recycle iron, copper, lead, steel, 

and other scrap metals (Espinosa et al., 2015). After beneficiation (crushing, grinding, 

floating and drying), an ore is sintered or roasted (calcined) with other materials, such as 

baghouse dust and flux, during pyrometallurgical processing and then smelted, or melted, in a 

blast furnace in order to fuse the desired metals into an impure molten bullion. The various 

metals, such as gold and silver, may also be produced as by-products depending on the origin 

of the ore and its residual metal contents. Cobalt and zinc are produced by sulphating roasting, 

which is an important pyrometallurgical process, and then undergo further hydrometallurgical 

processing.  

     The sulphidic ores are smelted or roasted (another pyrometallurgical process) to produce a 

partially oxidized metal concentrate that is subsequently processed to separate metals by 

hydrometallurgical processing.         

                            

                           ---------- 1  

 

Calcination process is used to heat an ore, decompose and eliminate a volatile product as 

follows.                           
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                              --------- 2 

 

     Valuable metals can be recovered from the metal oxides existing in many metallurgical 

residues by direct reduction of the oxides at elevated temperatures exceeding 1000°C using 

pyrometallurgical processes, carbon, flux, etc. (Ramachandra Rao, 2006). The most important 

sources of iron are the iron oxide minerals: hematite, Fe2O3, and magnetite, Fe3O4 and the 

reduction of iron is the most important pyrometallurgical operation. Therefore, the main aim 

of this book chapter is to describe the different steps of pyrometallurgical process used in iron 

and steel production from iron ore and waste as depicted in the following sections. In this 

chapter, the iron making process is described and blast furnace slag (BFS) properties are 

reviewed. The potential for reusing BFS in other industries is further discussed. Specifically, 

the use of BFS as a cementitious material, and in wastewater treatment for phosphate and dye 

removal, are discussed in this chapter. 

 

3    The Iron making Process 

Iron ore contains iron oxides and other mineral impurities named as gangue, which can 

comprise of oxides of aluminum and silicon as the main gangue constituents, and nickel, zinc, 

copper and other metals as part of the trace element fraction. According to the mineralogy, 

there are different types of iron ores, such as hematite, magnetite, goethite, limonite or siderite 

(Mou & Morrison, 2016). Pure hematite or other pure forms of iron ore are rare but mixtures 

of these forms are common in the nature. The grade of iron ore is important factor for iron 

making industry and high-grade iron ore means high iron and low impurities. Magnetite and 

hematite have higher concentrations of iron in their ores (Mou & Morrison, 2016). 

     In blast furnace (BF) based iron making process, iron oxides are reduced to metallic iron 

while the gangue materials are removed in the form of slag that is a waste product. The BF 

needs solid fuel to provide the energy and act as a reductant and coke is the material that fulfills 

this process. Coke is a carbonaceous mass product from the destructive distillation of coal. The 

coal also contains a fraction of gangue material. Another step before the BF is sintering of iron 

ore fines generated during mining. Sintering is the process that agglomerates fine ores and 

allows the recycling of dusts and other ferrous materials. In the iron making industry, lump 

iron ore and iron ore sinter are placed in the BF and, with the assistance of coke as a reductant 

and fuel, are reduced to molten pig iron, with the impurities melting to form molten slag. The 

pig iron is separated from the slag in the molten state, with the molten pig iron being further 

processed into molten steel and the slag cooled to form a solid by-product (Brodnax & 

Rochelle, 2000). The steelmaking furnace is used to convert pig iron into the final steel product 

(Dippenaar, 2005).  

     Both iron and steel making processes produce environmental impacts and generate 

greenhouse gas emissions (Kan et al., 2015). The target of industry is to save natural resources 

by using waste materials and, where possible, conserve energy where material properties and 

characteristics are suitable (Motz & Geiseler, 2001). Iron making also produces waste material 

that can potentially be recycled in different industrial processes (Motz & Geiseler, 2001).  

     During iron making process, large amounts of blast furnace slag (BFS) are produced, which 

are estimated at 175-225 million tonnes per year worldwide (Savastano et al., 2001). The 

properties of different slags vary and are determined primarily by the ore type and ash of the 

coke. BFS largely consists of Al2O3, SiO2, CaO, and MgO as the main components with other 

compounds like TiO2, FeO, and MnO2 present in small amounts (Ozturk & Gultekin, 2015). 

Slag can be considered as a renewable material that has not been used before, and the properties 
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of this waste make its use possible in different industrial processes (Dimitrova, 1995), which 

helps to reduce environmental contamination, energy use and production costs (Ozturk & 

Gultekin, 2015). The possible reuses of the BFS depend on the slag properties, heat treatment, 

cooling process of the molten slag and its separation in the BF. 

     In the BF, the pig iron and molten slag accumulate at the hearth of the BF, and the slag is 

positioned above the pig iron, as its density is lower than molten iron (Ito et al., 2014). BFS 

segregates from the pig iron during the production process (Crossin, 2015). The chemical 

content and temperature of the slag determine how the slag is drained from the BF, because the 

viscosity and fluidity of slag is affected by its chemical content and temperature (Ito et al., 

2014). When slag is tapped from the BF, it is molten and different methods of cooling will 

affect its composition (Dippenaar, 2005). Chemical properties and the cooling rate of 

solidification affect the mineralogy and hydraulic properties of solid slag (Kriskova et al., 

2013). Therefore, it is necessary to enhance the knowledge of the phase chemistry after the 

cooling process of slag to optimise the productivity and performance (Jak & Hayes, 2004). 

Table 1 demonstrates the most important types of slag as a by-product and the end use of this 

material. BFS final solid products can be divided into two types of slags, rapid cooling and 

slow cooling slag, each offering different possible options in other suitable applications 

(National Slag Association, 2013). 

Table 1- Potential slag by- products and uses 

Slag By-Products Slag Uses 

 

Crystalline Phase (Slow Cooling) 

Road base, ready-mix concrete, clinker 

manufacture, asphaltic concrete aggregate,  fill, 

railroad ballast, hot mix asphalt, concrete 

pavement, concrete base, prevent erosion in the 

slope,  

 

Amorphous Phase (Rapid 

Cooling) 

Concrete, cementitious additive, can be mixed with 

Portland cement clinker to make a blended Type 1S 

cement, high fire-rated concrete base, lightweight 

fill applications over edgy soils,  

 

4 Blast Furnace Slag Properties 

Blast furnace slag is formed in a liquid state during the high temperature ironmaking process, 

which then solidifies during the cooling stage. Both liquid and solid properties of BFS are 

important as they ultimately define the potential end applications of the slag.  

4.1  Liquid Properties of BFS 

 4.1.1 Basicity 

The ratio of CaO to SiO2, which is called basicity, is critical to the slag characterisation as this 

ratio affects the form of crystallisation and viscosity of the molten slag (Kuo et al. 2008). If the 

CaO to SiO2 ratio is >0.99 the crystalline phases will appear, and the crystallisation will not be 

related to the cooling process. If the basicity ratio is <0.674, the water quenching will enhance 

the amorphous phases. 
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4.1.2 Viscosity 

Viscosity is an important physical property to understand the network structure of the molten 

slag and the different phenomena at various temperatures (Saito et al., 2003). It has an 

additional effect on transportation of the slag as it determines the movement, fluidity and 

surface tension of slag during the ironmaking process (Togobitskaya et al. 2004). Viscosity of 

the molten slag changes with chemical composition and temperature (Gan & Lai, 2014).  

     The relationship between slag composition and viscosity is an important parameter (Kim et 

al., 2004). If the slag is cooled, the solid phases will appear and increase the viscosity. The 

composition of phases will change continually when the temperature is reduced from liquid to 

solid. Crystallisation of molten slag is also affected by viscosity (Zheng et al., 2014). According 

to Kim et al. (2004), MgO does not have a significant effect on slag viscosity if the amount of 

Al2O3 is fixed. Logachev et al. (2013) concluded that if the content of MgO increases to 12.5% 

and the basicity is between 0.94 and 1 the slag mobility could be increased, even with a high 

content of Al2O3. 

     The viscosity of molten slag increases with reduced temperature and this phenomenon 

causes difficulties in the industry (Nakamoto et al., 2004). Thus, maintaining or increasing the 

fluidity of molten slag in low temperatures should be investigated to achieve the best operation 

and improve energy efficiency. The viscosity is low if the CaO/SiO2 ratio is high. The viscosity 

of BFS, with particular composition, enhances at temperatures lower than 1400°C. This 

temperature is when BFS is in a liquid state, while at temperatures below 1400°C liquid and 

solids coexist. The viscosity of molten BFS should be less than 0.6 Pa·s to have a manageable 

fluidity. The viscosity of slag at 1400°C is 0.77 Pa·s as reported by Nakamoto et al. (2004), 

which shows that this slag does not have a suitable fluidity at that temperature.  

4.1.3 Melting Point 

The melting point is one of the critical properties of BFS related to the chemical content. The 

slag’s thermal conductivity depends on its viscosity, and hence on slag microstructure (Kang 

et al., 2014). The thermal conductivity is reduced at the melting point of the molten slag, 

because the amount of non-bridging oxygen ions is increased. Liang et al. (2011) concluded 

that Al2O3 could rapidly decrease the melting point of the BFS. Lee et al. (2004) found that 

FeO is another component which reduces the melting point of the slag with increasing the FeO 

content. Additionally, MgO at less than 7% acts as a network modifier in BFS composition, 

while MgO amounts above 7% cause an increase in the BFS melting point. The BFS melting 

point and liquid temperature increase with increased basicity ratio (Dai & Zahang, 2012). High 

amounts of SiO2 reduce the melting point and retard the formation of crystals in the slag, 

increasing the strength and water permeability. SiO2 also controls calcium leaching of the slag 

(Nazari & Riahi, 2011). According to Kim et al. (2004), the liquid temperature of BFS with a 

basicity of 1.45 and 14% Al2O3, decreases with increasing amount of MgO. In general, MgO 

works as network modifier when the amount of MgO is less than 7%, and MgO contribute in 

enhancing the melting temperature of slag above the 7% (Kim et al., 2004).  

4.1.4 The Cooling Process 

BFS has high temperature around 1500ᵒC when it is tapped from the BF, and different methods 

of cooling, such as rapid or slow cooling, affect the slag properties (Dippenaar, 2005). A glassy 

phase is formed by rapid cooling, while a crystalline phase is formed during slow cooling of 

the molten slag. The glassy phase of the slag is more favourable for its application as a raw 
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material for other products or processes, such as concrete and cementitus material, or as a 

replacement of Portland cement (Bisio, 1997).  

     There are two ways of quenching, including wet quenching and dry quenching (Barati et 

al., 2011) during which the glassy or amorphous phase of BFS is formed. In wet quenching, 

water is used to quickly cool the slag. About 1-1.5 tonnes of water are required for every 1 

tonne of molten slag (Kriskova et al., 2013). The water quenching technique produces Ground 

Granulated Blast Furnace Slag (GGBFS) (Crossin, 2015). Slag causes environmental pollution 

when it is poured into the slag pit with the use of water for quenching, because H2S and SO2 

are produced and released into the water and atmosphere (Barati et al., 2011). Water is more 

efficient for cooling in comparison with air, as it drops the average temperature faster (Kriskova 

et al., 2013). The size and thickness of the cooled material also affects the overall cooling rate. 

Inappropriate cooling causes poor physical properties of BFS and restricts its reuse in other 

industries (Liapis & Papayianni, 2015). Quenched slag could be used as railroad ballast, in 

concrete and in Portland cement (Dippenaar, 2005).  

     The dry quenching method is used as a way to recover the heat energy of the molten slag in 

the form of hot air, steam, or chemical energy (Barati et al., 2011). The air-cooling technique 

is applied to produce slag for lower-value applications, such as the production of bitumen 

(Crossin, 2015). Appropriate treatment of slag with high-temperature and suitable cooling 

process increases the slag properties and the value of its applications (Liapis & Papayianni, 

2015). 

4.1.5 Eutectic Point 

An equilibrium of liquids and solids occurs during rapid cooling (Jak & Hayes, 2004). The 

eutectic point is the temperature at which all liquids change to their solid phase. The 

composition might change during heating because some components may disappear due to 

evaporation or reaction with contaminant elements (Jak & Hayes, 2004). Segregation is a 

process which allows physical segregation of liquid and solid to occur at temperatures below 

the melting point. This segregation will affect the fluidity of slag due to the appearance of solid 

phase and increase in viscosity. 

4.1.6 Energy Efficiency  

Significant energy exists in the molten slag that is tapped from the BF, and this can be used for 

conserving energy consumption (Barati et al., 2011). BFS has a high temperature of 1450-

1650°C that is a valuable energy potential, however, significant amount of energy (near 220 

TWh/year) is wasted because cooling is usually performed without the energy being recovered 

(Barati et al., 2011). There have been many attempts to recover energy from the slag for use as 

heat, electricity generation or fuel, but none of them has been commercialised yet (Barati et al., 

2011). The reason for this is that this industry is more focused on quenching the slag and having 

the glassy phases rather than recovering the energy. If recovery of energy is the goal, the slag 

is not cooled fast enough to manufacture glassy BFS. For recovering the energy, it is important 

to understand the liquids and solidus temperatures of BFS and recognise which chemical 

content and structure affect the melting temperature. Basicity of BFS is one of the properties 

responsible for the melting point of the BFS. Lower basicity reduces the melting point 

(Yasipourtehrani et al., 2017). One of the potentials for reduction of the energy required to melt 

the BFS can potentially be through management of BFS basicity during ironmaking. 
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4.2 Microstructure of solid BFS 

There are different crystalline phases for BFS after heat treatment, such as merwinite, melilite, 

larnite, gehlenite, and åkermanite (Fredericci et al., 2000). Merwinite (Ca3 Mg (SiO4)2) is a 

metastable phase of BFS and it forms at 1000°C (Fredericci et al., 2000). Through further 

heating, merwinite irreversibly disappears to the thermodynamically stable phase. Melilite, 

which is another crystalline phase, includes all principal components of BFS and 10wt% Al2O3 

(Fredericci et al., 2000). Larnite (Ca2SiO4) is a slag with more SiO2 and CaO than is needed to 

form åkermanite (2CaO.MgO.2SiO2) and gehlenite (2CaO.Al2O3.SiO2), which are known as 

the melilite series. Melilite is a solid solution between gehlenite and akermanite (Fredericci et 

al., 2000). The excess CaO and SiO2 is sufficient to form calcium silicate (Fredericci et al., 

2000). Eisenhuttenleute (1995) produced a slag atlas and discussed presented different 

characteristic compositions of BFS in two systems of CaO-SiO2-Al2O3 and CaO-SiO2-MgO. 

Melilite is a solid solution of åkermanite (Ca2MgSi2O7) and gehlenite (Ca2Al2SiO7) 

(Mendybaev et al., 2006). Melilite consists of åkermanite and gehlenite and produces 

interrupted solid solution (Mendybaev et al., 2006). When the amount of Al2O3 increases the 

gehlenite phase will be obtained, but when the amount of MgO is increased the åkermanite 

phase will be obtained. Gehlenite and åkermanite are different in the liquid and solid 

temperature and the overlap of solid and liquid temperature is important factor. 

5 Slag Composition and End Use 

Blast furnace slag has several potential applications in other industries, such as in concrete and 

cementitious industry, and wastewater treatment industry for phosphate and dye removal. This 

section reviews the literature discussing the applications of the blast furnace slag. 

5.1 Concrete and Cementitious Products  

Concrete and cement are widely used as building materials. Suitable design and production of 

concrete construction affect its mechanical and durability properties. Concrete is mouldable, 

has variable fire resistance and is available and affordable material. Cement is one of the 

ingredients of concrete, which is made by mixing aggregates and paste. The aggregates are 

silica sand or crushed stone and the paste is water and Portland cement. Portland cement is 

manufactured from limestone, shell and chalkwhich are heated at high temperature and ground 

into fine powder. Approximately 10 billion tonnes of concrete and 2.8 billion tonnes of cement 

are produced worldwide every year (Meyer, 2009; Schneider et al., 2011), or on an average 3-

3.8 tonnes of concrete per person is produced each year worldwide (Crossin 2015) requiring 

massive amounts of raw materials and energy for production. 

     The concrete industry has a substantial environmental footprint. The natural resources 

required for concrete and cement production are significant, with large amount of water and 

energy required during its production. The destruction and disposal of concrete and cement 

products after use cause other environmental issues (Meyer, 2009). If the demand for Portland 

cement is reduced, the environmental effect will also reduce. For this reason the concrete 

industry aims to replace Portland cement as much as possible with other cementitious materials, 

such as fly ash, GGBFS, limestone fines and silica fume. Some of these materials, such as fly 

ash or GGBFS, are wastes from industrial processes (Meyer, 2009; Crossin, 2015).  

     It is known that GGBFS, the glassy granulated material formed from rapidly cooled molten 

BFS, has high amounts of calcium silicate and can be used to improve the chemical stability 

and strength of concrete and reduce the heat of hydration (Meyer, 2009; Barati et al., 2011). 
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However, the use of GGBFS in the concrete blend is constrained due to the slow hydration rate 

and low compressive strength of BFS at the early age (Menendez et al., 2003). Adding 

limestone will solve the issue of early strength of BFS, while the later strength of BFS will be 

improved by cementing materials. 

     The cement industry contributes to significant amount of greenhouse gas emissions released 

due to fossil fuel combustion, calcination of CaCO3 to CaO, mineral production and 

transportation. To produce 1 tonne of Portland cement, 1 tonne of CO2 is released into the 

atmosphere, and worldwide 7% of all CO2 is generated by this industry (Meyer, 2009). When 

the use of GGBFS is not restricted, the emissions of greenhouse gases can be theoretically 

reduced by about 47.5% (Crossin, 2015). However, due to restrictions in the amounts of 

GGBFS that can be used for cement manufacturing, the greenhouse gas emissions can 

realistically be reduced by 22-40% (Crossin, 2015). Grinding of slag also uses only 25% of 

energy needed for manufacturing Portland cement (Nazari & Riahi, 2011). 

     GGBFS has appropriate shape and micro-aggregate effect  that recovers the chemical 

stability and strength of concrete and diminishes the heat of hydration. Also, the grinding 

methodology will affect the properties of GGBFS. Fine grinding enhances the surface area and 

this will improve the mechanical activation (Kumar et al., 2008). When the mechanical 

reactivity is increased, the strength of concrete and cement are improved. When GGBFS, which 

has high amount of SiO2, is used instead of Portland cement in the process of concrete 

manufacturing, the strength and water permeability of concrete will increase (Nazari & Riahi, 

2011). Using GGBFS to about 45wt% is beneficial for increasing the tensile strength of 

concrete (Nazari & Riahi, 2011), while more than this amount is not appropriate since the 

amount of CaO is reduced, but is required in the concrete structure (Nazari & Riahi, 2011). 

GGBFS can be additionally crushed and used as road construction base material (Barati et al., 

2011). BFS could be also utilised in the glass and ceramic production (Francis, 2005). The 

chemical and mechanical properties of glass-ceramic produced from slag, affect the mechanical 

quality of product and make the use of it possible in application such as concrete and 

cementitious material (Wang et al., 2010). 

5.2  Phosphate removal 

Phosphate is produced in many consumer products, such as fertilizers, pigment formulations, 

mineral processing and water treatment (Gong et al., 2009). Phosphate is typically in low 

concentrations in wastewater from these industries in the form of organic or inorganic 

phosphate, thiophosphate and polyphosphate (Oguz, 2005). The phosphorus content of 

wastewater is important as it is the restrictive nutrient for growing organisms in the natural 

ecosystem (Oguz, 2004). Phosphorous is an essential macronutrient element for most of the 

plant and animal life. This element should be treated and removed from the wastewater as it 

causes eutrophication. Phosphate increases the growth of photosynthesis algae and 

cyanobacteria in aquatic ecosystem, while  the dissolved oxygen is depleted due to the high 

amount of algae, which consume the oxygen during decay. The depletion of oxygen is harmful 

for aquatic life and decreases biodiversity. The environmental problem of phosphates in 

wastewater is two-fold. While phosphate resources are limited and near depletion, especially 

by agricultural activities, the presence of phosphate in wastewater, which causes 

eutrophication, increases every day (Kostura et al., 2005).  

     Phosphorous can be removed naturally from wastewater as insoluble precipitates are formed 

easily. For example, alum salt is one of the common additives that are able to change the soluble 

phosphate into insoluble aluminum phosphate (Minnis, 2016). This is a common method for 
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removing phosphate from wastewater (Minnis, 2016). On-site treatment of wastewater is 

another attractive and widely used method (Johansson 1999) for removing phosphates in 

domestic, agricultural and industrial wastewater (Lu et al., 2007). For on-site treatment, sand 

filters, soil infiltration and constructed wetland are used. However, these on-site treatments still 

do not sufficiently remove phosphate (Johansson, 1999). In wastewater treatment, phosphate 

removal consists of three main processes of physical, biological, and chemical treatment (Oguz, 

2004). Physical treatment is expensive and insufficient because it only removes 10% of the 

total phosphate. The biological treatment is sufficient as it removes 97% of the total phosphate 

but it has difficulties in operation.  Biological methods for removing P are cheap, but the 

processes are not efficient and reliable because they cause fluctuation in temperature and 

chemical composition of wastewater (Gong et al., 2009) .  Chemical treatment is used widely 

because it is more reliable and economic in comparison with other methods (Oguz, 2004). The 

chemical precipitation of phosphate prevents its direct use in agriculture due to their 

composition (Kostura et al., 2005).  

     Use of inorganic sorbents is one of the promising alternative chemical methods that assist 

removal of phosphate from wastewater. The removal activity may be increased by utilization 

of industrial waste such as BFS and fly ash, which have the opportunity to serve as inorganic 

sorbents for phosphate removal (Korkusuz et al., 2005).  Inorganic sorbents are widely used to 

remove not only phosphate but also heavy metals and organic pollutants (Lu et al., 2007). 

According to Korkusuz et al. (2005), phosphorous needs high concentration of calcium, 

aluminum and iron for removal from wastewater and these materials are in insufficient 

concentrations in the constructed wetland, which are used for treating the wastewater.  

Slag is used as adsorbent or filter in wetland substrate for treating wastewater (Johansson, 1999; 

Lu et al., 2007). The BFS is cheap and abundant, which makes the phosphate removal valuable 

economically. The chemical composition on the surface of the slag during the cooling process 

affects the phosphate removal capacity, as BFS has two phases, namely amorphous and 

crystalline (Kostura et al., 2005). According to Johansson (1999), the crystalline slag shows 

tendency for sorption of phosphate, while the amorphous slag does not show any tendency for 

phosphate removal. The common oxides contained in BFS can act in water as acidic (SiO2), 

alkaline (CaO) or amphoteric (MgO, Al2O3) (Kostura et al., 2005).  

     Removing phosphate from wastewater needs specific conditions. pH is one of the conditions 

that plays a critical role in the rate of phosphate removal. Phosphorous removal requires large 

amounts of soluble calcium and alkaline conditions (pH > 9) (Johansson & Gustafsson, 2000). 

At higher values of pH, the precipitation mechanism takes place for removing phosphate and 

it has a weak interaction between the surface area of adsorbent and phosphate. In the pH range 

of 3-8.5, phosphate is removed through the ion exchange hydrolysis mechanism (Oguz, 2004). 

The presence of phosphorous in the wastewater decreases the pH of the wastewater and 

increases the amount of phosphate causing higher calcium phosphate precipitation (Lu et al., 

2007). Removal of phosphate with BFS occurs by precipitation, ion exchange, and by a small 

physical interaction between surface of sorbent and metallic salt of phosphorous (Gong et al., 

2009). When BFS is used for phosphate removal in wastewater, the amount of Ca in the BFS 

decreases as precipitation of Ca-P occurs. This is the major mechanism for removal of 

phosphorous from wastewater when using with BFS (Johansson & Gustafsson 2000). Abiotic 

sorption of phosphate is the major mechanism in constructed wetland or soil infiltration 

systems (Johansson & Gustafsson, 2000). 

     The second parameter of importance is the BFS particle size which has an important effect 

on phosphate adsorption, as smaller particles adsorb phosphate better (<0.1 mm) (Lu et al., 
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2007). The increase of BFS increases the adsorbent dose  and increase of BFS dose reduces the 

phosphate concentration (Oguz, 2004).  The contact time is another factor of importance. The 

majority of the phosphate, at approximately 80%, is removed in the first 5-10 min, and 83%, 

86.8% and 89.8% of phosphate is removed after 15, 30 and 60 min of contact with BFS, 

respectively (Lu et al., 2007). The solution/material ratio is another factor that affects the 

capacity of phosphate adsorption  by increasing the phosphate concentration or BFS dose. 

Agitation rate is also a key factor in this process. An increase in the agitation rate increases the 

attraction between adsorbate and adsorbent, with. the slag particles and adsorbed phosphate 

forming strong bonds. The oxide of aluminum, iron, and calcium carbonate can retain the 

phosphate in contact with soil (Johansson, 1999). For more efficient sorbent, the soil must have 

high capacity of phosphate sorption and sufficient hydraulic conductivity to keep the 

phosphorous in an accessible form for the plant (Johansson & Gustafsson, 2000). Sorption 

system can be improved by adding special units that contains strong sorbing filter material that 

is easily exchangeable (Johansson & Gustafsson, 2000). The phosphorous can then be used and 

recycled as agriculture fertilizer. Slag is not sufficient for use as an agricultural fertilizer; 

however, experiments show that phosphorous removed by slag is suitable for uptake by plants.   

5.3  Dye Removal 

Coloured wastewater is one of the most recognisable environmental problems generated by 

industries that dye their products (Gupta et al., 2003). Dyes from industrial, agricultural and 

domestic activities can end up in wastewater discharged by these sources (Jain et al., 2003). 

Textile, paper, printing and carpet production are examples of industries which may pollute 

streams and rivers by their dye-bearing discharges (Gupta et al., 2003). The dyes used in these 

industries are mostly stable under light, oxidation and aerobic digestion. Dyes remaining in 

wastewater cause aesthetic problems in the water body that the wastewater is discharged into 

(Ramakrishna & Viraraghavan, 1997). Dyes which are visually detectible reduce 

photosynthesis of aquatic plants by preventing penetration of light (Ramakrishna & 

Viraraghavan, 1997). Dyes have an organic or inorganic nature and can contain toxic 

compounds (Jain et al., 2003). Metals and chlorine present in the dyes can have toxic effects 

on some forms of aquatic life, and can change the natural equilibrium of the ecosystem 

(Bhatnagar & Jain, 2005). Dyes can affect human health including causing allergies, dermatitis, 

skin irritations, cancer and mutations (Bhatnagar & Jain, 2005). Consequently, it is very 

important to avoid discharging polluted water into nature (Bhatnagar & Jain, 2005).  

There are two types of dyes; acid dye that contains anionic groups and, basic dyes which 

contain cationic groups (Ramakrishna & Viraraghavan, 1997). The tinctorial value of basic 

dyes is high and at 1 ppm it causes obvious coloration (Gupta et al., 2003). Selection of 

effective methods for removing the water impurities is highly important (Ramakrishna & 

Viraraghavan, 1997) and will depend on the type of dye that is to be removed. Removal of dyes 

from wastewater can be achieved through coagulation, ozonation, membrane process, filtration 

or ozonation with coagulation, and adsorbtion (Gupta et al., 2003). In the coagulation method 

lime, alum, ferric sulphate and ferric chloride are used for removing the dye, and in chemical 

oxidation chlorine and ozone are used (Gupta et al., 2003). Comparing these methods, 

adsorbtion is one of the better methods as it has the ability to remove a wide range of coloring 

wastewater (Jain et al., 2003). 

     Adsorbents are used for removing the basic red dye from the wastewater (Gupta et al., 

2003). Carbonaceous adsorbent removes dyes efficiently (Jain et al., 2003). Activated carbon 

is one of the common adsorbents, but is expensive (Gupta et al., 2003). Peat, wood, wool 

carbonising waste, eucalyptus bark, bagasse pith and chitosan fibers have been studied as low 
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cost adsorbents, but none of them have achieved promising results (Jain et al., 2003). Waste 

materials that could be reused as low cost adsorbents are considered as the best replacements 

of activated carbon (Ramakrishna & Viraraghavan, 1997). The adsorbent should be available 

naturally or as a part of waste material of industries.  Blast furnace slag is now considered as a 

candidate adsorbent material to replace activated carbon in colored wastewater treatment 

(Gupta et al., 2003). The absorbent should have appropriate chemical and physical conditions 

for dye removal. Sufficient surface area will assist removal of the basic dyes, such as 

chrysoidine G, crystal violet and meldola blue (Jain et al., 2003). Organic carbonaceous 

absorbents properties, such as carbon content and porosity, affect the adsorption. 

     Dye removal with BFS, similar to the phosphate removal, requires specific conditions to 

achieve optimum results. The pH affects the surface charge of the adsorbent and, according to 

Taha & Mosaed (2010) the maximum dye removal occurs when the pH is 4. Dye removal 

increased from 71% to 97% when the concentration of BFS increased from 10 to 100 g/L (Taha 

& Mosaed, 2010). BFS is a promising adsorbent for removing dye from wastewater without 

the requirement for any pre-treatment and regeneration, thereby saving time and cost. 

According to Genc & Oguz (2010) BFS is not effective in acid dye removal. 

6 Conclusion 

Blas furnace slag (BFS) is produced in significant amounts each year as a waste product of the 

ironmaking process. BFS properties determine its suitability as a recyclable material and 

resource for other applications. This study reviews the scope of pyrometallurgical process, BFS 

properties and its applications for use such as for use in the concrete and cement industry, as 

well as phosphate and dye removal from wastewater.  The use of BFS as a concrete and 

cementitious material depends on its chemistry and cooling process of the molten BFS, as they 

affect the mineralogy and hydraulic properties of the solid slag. Slow cooling causes crystalline 

phases, while rapid cooling causes formation of glassy and amorphous phases. In the concrete 

and cement industry, rapid cooling and quenching of the BFS is required. The removal of 

phosphate and dye from wastewater requires soluble calcium, specific pH, solubility/material 

ratio and the size of adsorbent for sufficient surface area. It has been demonstrated that BFS 

has the ability to remove phosphate and dye from wastewater. 

Acknowledgements 

The authors acknowledge the financial support of the Australian Research Council through the 

Linkage funding scheme. This is an Accepted Manuscript of a book chapter published by CRC 

Press in Sustainable and Economic Waste Management: Resource Recovery Techniques on 

December 1, 2019, available online: https://www.taylorfrancis.com/books/e/9780429279072. 

Reference 

Barati, M, Esfahani, S, Utigard, T, 2011, ‘Energy recovery from high temperature slags’, 

Energy, vol. 36, pp. 5440-5449.  

Bisio, G, 1997, ‘Energy recovery from molten slag and exploitation of the recovery energy’, 

Energy, Vol. 22, No. 5, pp. 501-509.  

Bhatnagar, A, Jain, A, 2005, ‘A comparative adsorption study with different industrial wastes 

as adsorbents for the removal of cationic dyes from water’, Journal of Colloid and 

Interface Science, vol. 281, pp. 49–55 



11 
 

Brodnax, L, Rochelle, G, 2000, ‘Preparation of calcium silicate absorbent from iron blast 

furnace slag’, Journal of the Air & Waste Management Association, vol. 50, pp. 1655-

1662.  

Crossin, E, 2015, ‘The greenhouse gas implications of using ground granulated blast furnace 

slag as a cement substitute’, Journal of Cleaner Production, vol. 95, pp. 101-108.  

Dai, B, Zhang, J 2012, ‘The research of blast furnace slag fluidity by viscosity experiment 

and phase diagram analysis’, Metallurgical International, vol. XVII, no. 6, pp. 25-28.  

Das, B, Prakash, S, Reddy, P, Misra, V, 2007, ‘An overview of utilization of slag and sludge 

from steel industries’, Resources, Conservation and Recycling, vol. 50, pp. 40–57. 

Dimitrova, S, 1995, ‘Metal sorption on blast-furnace slag’, Water Research, vol. 30, no. 1, 

pp. 228-232.  

Dippenaar, R, 2005, ‘Industrial uses of slag (the use and re-use of iron and steelmaking 

slags)’, Ironmaking & Steelmaking, vol. 32, no.1, pp. 35-46.  

Eisenhuttenleute, V, 1995, Slag Atlas, Verlag Stahleisen, Dusseldorf, Germany.  

Espinosa D.C.R., Moraes V.T., Tenório J.A.S. (2015) Pyrometallurgical Processing. In: 

Veit H., Moura Bernardes A. (eds) Electronic Waste. Topics in Mining, Metallurgy 

and Materials Engineering. Springer, Cham  

Formoso, A, Babich, A, Gudenay, H, Garcia, A, Cores, A, 1999, ‘Heat exchange in the hearth 

of a blast furnace operating with combined blast parameters’, ISIJ International, vol. 39, 

no. 11, pp. 1134-1139.  

Francis, A, 2005, ‘Non-isothermal crystallization kinetics of a blast furnace slag glass’, 

Journal of the American Ceramic Society, vol. 88, no. 7, pp.1859-1863.  

Fredericci, C, Zanotto, E, Ziemath, E, 2000, ‘Crystallization mechanism and properties of a 

blast furnace slag glass’, Journal of Non-Crystalline Solids, vol. 273, pp. 64-75. 

Gan, L, Lai, C, 2014, ‘A General Viscosity Model for Molten Blast Furnace Slag’, 

Metallurgical and Materials Transactions B, vol. 45B, pp. 875-888. 

Genc, A, Oguz, A, 2010, ‘Sorption of Acid Dyes from Aqueous Solition by Using Non-

ground Ash and Slag’, Desalination, vol. 264, pp 78-83. 

Gong, G, Ye, S, Tian, Y, Wang, Q, Ni, J, Chen, Y, 2009, ‘Preparation of a new sorbent with 

hydrated lime and blast furnace slag for phosphorus removal from aqueous solution’, 

Journal of Hazardous Material, Vol. 166, pp. 714-719 

Gupta, V, Ali, I, Suhas, Mohan, D, 2003, ‘Equilibrium uptake and sorption dynamics for the 

removal of a basic dye (basic red) using low-cost adsorbents’, Journal of Colloid and 

Interface Science, vol. 265, pp. 257–264 

Ito,T, Yotsuji, J, Nagamune, A, 2014, ‘Development of pig iron and molten slag level 

measurement technique for blast furnace’, ISIJ International, vol. 54, no. 11, pp. 2618–

2622.  



12 
 

Jain, A, Gupta, V, Bhatnagar & Suhas, A, 2003, ‘A Comparative Study of Adsorbents 

Prepared from Industrial Wastes for Removal of Dyes’, Separation Science and 

Technology, vol. 38, no. 2, pp. 463–481 

Jain, A, Gupta, V, Bhatnagar, A, Suhas, 2003, ‘Utilization of industrial waste products as 

adsorbents for the removal of dyes’, Journal of Hazardous Materials, vol. B101, pp. 31–

42 

Jak, E, Hayes, P, 2004, ‘Phase equilibria determination in complex slag systems’, paper 

presented at International Conference on Molten Slags Fluxes and Salts, South African 

Institute of Mining and Metallurgy.  

Johansson, L, 1999, ‘Blast furnace slag as phosphorus sorbents – column studies’, The 

Science of the Total Environment, vol.  229, pp. 89-97. 

Johansson, L, Gustafsson, J, 2000, ‘Phosphate Removal Using Blast Furnace Slags and 

Opoka-Mechanism’, Water Research, vol. 34, no. 1, pp. 259-265. 

Kan, T, Strezov, V, Evans, T, Nelson, P, 2015, ‘Trace element deportment and particle 

formation behaviour during thermal processing of iron ore: technical reference for risk 

assessment of iron ore processing’, Journal of Cleaner Production, vol. 102, pp. 384-

393.  

Kang, Y, Lee, J, Morita, K, 2014, ‘Thermal conductivity of molten slags: a review of 

measurement techniques and discussion based on microstructural analysis’, ISIJ 

International, vol. 54, no. 9, pp. 2008–2016. 55 

Kim, J, Lee. Y, Min, D, Jung, S, Yi, S, 2004, ‘Influence of MgO and Al2O3 contents on 

viscosity of blast furnace type slags containing FeO’, ISIJ International, vol. 44, no. 8, 

pp. 1291–1297. 

Kostura, B Kulveitova, H, Lesˇko, J, 2005, ‘Blast furnace slags as sorbents of phosphate from 

water solutions’, Water Research, vol. 39, pp. 1795–1802. 

Kriskova, L, Pontikes, Y, Pandelaers, L, Cizer, O, Jones, P, Balen, K, Blanpain, B 2013, 

‘Effect of High Cooling Rates on the Mineralogy and Hydraulic Properties of Stainless 

Steel Slags’, Metallurgical and Materials Transactions B, vol. 44B, October, pp. 1173-

1184. 

Kumar, S, Kumar, R, Bandopadhyay, A, Alex, T, Kumar, B, Das, S, Mehrotra, S, 2008, 

‘Mechanical activation of granulated blast furnace slag and its effect on the properties 

and structure of Portland slag cement’, Cement & Concrete Composites, vol. 30, pp. 

679–685.  

Kuo, Y, Wang, J, Wang, C, Tsai, C 2008, ‘Effect of water quenching and SiO2 addition 

during vitrification of fly ash Part 1: On the crystalline characteristics of slags’, Journal 

of Hazardous Materials, vol. 152, July, pp. 994–1001. 

Lee, Y, Kim, J, Yi, S, Min, D, 2004, ‘Viscous behaviour of CaO-SiO2-Al2O3-MgO-FeO 

slag’, VII International Conference on Molten Slags Fluxes and Salts, The South African 

Institute of Mining and Metallurgy.  

Liang, X, Jin, Y, Wang, Y, 2011, ‘Effect of additives on melting point and viscosity of 

rhrefining slag’, The Open Materials Science Journal, vol. 5, pp. 9-14.  



13 
 

Liapis, I, Papayianni, I 2015, ‘Advances in chemical and physical properties of electric arc 

furnace carbon steel slag by hot stage processing and mineral mixing’, Journal of 

Hazardous Materials, vol. 283, pp. 89–97. 

Lu, S, Bai, S, Shan, H, 2007, ‘Mechanisms of phosphate removal from aqueous solution by 

blast furnace slag and steel furnace slag’, Journal of Zhejiang University SCIENCE A, 

vol. 9, no. 1, pp. 125-132 

Mendybaev, R, Richter, F, Davis, A, 2006, ‘Reevaluation of the akermanite-gehlenite binary 

system’, 37th Annual Lunar and Planetary Science Conference, March 13-17, 2006, 

League City, Texas.  

Menendez, G, Bonavetti, V, Irassar, E, 2003, ‘Strength development of ternary blended 

cement with limestone filler and blast-furnace slag’, Cement & Concrete Composites, 

vol. 25, pp. 61–67.  

Meyer, C, 2009, ‘The greening of the concrete industry’, Cement & Concrete Composites, 

vol. 31, pp. 601–605.  

Minnis, P, 2016, NC State university, viewed 26 October 2016, 

http://www.ces.ncsu.edu/plymouth/septic3/MinnisNutrientsText.pdf  

Motz, H, Geiseler, J, 2001, ‘Products of steel slags an opportunity to save natural resources’, 

Waste Management, vol. 21, pp. 285-293.  

Nakamoto, M, Tanaka, T, Lee, J, Usui, T, 2004, ‘Evaluation of Viscosity of Molten SiO2–

CaO–MgO–Al2O3 Slags in Blast Furnace Operation’, ISIJ International, vol. 44, no. 12, 

pp. 2115–2119. 

National Slag Association, 2013, National Slag Association, viewed 1 March 2016, 

<http://www.nationalslag.org/blast-furnace-slag >.  

Nazari, A, Riahi, S, 2011, ‘The role of SiO2 nanoparticles and ground granulated blast 

furnace slag admixtures on physical, thermal and mechanical properties of self-

compacting concrete’, Materials Science and Engineering, vol. 528, pp. 2149–2157.  

Oguz, E, 2004, ‘Removal of phosphate from aqueous solution with blast furnace slag’, 

Journal of Hazardous Materials, vol. B114, pp. 131–137. 

Oguz, E, 2005, ‘Thermodynamic and kinetic investigations of PO3−
4 adsorption on blast 

furnace slag’, Journal of Colloid and Interface Science, vol. 281, pp. 62-67. 

Ozturk, Z, Gultekin, E 2015, ‘Preparation of ceramic wall tiling derived from blast furnace 

slag’, Ceramics International, vol. 41, June, pp. 12020–12026. 

Ramakrishna, K, Viraraghavan, T, 1997, ‘Use of Slag for Dye removal’, Waste Management, 

vol. 17, no. 8, pp. 483-488 

Ramachandra Rao, S., 2006. Pyrometallurgical Processing. Waste Management 

Series, Volume 7, 2006, Pages 127-165. 

Roto, P. 1998. Adapted from the 3rd edition, Encyclopaedia of Occupational Health and 

Safety. Chapter 82 - Metal Processing and Metal Working Industry. 

http://www.ces.ncsu.edu/plymouth/septic3/MinnisNutrientsText.pdf


14 
 

Saito, N, Hori, N, Nakashima, K, Mori, K, 2003, ‘Viscosity of blast furnace type slags’, 

Metallurgical and Materials Transactions B, vol. 34B, pp. 509-516.  

Savastano, H, Warden, P, Coutts, R, 2001, ‘ Ground iron blast furnace slag as a matrix for 

cellulose-cement materials’, Cement & Concrete Composition, vol. 23, pp. 389-397.  

Schneider, M, Romr, M, Tschudin, M, Bolio, H, 2011, ‘Sustainable cement production—

present and future’, Cement and Concrete Research, vol. 41, pp. 642–650 

Taha, G, Mosaed, T, 2010, ‘Blast Furnace Slag of a Ferrosilicon Firm in Aswan Governorate, 

Upper Egypt, as an Adsorbent for the Removal of Merocyanine Dye from Its Aqueous 

Solution’, Chemistry and Biodiversity, vol. 7, pp. 878-886. 

Togobitskaya, D, Otorvin, P, Bel’kova, A Grin’ko, A, 2004, ‘Automated system for 

monitoring and controlling the slag regime in blast furnace smelting’, Metallurgist, vol. 

48, pp.147-152.  

Wan, H, Shui, A, Lin, Z, 2004, ‘Analysis of geometric characteristics of GGBS particles and 

their influences on cement properties’, Cement and Concrete Research, vol. 34, pp. 133–

137.  

Wang, Z, Ni, W, Jia, Y, Zhu, L, Huang, X, 2010, ‘Crystallization behaviour of glass ceramics 

prepared from the mixture of nickel slag, blast furnace slag and quartz sand’, Journal of 

Non-Crystalline Solids, vol. 356, pp. 1554–1558.  

Yasipourtehrani, S, Strezov, V, Bliznyukov, S, Evans, T, 2017, ‘Investigation of Thermal 

Properties of Blast Furnace Slag to Improve Process Energy Efficiency’, Journal of 

Cleaner Production, vol. 149, pp. 137-145 

Zhao, H, Sun, W, Wu, X, Gao, B 2015, ‘The properties of the self-compacting concrete with 

fly ash and ground granulated blast furnace slag mineral admixtures’, Journal of Cleaner 

Production, vol. 95, pp. 66-74.  

Zheng, K, Zhang, Z, Liu, L, Wang, X, 2014, ‘Investigation of the viscosity and structural 

properties of CaO-SiO2-TiO2 slags’, Metallurgical and Materials Transactions B, vol. 

45B, pp. 1389-1397. 

 


