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Abstract 
Copper smelter slag is a residue product of the pyrometallurgical extraction of copper. Due to 

its physical properties, the iron silicate type of copper smelter slag has many possible 

application areas, e.g., different aggregates and abrasives. During the copper-making process, 

some copper becomes distributed in the slag; therefore, copper recovery from the slag is 

commonly done through slag treatment processes. Despite treatment, copper-containing 

inclusions can remain in the final slag. In order to secure the environmental properties of slags 

containing inclusions, the leaching mechanisms needs to be understood, which is the focus of 

the thesis presented. 

Synthetic and industrial iron silicate slags have been studied with respect to the impact of the 

slag constituent’s oxide (glass), sulfide (matte) and metalloids (speiss) on leaching as well as 

the impact of chemical composition (ZnO and CaO content). The synthetic slags are melted in 

laboratory furnaces. The industrial slags have undergone a Zn-fuming and settling process 

(including CaO additions for some slags) to recycle and reduce the zinc content and further 

separate copper-containing inclusions such as sulfide (matte) and metalloid (speiss) species. 

The materials investigated in the thesis are solidified using water granulation.  

All materials are characterized by their chemical compositions and mineralogy. Further, 

industrial slag constituents are investigated regarding their leaching contribution. Synthetic 

iron silicate (oxide) is investigated regarding the influence of ZnO content and granulation 

temperature on Zn leaching. CaO-modified industrial iron silicate slags are investigated 

regarding the leaching of specific elements (e.g., Cu, Zn, Ni, As, Sb). The leaching tests 

examine the effect of pH, oxidation and time using water leaching, acid and oxidating 

leaching and dynamic leaching methods. 

Characterizing the slag constituents shows that the glass mainly contains amorphous iron 

silicate. The matte contains mainly copper sulfides, and speiss contains copper metalloids. 

The leaching results show that the glass contributes to Cu and Zn leaching at pH 8.4, and the 

speiss contributes to Ni and Sb leaching at pH 7.8. Further, the leaching contribution of matte 

and speiss increased with decreasing pH. The main leaching elements from the matte and 

speiss include Cu, Ni, As and Sb.  

Characterization of the ZnO-modified iron silicate shows that Zn is mainly distributed in glass 

and partly in fayalite. Further, the Zn leaching increases with granulation temperature, ZnO 

content in the glass and decreasing pH.  
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Characterization of CaO-modified slags shows that up to 20 wt.% CaO dissolves into the 

glass phase. An increased CaO content resulted in increased Ca leaching, yielding higher pH. 

Leaching of Zn, Cu, Ni and Sb was on the other hand shown to decrease. Further, long-term 

leaching studies confirm increasing pH and Ca leaching. In contrast, the leaching of Cu, Zn 

and Ni showed a peak after a certain time, which was lowered with increasing CaO content in 

the slags. The leaching of As and Sb increased with increasing leaching time, but the increase 

diminished with increasing CaO content in the slags. A lower pH and an oxidating 

environment increased the leaching of Zn, Cu and Ni. 

The summarized results from this thesis indicate that the glass contributes to Zn leaching 

while copper-containing inclusions matte and speiss contribute to the leaching of Cu, Ni, As 

and Sb. The leaching of elements from the copper-containing inclusions matte and speiss can 

be limited by ensuring a pH buffer preventing acidification, for example, by CaO 

modification. CaO modifications decrease the slag leaching resistance, which contributes to 

increasing pH in the leachate by Ca-dissolution and hence decreased leaching of copper-

containing inclusions in the slag. Also, the Zn leaching from the slag decreased with 

increasing pH in the leachate. 
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1 Introduction 
1.1 Slag processing 
Schlesinger et al. [1] describe the ore-based pyrometallurgical copper extraction route from 

Cu–Fe–S ores in four steps. 1) The process starts at a mine site, where the Cu–Fe–S ore is 

beneficiated to a concentrate via froth flotation. The following steps include 2) smelting, 3) 

converting and 4) refining at a smelter site. The smelting step produces a Cu-rich matte and 

Fe-rich slag, the converting step oxidizes the Cu-rich matte to copper with impurities, and the 

refining step purifies the copper to its final grade (>99.99 wt.% Cu).  

Schlesinger et al. [1] report that the smelting process products are formed when copper 

concentrate, the chalcopyrite, is smelted in a furnace with a slag former, e.g., silica (SiO2). 

The lighter oxidic phase (slag) floats on the denser sulfidic phase (Cu-rich matte). Fe and 

various elements from the copper concentrate oxidize and end up in the slag. These slag 

elements, such as Al, Ca, Zn, Mg and Mn, have higher oxygen affinity than copper. The slags 

produced from the copper processing come from the smelting, converting and deoxidation 

stages. Further processing of these slags is necessary to recover copper and avoid copper 

losses.  

According to Bellemans et al. [2], processes suitable for copper recovery from slag are 

settling; crushing and leaching, and slow cooling, crushing and flotation. Depending on the 

chosen method or combination of methods, the slag is suitable for reuse in different 

applications. 

1.2 Slag applications 
Gorai et al. [3] report that slags from copper smelters are suitable for different applications 

because of their physical and chemical properties. These slags have suitable properties 

regarding hardness and density (increase with FeO content). Therefore, several studies [3–8] 

report that slag can be used as ballast, as construction material for buildings and roads (shows 

dewatering and insulating properties when granulated), as abrasives, and as fillers in cement 

and asphalt. According to Lim et al. [9], other more high-value usage areas are insulation 

material (rock wool), tiles, ceramics and land reclamation materials. 

Several studies show that adding copper smelter slag to cementitious applications is beneficial 

as an aggregate [5, 10, 11] or as secondary cementitious material [3, 12]. According to Feng 

et al. [13] and Shi et al., [12] both the cementitious properties and the corrosion resistance 
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with the use of modified copper slag are beneficial when partially replacing ordinary Portland 

cement. 

There have been attempts to introduce processes to minimize metal extraction's environmental 

impact by further slag processing. Miganei et al. [14] presented a multi-stage process for the 

maximal recycling of CaO-SiO2-based copper slag. The remaining copper in the slag was 

recovered by leaching, and the process products were blasting abrasive, cement additive, 

metal salt solution and fertilizer. Other process options involve carbothermal treatment, which 

has been studied by Guo et al. [15] and Sarfo et al. [16] for more efficient recycling of copper 

smelter slags by carbon reduction and production of a Fe-rich alloy and a secondary slag with 

lower Fe content. 

1.3 Slag usage challenges 
Using copper smelter slags from copper production can be beneficial compared to natural 

gravel and construction materials from both a technical and an overall environmental 

perspective. The produced slag is a material with a set composition and defined properties 

depending on the processing temperature and solidification method. The need for landfilling 

decreases when slag is used, as does the demand for using virgin materials. According to Lim 

et al. [9], replacing natural resources with reused slags in such applications might decrease the 

total environmental impact. 

However, slag usage differs between countries and regions, due to differing regulations and 

access to alternative natural resources. According to Lim et al. [9], factors affecting the use of 

slags are scarcity of natural resources, transportation cost, and the slag’s mechanical and 

chemical properties, among others.  

The European Council Directive 2008/98/EC on waste management presents a hierarchy of 

waste material treatments to minimize their amounts. The waste management hierarchy is as 

follows: 

• Prevention (non-waste) 

• Preparing for re-use 

• Recycling 

• Recovery 

• Disposal 

Dhir OBE et al. [17] suggested that the copper smelter slag can replace natural material in 
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road pavement applications and can thereby be classified as a by-product (non-waste 

material). However, challenges concerning the use of slag include the overall concern of using 

residue materials such as slags and European and national regulations regarding the 

classification of slag as a by-product or waste [17, 18]. Murari et al. [5] reported that the 

potential risk of releasing environmentally toxic elements from slag material is based on its 

chemical composition and leaching test results. Another challenge regarding slag usage is the 

regulation of the waste classification in the European waste directive, which is interpreted by 

each member nation. According to the Swedish environmental directive (The Swedish 

Environmental Code, Chapter 15, §1), a slag from a production process may be classified as a 

by-product (not waste) if all the following conditions are met:  

1. further use of the substance or object is certain. 

2. the substance or object can be used directly without any further processing other than 

normal industrial practice. 

3. the substance or object is produced as an integral part of a production process; and 

4. further use is lawful, i.e., the substance or object fulfils all relevant product, 

environmental and health protection requirements for the specific use and will not lead 

to overall adverse environmental or human health impacts. 

These conditions need further interpretation by authorities, which is done based on legal 

judgments and case law. Therefore, constructors might claim precautionary actions due to the 

by-product/waste classification complexity and avoid using slag materials despite their 

excellent product properties, as reported by Gorai et al. [3]. Nevertheless, reused slags must 

be environmentally safe and fulfill the regional environmental protection regulations for the 

specific application (European Council Directive 2008/98/EC). 

1.4 Slag leaching behavior 
The leaching behavior of regulated elements in the copper smelter slag needs to be assured to 

extend the potential usage of slag products in applications. According to Piatak et al. [19], the 

leaching of slag elements depends on parameters such as slag composition/phases, element 

distribution, particle size (surface area), and ambient conditions such as pH, redox potential 

and temperature. Previous research has studied the recovery of metal values from copper 

smelter slags [3, 7, 16, 20, 21] and slag modification to improve the metal recovery to lower 

copper losses to slag [2, 22–24]. These studies have not addressed the leaching behavior and 

the contribution of both oxidic- and Cu-containing constituents of such slags.  
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1.5 Aim and scope 
The thesis aims to enhance understanding of the parameters affecting the environmental 

quality of present- and CaO-modified slag through a comprehensive study of their leaching 

properties.  

The objectives of the thesis are: 

• To characterize present and modified granulated iron silicate slags and their 

constituents. 

• To determine the leaching behavior of individual slag constituents: glass, matte and 

speiss, and the leaching influence by pH at oxidating conditions. 

• To determine the leaching from a slag matrix and its correlation to elemental content 

and granulation temperatures.  

• To determine the leaching effects at different leaching conditions based on the CaO 

content of the slags and the long-term leaching effects of such slags.  

• Suggest principles for reduced leaching from the slags. 

Fig. 1.1 illustrates a schematic of the thesis work including materials, methods and 

parameters.  

 

Fig. 1.1 Schematic principle of the thesis work.
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2 Literature Review 
2.1 Characterization of iron silicate slag 
Generally, copper smelters choose between two main groups of slags and produce iron silicate 

or calcium ferrite-based slags in the matte smelting process. According to Schlesinger et al. 

[1], the iron silicate slags are subject to problems with magnetite formation (due to oxidation) 

and difficulties in removing acidic oxides. On the other hand, calcium ferrite slags resolve the 

issues with the iron silicate slags but have drawbacks such as lowered silica solubility and 

comparable high wear on MgO-Cr2O3 refractories. Therefore, the iron silicate-based slag is 

the most used worldwide and is used at the smelter referred to in this thesis. Hence, a review 

of the characterization of iron silicate slag including its constituents is summarized in this 

subsection.  

2.1.1 Physical properties 
Gorai et al. [3] and Reuter et al. [25] report that both air-cooled and granulated iron silicate 

slag have stone-like properties, which are favorable for civil engineering applications. The 

air-cooled slag becomes denser and more crystalline, while the granulated slag becomes more 

amorphous vitreous and less dense. Both slag types show properties such as a homogenous 

composition, high abrasion resistance, low water absorption capacity (0.13%), high hardness 

(6–7 Mohs) and high specific density (2.8–3.8 g/cm3) [3, 26–29]. 

2.1.2 Chemical composition 
The iron silicate slags are well-studied regarding their characteristics and chemical 

compositions. According to Alter [30], the elemental concentration in the slag varies 

depending on the raw materials (copper concentrate, slag former, secondary materials) 

composition and smelter processing. Gorai et al. [3] showed that the slag contains Fe (FeOx), 

SiO2, CaO, Al2O3 and MgO, with concentrations in the ranges 35–48, 25–37, 0–17, 2.4–16 

and 1.0–3.5 wt.%, respectively, comparing ten different copper smelter slags. Further, Cu, Zn 

and Ni varied between 0.5–1.6, 0.05–0.7 and 0.002–0.06 wt.%. However, the slag 

compositions can differ even more when comparing other copper smelter slags. According to 

several studies [3, 26–29], the minor slag elements show wide concentration variations. 

Particularly, Zn shows a high variation between smelters. According to Maweja et al. [31], the 

high variance partly depends on the Zn content in the input streams and partly on the use of 

slag treatments such as slag fuming. Alter [30] reported in a study including the chemical 

compositions of 28 different copper smelter slags from the United States, Canada and Chile 
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that the chemical compositions were close to those reviewed by Gorai et al. [3]. However, the 

average concentrations of As, Cu, Ni, Sb and Zn with a confidence limit of 95% were 

calculated to be 0.18±0.14, 1.36±1.02, 0.06±0.04, 0.18±0.11 and 1.51±0.58, respectively [30]. 

More recent studies by Das et al. [29] and Feng et al. [13] agree well with these 

concentrations regarding magnitudes of minor elements in iron silicate-based slags. 

2.1.2.1 Mineralogical Speciation of copper 
Cu in copper smelter slags can be present as entrained droplets, consisting of matte (sulfide) 

and metallic Cu, or as dissolved Cu (oxide) in the slag matrix. According to several studies [7, 

28, 29, 32], typical copper-containing phases found in copper smelter slags are bornite 

(Cu5FeS4), chalcopyrite (CuFeS2), chalcocite (Cu2S) and metallic Cu. Fagerlund et al. [33] 

and Schlesinger et al. [34] studied the oxidation of Cu and investigated Cu2O dissolved in 

slag/matte. Cu2O dissolution might occur for flash smelter- and converter slags or other 

smelter slags at matte grades above 70% Cu treated at high oxygen potentials (pO2) (see 

reaction 2.3). Further, according to Schlesinger et al. [34], Cu dissolved into the molten slag 

can precipitate upon solidification and form metallic Cu inclusions. Qu et al. [35] and Bergh 

et al. [36] have reported that introducing reducing conditions using coal or coke reduced the 

Cu content and the spinel (magnetite) formation in the slag.  

Wang et al. [7] characterized an air-cooled iron silicate slag using quantitative evaluation of 

minerals by scanning electron microscopy (QEMSCAN) and X-ray computed tomography 

(CT), containing about 0.87 wt.% Cu. They found that the Cu in the slag was mainly 

distributed in droplets consisting of: Cu5FeS4, CuFeS2 and Cu2S/Cu9S5. The copper sulfide 

droplets' particle size ranged from a few micrometers to the millimeter scale. Further, the 

authors reported that most of the copper value (>70 vol.%) was found in bigger sulfidic 

droplets >100 µm. 

2.1.2.2 Copper concentration in slag 
According to Bellemans et al. [2], the mechanical and chemical dissolution of Cu explains 

how Cu is entrained into the slag layer (oxide) from the matte layer (sulfide) during matte 

smelting. The mechanical dissolution is due to slopping and stirring (mixing), and the 

entrapped Cu droplets in the slag layer have been unable to settle. Small droplet sizes, high 

slag viscosity, attachment to gas bubbles and short settling time are reasons for entrapped 

copper droplets in the slag layer. Further, the slag should be above the liquidus point to 

decrease the risk for copper entrapment [34]. Schlesinger et al. [34] report that chemical 
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dissolution of Cu is due to reactions in the transition layer between the two phases 

(slag/matte), such as reaction 2.1, whereby the Cu in the matte dissolves into the slag matrix. 

This reaction is prevented by decreasing the FeO activity in the slag layer, which is done by 

addition of a fluxing agent like SiO2 according to reaction 2.2. 

 Cu2S(matte) + FeO(slag) → Cu2O(slag) + FeS(matte) 2.1 
 FeO(slag) + SiO2(s) → FeO − SiO2(slag) 2.2 

Injections of O2 generate oxidating conditions and promote the formation of dissolved Cu, 

which ends up in slag according to reaction 2.3. Also, oxidation conditions increase the 

amounts of solid particles in the slag according to reaction 2.4 due to magnetite precipitation 

[34]. 

 Cu2S(matte) + 3 2⁄ O2(g) → Cu2O(slag) + SO2(g) 2.3 
 3FeO(slag) + 1 2⁄ O2(g) → Fe3O4(s) 2.4 

Furthermore, Bellemans et al. [2] reported that magnetite increases the slag viscosity, which 

also prevents the settling of copper inclusions. However, the magnetite can be reduced by FeS 

or metallurgical coke.  

2.1.2.3 Zinc concentration in slag 
Some iron silicate slags contain various concentrations of Zn (up to 3.73 wt.%), according to 

data provided by Gorai et al. [3], Alter [30] and Tian et al. [37]. For these slags, the Zn 

originated from the raw materials for the copper smelting process or recycling of Zn-

containing materials. Hidayat et al. [38] studied the Zn distribution between iron silicate slag 

and Cu-metal. They showed that Zn is favorably distributed into the molten iron silicate slag 

at the pO2 range 10-11–10-7 atm, and the distribution to the slag further increased with 

increasing pO2. Sineva et al. [39] have studied the copper/iron silicate/matte system and 

showed that Zn is favorably distributed to the iron silicate phase. The Zn distribution to the 

iron silicate phase increased with increasing Cu content in the matte.  

Further, according to Wang et al. [40] and Piatak et al. [19], the Zn is distributed into the 

amorphous slag matrix (granulated) or in phases such as fayalite and pyroxenes (air/slow-

cooled), depending on the cooling rate during the slag solidification. Liu et al. [41] studied the 

ZnO-“FeO”-SiO2-Al2O3 system at pO2 10-8 atm and found that Zn-containing spinel is 

formed. Zhao et al. [42] studied the ZnO-“FeO”-Al2O3-CaO-SiO2 system at iron saturation 

and found that the Zn content in the spinel phase was higher than in the liquid slag.  
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2.1.3 Structure and morphology 
The solidified copper smelter slag's microstructure varies depending on the liquid slag's 

cooling rate upon solidification. An air/slow-cooled slag has time to crystallize, and different 

phases form depending on the chemical composition. According to De Wilde et al. [43], 

nuclides of, e.g., precipitated magnetite or copper inclusions in the slag can act as bases for 

crystal growth, enhancing growth rate. Gorai et al. [3] and Takebe et al. [44] have reported 

that typical air-cooled industrial iron silicate slags form precipitation of magnetite, fayalite 

and a mixed amorphous phase of the remaining melt upon solidification. Fast cooling, e.g., by 

water granulation, makes the slag predominantly amorphous, according to Takebe et al. [44].  

2.1.4 Slag granulation 
Slag granulation is a process whereby the slag is fragmented into an aggregate for 

applications and easier material handling. Barati et al. [45] noted that the granulation process 

is more energy-efficient than alternative size reduction methods such as crushing and grinding 

air/slow-cooled slag. The granulation of molten slags can be achieved using a wet or dry 

granulation method. The authors explained that the wet granulation method uses a water jet as 

a cooling- and granulation medium to form slag granules. Tobo et al. [46] showed that the 

water-granulated slags’ particle size decreased by changing slag composition (lowering 

viscosity), increasing slag temperature and increasing the flow rate of the granulation 

medium. George et al. [47] showed that materials with lower viscosity, such as copper mattes, 

might react with the granulation water and cause explosions, as the water decomposes into 

hydrogen and oxygen. Barati et al. [45] reported that the wet granulation method has 

advantages such as low installation cost, uniform slag granules and efficient cooling to form 

amorphous granules. The drawbacks are the relatively fine particle size, moisture content 

(need for drying before use in specific applications and water treatment) and possible SO2 and 

H2S gas formation upon the slag-water interaction. 

2.2 Slag chemistry modifications 
Schlesinger et al. [1] and Kim et al. [22] have examined slag additives such as CaO to molten 

iron silicate slag to enhance the recovery of Cu from the slag layer. Also, several studies [48–

50] showed that the addition of moderate amounts of CaO to the slag lowers the liquid 

viscosity (up to 6 wt.% CaO content) and surface tension and increases the slag basicity (B2, 

wt.% CaO/wt.% SiO2) at set conditions. Similar viscosity-related studies have been conducted 

involving the addition of other elements, such as Al2O3 and MgO [51–53]. 
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2.2.1 Effect of lime 
Kowalczyk et al. [54] and Schlesinger et al. [1] have reported that a molten acidic slag (FeO-

SiO2) is described by silica tetrahedron chain formations, which makes the slag more viscous. 

By adding a basic oxide (e.g., CaO), the silica network breaks up, and the slag viscosity 

decreases as the slag basicity increases, wt.% CaO/wt.% SiO2 (B2), according to Schlesinger 

et al. [1], Rusen et al. [24] and Fallah-Mehrjardi et al. [55]. According to Schlesinger et al. 

[1], acid oxides, e.g., As2O3, Bi2O3 and Sb2O3, become more soluble in the slag when the 

basicity increases. The increased solubility might affect the outlet point of these impurity 

compounds at a smelter site. Kim et al. [22] reported that the Cu content in the iron silicate 

slag increases with increasing pO2 due to increased Cu2O activity in the slag. Further, they 

showed that CaO additions to the slag decreased the Cu content in the slag. Jahanshahi and 

Sun [56] reported that the CuOX and Fe3+/Fe2+ in the slag increase with increasing pO2 for 

CaO-rich calcium ferrite slags.  

Ducret and Rankin [48], Vadász et al. [50] and Zhang et al. [57] showed that other effects of 

CaO additions are lowered melting temperature and density but increased thermal 

conductivity and surface tension. Schlesinger et al. [1] and Bellemans et al. [2] reported that 

lower slag viscosity shows benefits such as an enhanced settling rate of inclusion particles 

such as matte through the slag layer. Schlesinger et al. [1] and Feng et al. [13] reported that 

other benefits are a lower risk for slag foaming (gas bubbles rise faster through the slag layer) 

and improved cementitious properties of the solidified slag. CaO additions to slag have 

disadvantages such as increased wear of furnace MgO-Cr2O3 refractories and, subsequently, 

increased maintenance cost and, possibly, lower production due to downtime for repairs [1, 

58].  

2.2.1.1 Cementitious properties 
According to Gorai et al. [3] and Mobasher et al. [59], the iron silicate slag shows pozzolanic 

properties. Shi et al. [12] showed that to improve the pozzolanic properties, CaO addition, 

granulating and grinding of the slags are preferable for increased reactivity at basic pH 

conditions. Further, the authors noted that the slag could partially replace Ordinary Portland 

cement (OPC). The slag can become activated by NaOH or lime added to the cement mixture, 

which improves cementitious properties [12, 59]. Feng et al. [13] reported that CaO-

containing iron silicate slag (up to 19.5 wt.% CaO) further enhanced the cementitious 

properties, and the modified copper smelter slag was suitable as supplementary cementitious 

material with higher compressive strength than OPC. 
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2.2.2 Effect of other oxides 
Al2O3 is an amphoteric compound and acts as a base in acidic slags (network breaker) and 

acid in basic slags (network former). Mostaghel et al. [53, 60] reported that Al2O3 additions to 

iron silicate slag increase the slag’s viscosity and surface tension but decrease its density. 

According to Kondratiev et al. [61] and Seetharaman et al. [62], the addition of alkaline 

oxides, e.g., Na2O, K2O, Li2O and fluorides, such as CaF2, decreases the viscosity of slags 

effectively. Kim et al. [22] and Ducret et al. [48] reported that increased MgO in copper slag 

leads to increasing liquidus temperature and decreased Cu in slag for limited (4.4 wt.%) 

additions. Further, the Cu solubility in slag decreases with the addition of CaO> MgO> Al2O3 

[22].  

2.3 Leaching behavior of copper smelter slags 
Knowledge of the leaching behavior of copper smelter slags is crucial for the environmentally 

safe use of slags in applications. A thorough understanding is also necessary for decision-

making regarding possible application or disposal in landfills. In metallurgy, leaching is 

commonly associated with the dissolution of oxidic ores in strong acids/bases to recover 

metals via the hydrometallurgical route. Banza et al. [63], Urosevic et al. [64] and Schlesinger 

et al. [65] suggest that metal recovery can be affected by acidic/alkaline pH, oxidation agents, 

temperature and time. However, the aim is different when studying the leaching of copper 

smelter slag for use in applications or disposal in landfills. Instead, the slag leaching behavior 

is studied in the presence of weak solutes to simulate natural leaching conditions [66]. This 

section reviews leaching theory, the leaching behavior of slag and its constituents and 

environmental leaching methods.  

2.3.1 Leaching theory 
Leaching is defined as a heterogeneous reaction in the interface between a solid and a liquid 

phase. Habashi [67] has noted that a leaching process involves the following five steps: 

• Diffusion of the reactant from the bulk liquid through the diffusion layer to the 

leaching object 

• Adsorption of the reactant on the leaching object 

• Chemical reaction between the reactant and leaching object 

• Desorption of the leaching product from the leaching object 

• Diffusion of the leaching product through the diffusion layer to the bulk liquid 
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Further, Habashi [67] reports that Fick´s law describes the leaching and the diffused amount 

from a leaching object according to formula 2.5:  

 J = −A ∗ D ∗
dC
dx

 2.5 

Where: J is the amount of a substance that diffuses through a surface per time unit, A is the 

surface area of the reacting particle, D is the diffusion constant (unit of surface per time unit) 

and dC/dx is the concentration gradient. To calculate the leaching rate, the particle surface 

area, the diffusion constant and the concentration gradient must be known. The slowest step in 

the leaching process controls the leaching rate. There are two main leaching mechanisms: 

reaction and diffusion-controlled leaching, as shown in Fig. 2.1. Also, intermediate leaching 

mechanisms occur where neither of the two mechanisms is dominating.  

 

Fig. 2.1 Leaching mechanisms, concentration and distance from the surface and diffusion layer, 

illustrated based on data from Habashi [67]. 

Moreover, Habashi [67] noted that reaction-controlled leaching is limited by the reaction 

kinetics, which means that the diffusion kinetics are faster than the reaction kinetics. On the 

other hand, diffusion-controlled leaching is limited due to diffusion kinetics. The diffusion 

goes slower than the reaction, thereby controlling the leaching rate. Intermediate controlled 

leaching occurs when the reaction and the diffusion have similar kinetics, and both become 

rate-limiting.  
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Based on formula 2.5, the diffusion rate can be lowered by changing the material properties 

(primary factors), such as the surface area (A) (processing and designing the slag material to 

lumps/granules as big and non-porous as possible) or minimizing impact from external 

sources (secondary factors) such as the water flow going through the final slag material to 

prevent leaching of metals (J). Also, the material properties, such as the chemical reaction 

mechanism, can be hindered by passivation of the slag through slag modification or aging, 

making the slag more independent of external factors, see subsections 2.2 and 2.4, 

respectively. Vítková et al. [68] report that a “crushing effect” can affect the leaching due to 

the initial leaching of entrained fine-ground particles on the surfaces of bigger slag grains. 

2.3.2 Leaching of slag constituents 
Several leaching studies on copper smelter slag have examined the overall slag leaching 

behavior [19, 30, 52, 69, 70]. Leaching studies on copper smelter slags focusing on different 

slag constituents' contributions, also known as slag minerals, have not been well studied. 

Engström et al. [71], Strandkvist et al. [72] and Mombelli et al. [73] have studied the leaching 

behavior of specific slag constituents for different steelmaking slags. For this purpose, Piatak 

et al. [19] and Seignez et al. [74] suggested acid leaching tests on slag pieces molded and 

ground into thin sections. Characterizing the thin section before and after acid leaching under 

different conditions gives information about which slag constituents dissolve under the set 

conditions. However, this method cannot determine the leached amounts from each slag 

constituent. Further, Piatak et al. [19] reported that base metal and copper smelter slags 

usually show higher leaching concentrations and leaching from more elements, such as Cu, 

Zn, Pb, As and Cd, compared to steel slags. They reported a lack of correlation between 

leaching values and elemental concentrations in slags. However, the leaching of elements 

such as Ca can correlate to the slag’s chemical composition. Further, upon leaching, Ca-rich 

slag often receives alkaline leachates. 

Lidelöw et al. [75] showed in a field test that the leaching from iron silicate slag is short-

termed and peaks after 2–4 years, and decreases over time during an estimated average water 

infiltration of 200 mm/year (corresponding to L/S 0.1/year). The pH of the water passing the 

bed of iron silicate slag in their study varied between 6.3 and 7.8, with an average of 6.9. 

Lidelöw et al. [75] showed that Zn, Cu and Ni are typical leaching elements from iron silicate 

slags. Locally, even leaching of As, Co, Sb, Pb and Cd could be an issue, according to Piatak 

et al. [19] and Jarošíková et al. [76]. Vitkova et al. [68] showed that crushed iron silicate slag 

fractions containing fine particles have higher leaching values (Cu, Co and Zn) than 
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corresponding samples treated using an ultrasound cleaning method. 

2.3.2.1 Effect of pH and redox potential 
The parameters pH and redox influence the leaching behavior of slag constituents and 

elements. The acid/base additions (e.g., H2SO4, HCl, HNO3, NaOH), gas bubbling (CO2, 

SO2), or chemical reactions regulate the pH. According to Potysz et al. [28] and Jarošíková et 

al. [76], the pH for batch leaching tests of copper smelter slag is usually in the range of 7–10. 

Lewis [77] reports that the solubility of metals is at its lowest levels in the range of 8–10. If 

available, metal hydroxides and sulfides easily precipitate in the same pH range. According to 

Jarošíková et al. [76] and Piatak et al. [19], the leaching behavior at a wide pH range is 

studied to simulate acidification/alkalinization by external sources or sulfide oxidation. More 

acidic/alkaline test conditions significantly increase metal and sulfides’ leachability [6, 28, 76, 

78]. 

The redox potential measures a system's summarized chemical reduction and oxidation 

reactions. Common oxidizing agents are oxygen (O2), nitric acid (HNO3) and ferric ions 

(Fe3+). Reaction (2.6) shows when metal sulfide (MeS) reacts with oxygen (O2) and sulfuric 

acid (H2SO4) and forms metal sulfate (MeSO4), 

 MeS + 1 2⁄ O2 + H2SO4 → MeSO4 + S0 + H2O. 2.6 

Potysz et al. [6] have reported that oxidizing conditions lead to the increasing dissolution of 

metals from copper smelter slag. The solubility of specific compounds (metals, oxides and 

sulfides) differs in water solutions. Eh-pH diagrams (Pourbaix diagrams) show the 

dominating compounds in a dilute aqueous system at various redox and pH values. Huang 

[79] has studied the Cu-system (Cu-H2O, Cu-S-H2O and Cu-Fe-S-H2O) and reported that the 

Cu-Fe-S compounds (such as CuFeS2 and Cu5FeS4) could react with metallic Cu and produce 

Cu-S compounds (Cu2S) and dissolved Fe via galvanic conversion. Further, Fullston et al. 

[80] showed that the oxidation order of Cu sulfides during acidic and oxidizing conditions 

occurs in the following order: Cu2S > CuS > Cu5FeS4 > CuFeS2. Therefore, the leaching of 

Cu sulfides in slags should occur in a similar order.  

Song et al. [81] have studied the leaching from zinc smelter slag, including the Zn-system 

(Zn-H2O), and showed that the Zn is unstable and dissolves at acidic pH. Further, Zn is stable 

at alkaline pH due to the formation of Zn(OH)2. 
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2.3.3 Leaching test methods 
Several studies have been conducted regarding the environmental leaching of copper smelting 

slags. Piatak et al. [19] reviewed the leaching behavior of both ferrous and non-ferrous slags, 

including copper smelter slags. They reported that common leaching studies found in the 

literature often refer to different single-batch tests. Depending on the specific study's aim, 

these leaching tests differ regarding sample preparations, leaching liquids, liquid-to-solid ratio 

and retention time. The purpose of this type of leaching test is often to simulate natural 

weathering or the conditions in a landfill. Two types of leaching tests, the toxicity 

characteristic leaching procedure (TCLP) [66] and the EN12457 leaching test [82], were 

developed for classifying materials as hazardous or non-hazardous before landfilling to treat 

the materials in an environmentally proper way [19]. The United States Environmental 

Protection Agency (USEPA) developed the TCLP, which replaces earlier test methods such as 

the extraction procedure toxicity test (EP-tox) and the synthetic precipitation leaching 

procedure (SPLP). In Europe, the European Committee for Standardization developed the 

EN12457 leaching test. The two leaching tests differ regarding leaching liquid, liquid-to-solid 

ratio (L/S) and leaching time using diluted acetic acid/sodium hydroxide solution, deionized 

water, L/S 20, 10 and 18, 24 h, respectively. 

Piatak et al. [19] and Potysz et al. [6] report that a traditional procedure for classifying the 

environmental risk for a residue material, such as a copper smelter slag, starts with a chemical 

analysis. The chemical analysis determines the amounts of potential environmentally 

hazardous elements (e.g., Cu, As, Pb and Zn), and the next step is to investigate the elements' 

leaching availability (maximum release to the surrounding environment). For this purpose, 

according to Piatak et al. [19] and Cappuyns et al. [83], the slag is crushed/ground or sieved 

(simulating weathering and disintegration) and subsequently leached in a dilute acidic 

solution to determine the maximum leachable amount of each element under constant 

agitation. Comparing the leached amount with the total elemental concentration in the slag 

determines the availability of each element. According to Piatak et al. [19], in this way, a 

(‘worst-case’) leaching scenario of the slag is investigated. It measures the maximal potential 

environmental risk for the slag when used in applications or landfilled.  

To determine the leaching of slag at specific pH, some test methods (e.g., EN 14997, 2015, 

L/S of 10, 24h) use pH-buffers or pH-titration, which maintains the pH during the set test 

period [28, 76, 83–86]. Cappuyns et al. [85] and Król et al. [86] report that diluted acid/base 

(e.g., 1 M HNO3/NaOH) is added during static pH titration to maintain a constant pH of the 
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leaching solution.  

Piatak et al. [19] reported that leaching test methods used for kinetic studies are flow-through 

and column tests. For these tests, the leaching liquid flows through the material at a constant 

rate. According to Tiwari et al. [87] and Naka et al. [88], the column percolation leaching 

methods use distilled water pumped through the sample material in the column at a set flow 

rate in the up or downstream direction. Sampling occurs at set L/S values, usually in the L/S 

range 0.1–10, of the water passing the sample to determine L/S-specific leaching values.  

Leaching methods for monolith materials such as cement blocks or slag materials are used to 

determine the leaching rates and leaching of trace elements. An example is the dynamic 

leaching test CRT-LEACHCRETE developed by Moudilou et al. [89]. For this test, the 

monolith is placed in a water-filled reactor at pH 5 using HNO3/NaOH. The leached matter 

from the monolith is transported with the water to a boiler, where the leaching matter 

accumulates, and the water is continuously recirculated back to the reactor via distillation. 

2.4 Slag aging 
Weathering of slags/minerals, also called aging, is a term for the combined effect of reactions 

happening to a slag/mineral over time due to reactions with the surrounding environment, 

such as water, air (O2, CO2) and organic matter [6]. Physical disintegration is also a part of the 

weathering process [6]. Engström et al. [71] and Lidelöw et al. [75] have shown decreased 

leaching for aged steel and iron silicate slags, respectively. These decreased leaching trends 

apply to slags that do not disintegrate and dissolve during aging. Engström et al. [71] showed 

that the aging of steel slags considerably decreased their leachability, probably due to 

carbonization and the formation of CaCO3.  

When the slag material ages, secondary phases can form on the surfaces of the slag material 

due to reactions with, e.g., O2, CO2 and H2O. Potysz et al. [6] and Kierczak et al. [90] noted 

that the surfaces of aged copper smelter slags could contain formations of carbonates, sulfates 

and oxides such as malachite Cu2CO3(OH)2, langite Cu4(SO4)(OH)6 and iron oxyhydroxides 

Fe(OH)3. Kobayashi et al. [91] reported that the dissolution of crystalline fayalite resulted in 

lower Fe and Mg contents at the slag surface layer compared to the bulk concentrations using 

X-ray photoelectron spectroscopy (XPS). The aging effect indicates the leaching of Fe and 

Mg, leaving Si on the surface layer of the fayalite. According to Banza et al. [63], silica gel 

formation at the slag surface is a probable explanation for this phenomenon. In addition, 

Potysz et al. [92] have reported that microorganisms can increase the weathering rate of iron 
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silicate slags, especially for amorphous slags. 

2.5 Slag cleaning methods 
The slag cleaning processes have developed with improved process control over time due to 

more accurate analytical methods. The main aim of the cleaning process has been to decrease 

copper losses to maximize the copper production capacity. Nowadays, more focus is on the 

environmental impacts, ensuring environmentally safe use of residue materials and, if needed, 

landfilling. The methods used for slag cleaning involve either molten slag, solidified slag 

material, or a combination of both. Schlesinger et al. [34] describe slag cleaning by the 

following principal methods: 

• Slag volume minimization  

• Slag settling/reduction 

• Slag minerals processing 

2.5.1 Slag volume minimization 
Schlesinger et al. [34] describe that decreased addition of slag formers such as SiO2 

minimizes the total slag volume. The lower addition limits the amount of iron silicate, 

Fe2SiO4, that will form according to reaction 2.7,  

 2FeO(slag) + SiO2(s) → Fe2SiO4(slag). 2.7 

Thus, FeO will be in excess in the slag, leading to a decreased capacity to dissolve other 

elements/oxides into the slag. However, the slag volume needs to be high enough to dissolve 

the impurities originating from the copper concentrate and avoid saturation. Therefore, the 

principle is suitable for copper concentrates with low impurity contents. According to 

Bellemans et al. [2] and Schlesinger et al. [34], the drawbacks of this route are the increasing 

FeO activity and the following increasing dissolution of Cu2O and formation of magnetite in 

the slag, as shown by reactions 2.1 and 2.4, respectively. 

2.5.2 Slag settling/reduction 
Typically, electrodes heat the slag in an electrical settling furnace, and due to density 

differences between the molten slag and copper inclusions, settling of copper inclusions 

occurs. According to Bellemans et al. [2], parameters affecting the settling of such inclusions 

in the furnace are slag viscosity, inclusion size and time. Therefore, for these parameters, the 

settling can be described by the Stokes equation under laminar flow, as in formula 2.8: 
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 V =
2
9
∙

r2(ρd − ρs)g
η

, 2.8 

where V is the settling velocity (m/s), r is the droplet radius (m), ρd is the density of the 

inclusion (kg/m3), ρs is the density of the slag (kg/m3), g is the gravitational acceleration 

(m/s2) and η is the viscosity (kg/(m·s)). The settling velocity is determined using formula 2.9, 

 V =
h
t

 , 2.9 

where h is the height of the slag layer (m), and t is the settling time (s). The settling time, t can 

be derived using formulas 2.8 and 2.9,  

 t =
9
2
∙

h ∙ η
r2(ρd − ρs)g

. 2.10 

Formula 2.10 shows that the settling time is affected by the height of the slag layer, the slag 

viscosity, the droplet size of the inclusions, and the density differences between slag and 

inclusions. According to Ip et al. [93] and Schlesinger et al. [34], the optimum for reducing 

settling time is increasing inclusion droplet size, increasing temperature and decreasing SiO2 

content. These optimizations lead to lower viscosity and subsequent decreased amount of 

copper inclusions in the slag due to settling. Bellemans et al. [2] reported that the amount of 

dissolved copper and other impurities in the slag could be minimized by reduction with the 

injection of reducing agents into the slag to increase the settleable inclusion content.  

2.5.3 Slag mineral processing 
Das et al. [29] have shown that copper inclusions could be removed from slag through a 

grinding and flotation process. Further, Jalkanen et al. [94] and Xue et al. [95] report that the 

slag should be slow-cooled to promote crystal growth (see subsection 2.1.3), precipitation of 

dissolved copper and fusion of small copper droplets into bigger droplets. The slow-cooled 

slag is crushed and ground to proper particle size to liberate the matte/copper droplets in the 

slag. The ground slag undergoes froth flotation to recover the matte/copper droplets from the 

slag. Common collectors for sulfide ores are Xanthate and di-thiophosphates, which also 

collect matte, Cu2S and FeS particles [96–99]. This robust copper recovery method limits the 

recirculation load of undesired sulfides and metal(loid)s. However, according to Urosevic et 

al. [64], the method might result in low copper recovery. Therefore, further treatments are 

often needed to improve recovery. An alternative or additional method to flotation is slag 

leaching. The leaching method (extraction) recovers fine copper droplets (<75 µm) that the 
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flotation method fails to collect [64, 78].  

According to Tian et al. [37], slag leaching for metal extraction using leaching agents such as 

H2SO4 is economical, due to its comparatively low cost compared to other acids like HNO3 

and HCl. Banza et al. [63] reported that using H2SO4 led to passivation due to silica gel 

formation, which was prevented by adding oxidation agents such as hydrogen peroxide 

(H2O2). Further, Tian et al. [37] report that bioleaching using acidophilic bacteria for the 

oxidation of S2- to SO4
2- or Fe2+ to Fe3+ is an alternative to chemical leaching. 
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3 Materials and Methodology 
3.1 Material and material preparation 

3.1.1 Material processing at Boliden Rönnskär 
Fig. 3.1 shows the copper smelting and the slag cleaning process of the iron silicate slag from 

the matte smelting at the Boliden Rönnskär plant in Sweden, as presented by Borell [100]. 

The matte smelting process employs two parallel routes: an electric smelting furnace (ESF) 

and a flash smelter. The ESF increases the capacity for smelting secondary materials and 

recycling slags. After the ESF and flash smelting, the matte is converted and refined to pure 

copper. The slag from the slag-blowing step during converting is recirculated to the ESF for 

Cu-recovery.  

 

Fig. 3.1 Modified illustration of the slag treatment process in Boliden Rönnskär copper smelting plant 
[100]. 

The slag from ESF is further treated in a Zn-fuming furnace and a subsidiary settling and 

water-granulation process. According to Borell [100] and Lotfian et al. [101], the molten slag 

is tapped out from the ESF and charged batchwise to the Zn-fuming furnace together with 

slag from Pb-smelting and Zn-containing dust. By injecting pulverized coal and air through 

submerged tuyeres, most high vapor pressure elements such as Zn, Pb and Sn oxides are 

reduced to metal vapor and removed from the furnace via the gas cleaning system. The Zn 

dust is further processed into a zinc clinker product.  
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Due to the reducing conditions in the Zn-fuming furnace, other oxides present in the slag are 

also reduced to metal(loid)s during the process. The fumed slag is tapped into a settling 

furnace to settle and separate the matte and metal(loid)s (speiss) from the slag layer. As the 

amounts of matte and speiss accumulate in the furnace, they form molten layers beneath the 

slag layer. Both these layers are separated from the slag by tapping into ladles, where they 

settle and solidify into two separate layers. The slag is water-granulated when tapped from the 

settling furnace, and the slag granules are collected and transported to a dewatering unit [100].  

3.1.2 Industrial materials 
The raw material for the different trials is iron silicate slag originating from the electrical 

smelting furnace (ESF), which is processed in Zn-fuming and settling furnaces before 

granulation at the Boliden Rönnskär copper smelter in Sweden. Fig. 3.2 shows the trial 

process steps and the two sampling points (SPI, II). Matte and speiss are collected from the 

SPI, while the slags for the reference and CaO modification trials are collected from the SPII. 

 

Fig. 3.2 Slag processing and sampling points I and II for samples. 

The trials were conducted during industrial-scale operation and under normal process 

conditions, and for the CaO modification trials, limestone was added during the fuming 

process. Also, dust from the fuming furnace’s off-gas treatment was recirculated into the 

fuming furnace. The fumed slag was tapped into the settling furnace and metal phases, denser 

than the molten slag, settled due to gravity differences. The settling times before granulation 

were all in the range of 13–19 minutes for the slag batches. At the starting point of 

granulation, the slag temperature was held between 1220–1250°C and increased to 1260–

1310°C during the granulation process due to electrical heating. Thermocouples measured the 

temperature in the molten slag tapped from the settling furnace to the granulation unit. The 

settled slags were water-granulated by water jets to final granulated slag products. Subsection 

(3.1.1) and previous studies [100, 101] describe the fuming and settling processes in more 

detail. 
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3.1.3 Slag constituents 
The materials for the first study (Paper I) were collected from each of the three formed 

materials after the subsequent fuming and settling processes, from SPII: granulated iron 

silicate slag, and from SPI: copper sulfide (matte) and metal(loid) (speiss). Fig. 3.3 shows the 

preparation procedure for the separated slag constituents’ glass, matte and speiss. The iron 

silicate slag was homogenized by grinding to a particle size of <1 mm, and magnetic particles 

(grinding media) were removed by dry magnetic separation using a low-intensity magnetic 

separator (LIMS). The ground iron silicate slag was remelted in a resistance furnace at iron 

saturation using Fe crucibles for 120 min at 1250°C with an inert atmosphere maintained by 

argon gas (2 L/min). The extended time in the liquid state provided time for the system to 

approach equilibrium and settle the remaining sulfides and metal(loid)s to the bottom of the 

crucibles. The processed iron silicate slag was identified as glass. The matte and speiss 

samples (as-received) needed to be crushed or cut, respectively, to the proper size to fit into 

the crucible (<4 cm pieces) before remelting and granulation.  

 

Fig. 3.3 Sample preparation procedures for glass, matte and speiss, respectively. 

The prepared samples of glass, matte and speiss, were melted batch-wise in a muffle furnace 

for 30, 10 and 10 minutes, respectively, at 1250°C in Fe crucibles in an air atmosphere. The 

shorter smelting time for the matte and speiss samples minimized the evaporation of sulfur 

and oxidation of the metal(loid)s. The molten samples of each type were water-granulated at 

the same set conditions regarding water flow rate and granulation rate. The granulated 

samples were collected, dried and split before characterization and leaching analysis.  
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3.1.4 ZnO-modified slag matrix 
The materials for the second study (Paper II) were synthesized from chemicals and 

investigated the Zn leaching behavior of the FeOX-SiO2-ZnO system. Three compositions of 

iron silicate (Fe(1−X),ZnX)2SiO4 (containing 1, 5, or 10 wt.% ZnO, and (ZnO,FeO)/SiO2 2.4) 

were synthesized in laboratory-scale trials using Fe2O3 (Alfa Aesar, 98 wt.%, metal basis), Fe 

(Alfa Aesar, 99 wt.%, metal basis), SiO2 (Alfa Aesar, 99 wt.%. metal basis) and ZnO (Acros 

Organics, 99.5 wt.%). Also, two different granulation temperatures of 1300 and 1400°C were 

tested due to the temperature increase during the granulation process in the industrial trials; 

see subsection 3.1.2. The sample mixes were homogenized by smelting in a furnace in Fe 

crucibles at inert conditions maintained by Ar-gas at 1300°C for 1 hour to approximate the 

industrial-scale granulation temperature; see subsection 3.1.2. After cooling to room 

temperature, the samples were reheated up to 1300 (ZFS13) or 1400°C (ZFS14) in an air 

atmosphere for 30 minutes before solidification by water granulation. 

3.1.5 CaO-modified slags 
The materials for the third and fourth studies (Paper III, IV) were collected slag from the 

granulation process at the Boliden Rönnskär smelter at SPII in Fig. 3.2, and chemicals. The 

slags include a reference granulated iron silicate slag and slags with CaO additions. 

The laboratory-scale trials used the reference iron silicate slag and chemical CaCO3 (Alfa 

Aesar, 99.5 wt.%. metals basis) as a CaO source to investigate the synthetic FeOX-SiO2-CaO 

system. The sample mixtures were homogenized by smelting in a furnace at 1300°C for 30 

minutes in Fe crucibles at inert conditions maintained by Ar-gas atmosphere. The prepared 

samples for the CaO modification in laboratory scale (Paper III) were remelted and 

granulated using the same conditions at 1300°C as for the materials for the second study 

(Paper II); see subsection 3.1.4. The remelted reference sample was named RL03 (R= 

Reference) containing 2.6 wt.% CaO, and the samples with CaO addition were named by their 

achieved CaO contents after remelting and granulation to L04, L08, L12, L16 and L20, 

containing 4.2, 7.8, 11.9, 15.7 and 19.8 wt.% CaO, respectively. 

The industrial-scale trials produced four batches of slags, collected at SPII in Fig. 3.2: a 

reference slag batch named RF02 (R=Reference, F=Full scale trials) containing 2.5 wt.% CaO 

and the three modified slag batches named by the received CaO contents to F06, F10 and F13 

containing 5.6, 10.2 and 12.9 wt.% CaO, respectively. The industrial-scale trial conditions are 

earlier described in subsection 3.1.2. 
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3.2 Slag characterization methods 
Table 3.1 summarizes the characterization methods used for the materials in this thesis. 

Ground subsamples of the laboratory- and industrial-scale materials were analyzed for 

chemical composition by the laboratory ALS Scandinavia AB, Sweden, using lithium 

metaborate digestion and inductively coupled plasma with mass spectrometry (ICP-MS). This 

chemical analysis method is commonly used for slag characterization [3, 19]. The 

morphology and elemental distribution of carbon-coated and polished epoxy molds of the 

materials were analyzed by scanning electron microscopy (SEM) on a Zeiss Gemini Merlin 

instrument equipped with an Oxford energy dispersive spectroscopy (EDS) detector.  

Table 3.1 Characterization methods used for the materials. 

Method Information 

Laboratory scale Industrial scale 

Slag 

constituents 

(Paper I) 

ZnO-modified 

slag matrix 

(Paper II) 

CaO-modified 

slags 

(Paper III) 

CaO-modified 

slags 

(Paper III, IV) 

ICP-MS Chemical 
composition X X X X 

SEM-EDS Morphology and 
elemental association X X X X 

XRD 
Mineralogy X X X X 

Rietveld refinement - X - - 

Ro-Tap 
sieving 

Particle size 
distribution X X X X 

BET surface 
area  Sample surface area X X - - 

Powder X-ray diffraction (XRD) determined the mineralogy of the materials using a 

PANalytical Empyrean X-ray diffractometer with a copper Kα radiation source and a 

monochromator. The received XRD patterns were examined with Highscore Plus and 

Crystallography Open Database [102]. Rietveld refinements were used to determine the 

crystalline and amorphous matter in the materials for Paper III using an internal standard, 

CaCO3 (10 wt.%; Alfa Aesar, 99.5 wt.%, metals basis). 
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The particle size distribution and the sample fractions were determined using a Ro-Tap sieve 

shaker and the U.S. standard sieve series. Specific surface area analysis was conducted using 

the Brunauer, Emmett and Teller (BET) approach using a Micromeritics Flowsorb II 2300 to 

determine the specific surface areas (m2/g) of the material fractions.  

3.3 Leaching methods 
The leaching tests used for the studies in this thesis are summarized in Table 3.2. The 

methods are described in more detail in subsections 3.3.1–3.3.3. 

Table 3.2 Leaching methods used for the materials. 

Method Standard 

Laboratory scale Industrial scale 

Slag 

constituents 

(Paper I) 

ZnO-modified 

slag matrix 

(Paper II) 

CaO-modified 

slags 

(Paper III) 

CaO-modified 

slags 

(Paper III, IV) 

Batch leaching 
test  

Modified 
EN12457-2/3 X X X X (III) 

pH-titration - X X - X (IV) 

Dynamic 
leaching - - - - X (IV) 

 

3.3.1 Batch leaching 
The one/two-stage batch leaching test according to EN12457-2/3 standard (Liquid/Solid ratio, 

L/S, 2/10 L/kg) [82] was used to determine the leaching behavior of all the samples (Papers 

I, II and III) [19, 71], as shown in Table 3.3. Batch leaching was used in this thesis to 

compare the leachability of the different slag constituents and ZnO-modified slag matrix in 

laboratory scale and for comparing slags with different CaO content both in the laboratory- 

and industrial-scale trials. The leaching test followed the standard protocols, except for using 

25 grams of the solids with a size fraction from 0.30–0.60 mm for each sample type to 

minimize the effect of the changing particle size distributions (surface area) between the 

samples. The pH and conductivity were measured in the leachates after the leaching tests. The 

leached concentrations from the samples were analyzed. 
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Table 3.3 Batch leaching data for the samples. 

Study Paper I Paper II Paper III 

Sample Slag constituents 
(glass, matte, speiss) 

ZnO-modified 
slag matrix 

CaO-modified 
slags 

Sample fraction 0.30–0.60 mm 0.30–0.60 mm 0.30–0.60 mm 

L/S 10 2, 8 (10) 10 

Rotation rate 10 rpm 10 rpm 10 rpm 

Retention time 24 h 6 h, 18 h (24) h 24 h 

Temperature 20°C 20°C 20–25°C 

 

3.3.2 Static pH titration 
Static pH titrations were executed on the slag constituents (Paper I), ZnO-modified slag 

matrix (Paper II) and CaO-modified slag samples (Paper IV), according to Table 3.4. The 

static pH titration method was used to determine the leaching behavior coupled to external 

(anthropogenic) oxidizing pH adjustments. For this purpose, dilute nitric acid was used for the 

pH titrations as in previous studies [76, 83, 103].  

For the slag constituents (Paper I), the glass, matte and speiss samples were titrated at pH 3, 

5 and 7 using 0.025–0.5 M HNO3 acid. The initial amounts for each titration were 5.0 grams 

and 50.0 mL of ultra-pure distilled (milli-Q) water. All titrations were executed in a stirred 

reactor at 25°C for 24 hours in a semi-closed system in contact with the surrounding air. A 

magnetic stirrer was used with a stirring rate of 300 rpm. 

The ZnO-modified slag matrix (Paper II) and the CaO-modified slag (industrial-scale) 

samples (Paper IV) were titrated at pH 5 and L/S 10 using 0.025M HNO3. 8.1–10.0 grams of 

sample were used for each test. For these titrations, the method was developed compared to 

that used for the slag constituents. The materials were placed in a filter cloth and into the 

reactor water to avoid attrition from the magnetic stirrer. A higher stirring rate of 960 rpm was 

needed to compensate for the decreased stirring effect due to the filter cloth. The experiments 

were performed in a semi-closed system in contact with the surrounding air at 20°C for 24 

hours.   
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Table 3.4 Static pH-titration method data for the samples. 

Study Paper I Paper II Paper IV 

Sample Slag constituents 
(glass, matte, speiss) 

ZnO-modified 
slag matrix 

CaO-modified 
slags 

Sample fraction 0.15–0.30 mm 0.15–0.30 mm 0.30–0.60 mm 

Sample mass 5.0 gram 8.1–10.0 gram 10.0 gram 

Sample holder No Yes Yes 

L/S 10 10 10 

pH 3, 5, 7 5 5 

Acid 0.025–0.05 M HNO3 0.025M HNO3 0.025M HNO3 

Stirring rate 300 rpm 960 rpm 960 rpm 

Retention time 24 h 24 h 24 h 

Temperature 25°C 20°C 20°C 

 

3.3.3 Dynamic leaching  
The dynamic leaching test was performed on the three CaO-modified slag samples from the 

industrial-scale trials: RF02, F06 and F13 (Paper IV). The leaching test was modified from 

the CTG-LEACHCRETE method developed by Moudilou et al. [89] to investigate the long-

term leaching effect on the samples over time by recirculated distilled water. The leaching 

setup includes a reactor with a level tube, a boiler and a condenser, all made of borosilicate 

glassware. For each leaching test, 40 grams of sample were used with an L/S 20 ratio in the 

reactor with a water volume of 0.8 L and magnetic stirring (approximately 650 rpm). The 

leached matter was transported from the reactor, via a lever tube, to the boiler with a water 

volume of 1.0 L, where the leached matter accumulated. The water from the boiler was 

recirculated back to the reactor using distillation; the water circulation rate was approximately 

3 mL/min. Sampling from the boiler was performed continuously during the trials during the 

30-days running time, reaching a cumulative L/S >3000 of water passing the reactor. Water 

losses were compensated before sampling. The ambient temperature during the trials was 20–

25°C. The leached concentrations from the samples during the leaching test were analyzed. 

The final conditions in the reactor and boiler, after 30 days of running time, were analyzed for 
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pH, conductivity and redox. The solid sample residues (in the reactor) and precipitates (in the 

boiler) were analyzed. Duplicate runs were performed for the F06 sample to verify the 

leaching results. 

3.3.4 Leaching sample analyses 
The liquid phases from the leaching/titration tests were filtered, acidified with 1 vol.% of 68% 

HNO3, and analyzed by ICP-OES/MS to determine their elemental concentrations. Leaching 

amounts in the eluates are presented as the average value (mg/kg) with the associated standard 

deviations. 
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4 Results and Discussion 
4.1 Slag constituents (glass, matte and speiss) 

4.1.1 Characterization of slag constituents 
Table 4.1 presents the chemical composition of an iron silicate slag (as received) from the 

copper smelter containing the main elements Fe, Si, O, Ca, Al, Zn (>1 wt.%) and minor 

elements Cu, S, Cr, Sn and Mo, (0.1–1 wt.%). The slag also contains trace amounts (<0.1 

wt.%) of Ni, Pb, As and Sb. According to Tian et al. [37], the slag composition is similar to 

typical copper smelter slags. 

SEM-EDS analysis (Fig. 4.1) shows the slag constituents of the iron silicate slag: glass (Fe, 

Si, O), matte (Cu, S, Fe) and speiss (Cu, Ni, As, Sb). The spinel (Fe, O) is associated with 

glass. The glass is the main constituent. Piatak et al. [19] describe the amorphous slag matrix 

as a host of sulfides, metals and intermetallic phases. The matte and speiss constituents are 

further described as inclusions in the slag matrix (glass). The matte and speiss inclusions are 

both liberated and binary droplets (matte droplets with a core of speiss). These droplets can 

also be associated with spinel (Fe–O) crystals, as also reported by Bellemans et al. [2]. 

 

Fig. 4.1 SEM image of iron silicate slag including slag constituents, 1) glass (Fe, Si, O), 2) matte (Cu, 

S, Fe), 3) speiss (Cu, Fe, Ni, As, Sb) and 4) spinel (Fe, O). 

The chemical composition of the slag constituents: glass, matte and speiss are shown in Table 

4.1. Glass contains the same elements as the initial iron silicate slag, but the sulfide, metal and 

metalloid concentrations are lowered due to removal by settling and vaporization. Matte 

contains mainly Cu, S, Fe, Ni and As and minor amounts of Sb, Zn and Sn. Speiss contains 

mainly Cu, Fe, As, Ni, Sb and Sn, minor amounts of S and Pb and trace amounts of Zn. 
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Table 4.1 Chemical composition of selected elements of an iron silicate slag (as-received) and slag 
constituents: glass, matte and speiss. 

Element (wt.%) Iron silicate slag Glass Matte Speiss 

Si 16.3 16.5 0.10 0.07 
Al 2.06 2.48 0.02 0.02 
Ca 2.21 2.74 <0.06 <0.05 
Fe 36.0 35.0 6.86 19.5 
As 0.018 0.002 1.06 7.83 
Cr 0.17 0.19 <0.001 0.002 
Cu 0.77 0.30 66.5 46.7 
Mo 0.12 0.08 0.003 0.003 
Ni 0.04 0.01 1.80 6.74 
Pb 0.03 0.02 0.06 0.21 
S 0.54 0.38 19.06 0.81 
Sb 0.03 0.003 0.94 6.60 
Sn 0.17 0.08 0.17 2.77 
Zn 1.32 1.05 0.20 0.06 

The XRD patterns in Fig. 4.2 show that glass is amorphous except for the minor spinel peaks, 

which Piatak et al. [19] and Tian et al. [37] have also reported for other iron silicate slags. 

Both matte and speiss have crystalline structures and contain multiple phases. Matte contains 

bornite, Cu5FeS4; chalcocite, Cu2S; and metallic copper, Cu; these phases have been reported 

by Tian et al. [37] and Bellemans et al. [2] in copper smelter slag. Speiss contains the phases: 

metallic copper, Cu; spinel, Fe3O4; wustite, FeO; and metallic iron, Fe. Potysz et al. [28] 

found metallic Cu in copper smelter slags, similar to speiss in this thesis. The identified 

phases in the glass, matte and speiss show that water granulation hinders glass crystallization 

but not matte and speiss crystallization.  

Fig. 4.3 a–f summarizes the SEM-EDS analyses and the morphology of the slag constituents: 

glass, matte and speiss. The glass images (Fig. 4.3 a–b) show that the granules have edgy and 

spherical shapes, as also reported by Potysz et al. [28]. The XRD results in Fig. 4.2 support 

the absence of a main crystalline phase in glass. A visual decrease in the number of inclusions 

(sulfides and metalloids) was observed comparing the SEM image of the glass in Fig. 4.3 a–

b) with the iron silicate slag in Fig. 4.1, corresponding to the comparison of their Cu contents 

in Table 4.1. 
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Fig. 4.2 XRD patterns of slag constituents: a) glass, b) matte and c) speiss. 

The SEM images of matte (Fig. 4.3 c–d) show that the granules are spherical and contain 

internal voids and cracks. The granules have a spherical form due to the molten matte's high 

surface tension, as reported by Ip and Toguri [93]. The matte main phase contains the 

elements Cu–S–Fe, also reported by Tian et al. [37]. The granules contain minor amounts of 

speiss inclusions, confirmed by their As and Sb content in Table 4.1. In the granules’ internal 

cracks, precipitated copper is found, which explains the identified XRD phases in Fig. 4.2.  

The SEM images (Fig. 4.3 e–f) show that the speiss granules have variously rounded and 

elongated, spherical shapes, like metallic copper droplets in slags studied by Bellemans et al. 

[2]. According to SEM-EDS analysis, speiss mainly contains a Cu alloy/metalloid consisting 

of Cu, As, Sb, Ni and Fe. Jalkanen et al. [94] have reported similar metalloids in Cu droplets. 

Some of the granules are coated with an Fe-layer, originating from the Fe crucibles used for 

remelting, which also explains the identified Fe-containing phases by XRD analysis, Fig. 4.2. 

According to BET measurements, the surface area of the 0.30–0.60 mm fraction varies for 

glass, matte and speiss (0.05, 0.26 and 0.03 m2/g, respectively). The porous microstructures 

explain the high surface area of the matte (Fig. 4.3 c–d). 



Results and Discussion 

31 

  

  

  
Fig. 4.3 SEM images of slag constituents: a)–b) glass, c)–d) matte and e)–f) speiss.  

4.1.2 Leaching of slag constituents 

4.1.2.1 Batch leaching 
Table 4.2 summarizes the results from the leaching tests using the EN12457-2 standard [82], 

which determines the water leaching of the slag constituents. All three constituents: glass, 

matte and speiss, show different leaching behaviors and pH. The pH becomes highest for the 

matte, followed by glass and speiss. The conductivity results indicate that glass has the 

highest leaching and the most water-soluble elements, followed by matte and speiss. The 
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leaching from glass is mainly caused by the dissolution of Ca, Si, Al and Fe. Among Cu, Zn, 

Ni, As and Sb, glass leaches mostly Cu and Zn. Matte leaches Ni, and speiss leaches Sb, Ni 

and Cu.  

The highest Cu leaching occurs from the glass and is explained by the leaching of remaining 

Cu in its matrix after settling sulfides and metal(loid)s; the remaining Cu is not detected due 

to low concentration. According to the literature in subsection 2.1.2, the remaining Cu might 

be oxidic, metallic, or sulfidic such as CuOX, Cumet, or Cu2S. According to Eh-pH data from 

Fullston et al. [80] and Huang [79], the leaching should come from the oxidic Cu (CuOX) 

under slightly alkaline and non-oxidating conditions. Further, Cumet or oxidized Cu likely 

contributes to Cu leaching, as is seen from XRD analysis and leaching of speiss (Fig. 4.2 and 

Table 4.2) and this (or the pH) explain the Cu leaching from glass. 

Table 4.2 Batch leaching data for slag constituents: glass, matte and speiss, fraction 0.30–0.60 mm. 

Sample Glass Matte Speiss 

pH 8.4 9.3 7.8 
Cond. (µS/cm) 11.4±1.4 6.5±0.2 5.5±0.2 

Leaching amounts (mg/kg) 
Si 6.65 <0.03 <0.03 
Al 1.93±0.01 1.03 0.17 
Ca 9.19 5.12 2.58 
Fe 1.52 <0.02 <0.02 
As <0.03 <0.03 <0.03 
Cr <0.01 <0.01 <0.01 
Cu 0.19 <0.03 0.05±0.01 
Mo 0.08 <0.01 <0.01 
Ni <0.01 0.02 1.78±0.03 
Sb <0.05 <0.05 1.96±0.06 
Zn 0.11 <0.01 <0.01 

According to Lewis et al. [77], the limited leaching from matte indicates a solubility 

minimum of sulfides at pH 9.3. Further, Fullston et al. [80] and Huang [79] noted that 

oxidation is required to dissolve copper sulfides such as Cu5FeS4 and Cu2S present in the 

matte; see Fig. 4.2. According to the Cu-S-H2O Eh-pH diagram, subsection 2.3.1, the 

leaching conditions are likely in the non-oxidating region, owing to the low Cu leaching from 

matte. Based on the batch leaching results of the slag constituents: glass contributes to the 
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leaching of Cu and Zn, and speiss contributes to the leaching of Sb and Ni. 

4.1.2.2 Static pH titration 
Fig. 4.4, Fig. 4.5 and Fig. 4.6 present the leaching from the slag constituents glass, matte and 

speiss using pH-titration under oxidating conditions and pH 3, 5 and 7. The leaching of the 

glass, matte and speiss is pH dependent. At pH 7, glass leaches mostly Zn and shows minor 

leaching of Ni and Sb. Matte leaches mainly Ni, Cu, Zn and minor amounts of As and Sb. 

Speiss leaches mainly Ni, Sb, As and Cu and shows minor Zn leaching. The leaching of Cu 

(the main element in matte and speiss) and associated elements increased with decreasing pH. 

This means matte and speiss matrixes dissolve as the pH decreases over the full pH range (pH 

3–7). The leaching of matte and speiss considerably increased under these oxidating 

conditions compared to the batch leaching conditions (Table 4.2). At pH 3, the leaching of Fe 

(the main glass element) showed a considerable increase, indicating the dissolution of the 

glass matrix.  

 

Fig. 4.4 Leaching data for static pH-titration at pH 7 for glass, matte and speiss samples. 

Comparing the Cu and Fe leaching at the different pH levels showed more severe Cu leaching 

at each pH level (Fig. 4.4, Fig. 4.5 and Fig. 4.6) in accordance with the literature; see 

subsection 2.3.2. Therefore, matte and speiss are less leaching resistant than glass. However, 

both matte and speiss contain minor amounts of Fe and Zn (to less extent than the glass), and 

upon their matrixes’ dissolution, these elements co-dissolve, reaching similar leaching 

amounts as the glass at lower pH 5 (Zn) and 3 (Fe, Zn).  



Results and Discussion 

34 

For the pH-titration method, the summarized findings under acidic and oxidizing conditions 

indicate that the glass matrix is relatively leaching resistant at pH 5–7 and does not show 

extensive dissolution compared to matte and speiss. The glass matrix shows increased 

dissolution at pH 3, while matte and speiss show increased dissolution at pH 7 and below.  

 

Fig. 4.5 Leaching data for static pH-titration at pH 5 for glass, matte and speiss samples. 

 
Fig. 4.6 Leaching data for static pH-titration at pH 3 for glass, matte and speiss samples. 

Further, Fe and Zn leaching from the glass is highest over the pH range of 3–5, which is in 

agreement with findings by Piatak et al. [19] and Song et al. [81] regarding the Zn distribution 

into less reactive constituents and the leaching behavior of Zn. The leaching of Cu, Ni, As and 

Sb is highest from the matte and speiss over the pH range of 3–7. According to the chemical 

composition (Table 4.1), the matte and speiss contain the highest Cu, Ni, As and Sb 
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concentrations. Further, these results confirm findings by Piatak et al. [19] showing that 

relatively reactive constituents host Cu and As.  

4.2 ZnO-modified slag matrix 

4.2.1 Characterization of ZnO-modified slag matrix 
In order to determine the Zn leaching behavior of the glass, a synthetic ZnO-modified iron 

silicate system was produced with different ZnO contents and granulation temperatures. 

Table 4.3 presents the chemical compositions of the ZnO-modified slag matrixes (ZFS). The 

Zn contents correspond to ZnO in the ranges 0.88–9.84 wt.% and 1.03–9.26 wt.%, and the 

(Fe,Zn)/SiO2 ratios are in the ranges 1.8–1.9 and 2.0–2.1 (wt.%/wt.%) for the two granulation 

temperatures 1300 and 1400°C (ZFS13 and ZFS14), respectively. 

Table 4.3 Chemical composition of selected elements of ZnO-modified slag matrixes. 

Sample (wt.%) ZFS13-01 ZFS13-05 ZFS13-10 ZFS14-01 ZFS14-05 ZFS14-10 

Al 0.41 0.39 0.31 0.39 0.35 0.32 
Ca 0.09 0.08 0.06 0.03 0.03 0.01 
Si 13.4 13.0 12.6 12.7 11.9 11.9 
Fe 53.8 51.8 48.4 54.9 53.0 50.0 
Mg 0.03 0.02 0.01 <0.01 <0.01 <0.01 
Zn 0.71 3.58 7.91 0.83 4.30 7.44 
S 0.18 0.17 0.13 0.17 0.15 0.12 
Other 0.19 0.18 0.15 0.15 0.12 0.12 

XRD analysis in Fig. 4.7 a)–c) shows that the ZnO-modified slag matrixes contain fayalite, 

spinel and amorphous content, which Jak et al. [104] have also reported for similar materials. 

According to SEM-EDS analysis of the produced materials (see Paper II), the Zn distributes 

in both the crystalline and amorphous microstructures, which has also been seen by Wang et 

al. [40]. According to their study, the dissolution of ZnO into the fayalite was proved by the 

peak shift with increasing ZnO content, which is also seen in this study in Fig. 4.7 b)–c).  

The quantitative XRD analysis using Rietveld refinement determined the fayalite, spinel and 

amorphous contents, presented in Table 4.4. The amorphous content dominates and is above 

79 wt.% for the samples—generally, the amorphous content increased with increasing ZnO 

content and decreasing granulation temperature.  
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Fig. 4.7 a) XRD patterns of ZnO-modified slag matrixes (ZFS13 and ZFS14), b) main peak, c) second 

and third peaks of fayalite and main peak of spinel. 

Table 4.4 Quantitative XRD analysis results for the samples using Rietveld refinement. 

Sample (wt.%) ZFS13-01 ZFS13-05 ZFS13-10 ZFS14-01 ZFS14-05 ZFS14-10 

Amorph 83.2 85.0 88.7 79.2 82.5 81.5 
Fayalite 16.3 14.8 11.0 20.1 17.1 17.8 
Spinel 0.5 0.2 0.3 0.7 0.3 0.8 

The BET surface areas of the sample fractions 0.15–0.30 mm and 0.30–0.60 mm, shown in 

Table 4.5, decrease with increasing ZnO content independently of granulation temperature. 

Increased ZnO content in the slag matrix indicates decreased porosity. 

Table 4.5 BET data for ZnO-modified slag matrixes ZFS13–14. 

Sample (m2/g) ZFS13-01 ZFS13-05 ZFS13-10 ZFS14-01 ZFS14-05 ZFS14-10 

BET 0.30–0.60 mm 0.26 0.15 0.07 0.24 0.10 0.07 
BET 0.15–0.30 mm 0.34 0.15 0.09 0.37 0.14 0.10 

 



Results and Discussion 

37 

4.2.2 Leaching of ZnO-modified slag matrix 

4.2.2.1 Batch leaching 
The batch leaching values from the ZnO-modified slag matrix samples are presented in Table 

4.6 for the two-stage batch leaching test EN12457-3. The pH values are in the neutral region 

for all samples, and the leachates’ conductivities are below 5.4 µS/cm. Generally, the Zn 

leaching increased with increasing granulation temperature and ZnO content. The leaching of 

Fe is low and, as expected, follows what is reported in the discussion of matrix dissolution in 

subsection 4.1.2. These results conclude that the Zn leaching is limited at non-oxidating 

conditions and neutral pH. Increased ZnO content in the iron silicate makes the matrix less 

leaching resistant, due to the Zn leaching behavior, confirming what is cited in the literature in 

subsection 2.3.2 [81]. 

Table 4.6 pH (L/S 8), conductivity (L/S 8), and leaching amounts (L/S 10) of Zn and Fe from ZFS13–
14, fraction 0.30–0.60 mm. 

Sample ZFS13-01 ZFS13-05 ZFS13-10 ZFS14-01 ZFS14-05 ZFS14-10 

L/S 8 8 8 8 8 8 
pH 6.7–6.8 6.9–7.0 6.7–6.9 6.5–6.8 6.7–6.8 6.7–6.9 
Cond. 
(µS/cm) 5.4±2.7 3.6±0.8 3.5±1.4 3.4±1.3 3.9±1.6 3.1±0.7 

Leaching amounts (mg/kg) 
L/S 10 10 10 10 10 10 
Zn 1.13±0.57 0.92±0.10 2.69±0.54 2.34±0.12 4.38±0.37 6.23±1.27 
Fe 0.42±0.31 0.57±0.40 0.12±0.07 0.05±0.01 <0.05 <0.05 

 

4.2.2.2 Static pH titration 
Fig. 4.8 summarizes the leaching results from the static pH titration tests of the ZnO-modified 

slag matrixes executed at oxidating conditions and pH 5. The Zn leaching increases with 

increasing granulation temperature and ZnO content in the slag matrix, like the results for the 

batch leaching tests. The Zn leaching increased with decreasing pH by acidic leaching 

following what is reported in the literature in subsection 2.3.2 [81] and the leaching behavior 

of the slag constituent glass in subsection 4.1.2. 

The Zn leaching from the Zn-containing oxidic iron silicate slag matrix is supported by Piatak 

et al. [19] and the discussion in subsection 4.1.2. The leaching can be limited by lowering the 

granulation temperature and decreasing the ZnO content in the slag matrix. 
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Fig. 4.8 Static pH-titration leaching values at pH 5 for ZnO-modified slag matrixes, fraction 0.15–0.30 

mm, a) ZFS13 and b) ZFS14. Note: ZFS14-01 and ZFS14-05 are single runs. 

 

4.3 CaO-modified slags 

4.3.1 Characterization of CaO-modified slags 
CaO is known to modify slag properties; thus, CaO addition to iron silicate slags is 

investigated regarding its influence on the slag leaching behavior. Table 4.7 shows the 

chemical compositions of the laboratory-scale CaO-modified slags.  

Table 4.7 Chemical composition of selected elements of laboratory-scale CaO-modified slags. 

Element (wt.%) RL03 L04 L08 L12 L16 L20 

Si 14.8 14.9 13.3 12.6 12.0 11.7 
Al 1.87 1.81 1.65 1.58 1.48 1.41 
Ca 1.84 2.98 5.60 8.50 11.22 14.15 
Fe 38.7 35.4 32.7 33.6 31.9 29.6 
As 0.0024 0.0004 0.0020 0.0012 0.0033 0.0011 
Cu 0.42 0.35 0.28 0.27 0.33 0.22 
Mo 0.18 0.18 0.16 0.16 0.16 0.16 
Ni 0.015 0.010 0.007 0.005 0.010 0.006 
Pb 0.0085 0.0067 0.0053 0.0033 0.0073 0.0033 
S 0.35 0.34 0.27 0.28 0.27 0.27 
Sb 0.0038 0.0009 0.0021 0.0019 0.0049 0.0016 
Sn 0.072 0.063 0.049 0.040 0.049 0.037 
Zn 0.53 0.42 0.38 0.30 0.40 0.29 
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The slags are remelted and granulated and consist of a reference slag (RL03) and five slags 

with increasing CaO additions (L04–L20). The main elements for all the samples are Fe, Si, 

Ca and Al, where Fe, Si and Al decrease with increasing CaO addition due to dilution owing 

to increased slag volume in agreement with Vadász et al. [50].  

With increasing CaO additions, Zn, Cu, Ni, As and Sb show decreasing content trends, 

comparing the CaO-modified slags (L04–L20) with the reference slag (RL03). The decreasing 

trends are explained by CaO addition due to dilution and settling. The settling is caused by the 

remelting and decreased molten slag viscosity owing to the CaO addition, as described in 

subsections 2.2.1 and 2.5.2 by Schlesinger et al. [1] and Vadász et al. [50]. According to XRD 

analysis in Fig. 4.9, spinel (Fe3O4) and wustite (FeO) are found in the CaO-modified 

laboratory samples, which has also been observed by Selivanov et al. [105]. The Fe3O4 was 

found in all samples (RL03–L20), probably due to Fe oxidation. The CaO becomes fully 

dissolved into the slag matrix up to 20 wt.%, which is supported by findings by Ku et al. 

[106]. Ku et al. have studied a similar CaO-FeOX-SiO2 slag system and found that CaO 

dissolved and formed different slag phases. Due to the CaO addition described in this thesis, 

the slag becomes FeO-saturated for sample L20, whereby FeO precipitates. According to Jak 

et al. [107], FeO precipitation at the given Fe/SiO2 and CaO content at pO2 10-8 atm is 

thermodynamically favorable.  

In order to upscale the laboratory trials with CaO-modified slags, industrial-scale trials were 

executed. Table 4.8 presents the chemical compositions of the industrial-scale slags. The 

CaO-modified slags’ main elements Fe, Si, O, Al and the minor Cu, Ni, As and Sb follow the 

same decreased content trends as the laboratory-scale slags. The decreasing trends are 

explained by the CaO addition, which caused dilution and settling due to decreased slag 

viscosity in agreement with Vadász et al. [50]. Still, the Zn (0.91–0.99 wt.%) shows no 

decreasing trend and remains constant due to the content control during the Zn-fuming 

process; see subsection 3.1. The highest content reductions in the slags occur for Cu, Ni, As 

and Sb. Settling of these elements is expected, since they are associated with the slag 

constituent’s matte and speiss, and the increased settling rates due to decreased slag viscosity, 

as discussed in the literature in subsections 2.2.1 and 2.5.2. 
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Fig. 4.9 X-ray diffraction patterns for laboratory-scale slags RL03–L20 with CaO additions. 

Table 4.8 Chemical composition of selected elements of industrial-scale CaO-modified slags. 

Element (wt.%) RF02 F06 F10 F13 RF02 F06 F10 F13 

Fraction Bulk 0.30–0.60 mm 

Si 15.0 14.9 13.3 13.2 16.5 15.8 15.0 14.6 
Al 1.87 1.83 1.76 1.66 2.30 2.15 1.91 1.79 
Ca 1.78 4.00 7.29 9.22 2.36 4.92 8.47 10.2 
Fe 35.4 34.3 31.7 28.5 39.8 38.4 34.1 31.2 
As 0.011 0.004 0.006 0.004 0.019 0.005 0.011 0.005 
Cu 0.63 0.54 0.45 0.47 0.69 0.56 0.48 0.52 
Mo 0.23 0.22 0.20 0.20 0.24 0.21 0.20 0.20 
Ni 0.042 0.031 0.024 0.017 0.052 0.035 0.028 0.018 
Pb 0.018 0.011 0.006 0.015 0.044 0.025 0.009 0.014 
S 0.40 0.37 0.38 0.35 0.57 0.46 0.45 0.42 
Sb 0.019 0.008 0.009 0.011 0.024 0.007 0.012 0.011 
Sn 0.13 0.11 0.07 0.06 0.14 0.11 0.07 0.06 
Zn 0.94 0.91 1.00 0.99 0.91 0.85 0.89 0.93 
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The XRD patterns of the CaO-modified industrial-scale samples in Fig. 4.10 show that Fe3O4 

is found in the samples with the highest CaO content. The Fe3O4 peaks increase with 

increasing CaO content. No CaO-containing phases are identified following the laboratory-

scale results. However, lower Fe3O4 peaks indicate lower Fe-oxidation in industrial-scale 

trials compared to the laboratory-scale trials discussed earlier in this subsection. Alternatively, 

this could result from settled Fe3O4 due to the lowered slag density with CaO additions 

following the findings by Vadász et al. [50] cited in subsection 2.2.1. 

 
Fig. 4.10 X-ray diffraction patterns for industrial-scale slags RF02–F13 with CaO additions. 

 

4.3.2 Leaching of CaO-modified slags 

4.3.2.1 Batch leaching 
Table 4.9  summarizes the results from the batch leaching EN12457-2 of the laboratory-scale 

CaO-modified slags. The pH of the leachates is in the range of 9.4–11.2, with an increasing 

trend with increasing CaO content following the results reported by Piatak et al. [19]. The 

increasing conductivity with CaO content (L08–L20) correlates well with the Ca and Si 

leaching. The correlation between conductivity and Ca leaching is supported by Engström et 

al. [71] and their study of fresh and aged EAF slags.  
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Table 4.9 Batch leaching data for laboratory-scale CaO-modified slags, fraction 0.30–0.60 mm. 

Sample RL03 L04 L08 L12 L16 L20 

pH 9.5–9.6 9.4 9.7 10.0 10.5 11.2 
Cond.  
(µS/cm) 38 ± 2.3 40.8 ± 1.6 42.0 ± 1.3 57.0 ± 3.4 77.9 ± 0.4 256.0 ± 0.5 

Leaching amounts (mg/kg) 
Si 5.15 ± 0.14 4.68 ± 0.18 6.01 ± 0.16 7.37 ± 0.09 24.44 ± 1.05 84.1 ± 4.6 
Al 1.50 ± 0.06 1.41 ± 0.04 1.40 ± 0.03 1.66 ± 0.04 1.91 ± 0.05 2.09 ± 0.02 
Ca 27.9 ± 1.6 24.1 ± 0.6 30.8 ± 1.8 56.9 ± 1.8 99.9 ± 5.4 288± 13 
Fe 1.04 ± 0.02 0.58 ± 0.02 1.03 ± 0.04 0.07 ± 0.02 0.04 ± 0.01 <0.02 
As <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 
Cu 0.71 ± 0.03 0.36 ± 0.02 0.46 ± 0.04 0.05 ± 0.01 <0.05 <0.05 
Mo 3.45 ± 0.25 2.31 ± 0.17 0.27 ± 0.02 0.12 ± 0.01 0.47 ± 0.03 1.16 ± 0.09 
Ni 0.04 0.02 <0.02 <0.02 <0.02 0.04 ± 0.01 
S  7.87 ± 0.04 5.72 ± 0.26 7.12 ± 0.09 7.03 ± 0.18 4.44 ± 0.37 3.81 ± 0.24 
Sb <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 
Zn 0.14 0.06 0.07 <0.05 <0.05 <0.05 

The leaching of Cu and Zn decreased with increasing CaO content in the slag compared to the 

reference slag RL03 (values below detection limits for L16 and L20); the corresponding 

leaching of As and Sb were below the detection limits. The leaching from the laboratory-scale 

CaO-modified slags correlates with pH increase and decreased elemental content in the slag. 

The decreasing elemental contents in the slag owing to dilution and settling are discussed in 

subsections 2.2.1, 2.5.2 and 4.3.1.  

Further, the leaching behavior of the industrial-scale CaO-modified slags is summarized in 

Table 4.10. The pH of the leachates is in the pH-range 6.1–7.1. and the conductivity is in the 

range of 15.6–19.1 µS/cm. These pH and conductivity values differ from the laboratory-scale 

trials. The correlation between the conductivity and leaching of Ca and Si from the 

laboratory-scale trials could not be confirmed for the industrial-scale slags. The different pH, 

conductivity values and lack of correlation are explained by the aging of the industrial-scale 

slags during slag transport and dewatering at the copper smelter, as presented in subsections 

2.3, 2.4 and 3.1.1. Aging indicates that some leaching effects, such as the Ca leaching and pH 

increase in the laboratory-scale trials, are lowered or lost upon upscaling to the industrial 

scale. Therefore, upon upscaling, the leaching of main slag elements Ca, Si and Fe decreased 

and resulted in neutral pH. The upscaling effects are supported by Vítková et al. [68] and 
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Lidelöw et al. [75] and the literature in subsections 2.3 and 2.4. However, Cu, Ni and Zn show 

decreasing leaching trends with CaO addition following the laboratory-scale leaching tests. 

Also, Sb shows decreasing leaching trends with CaO content. The As leaching values were 

below the detection limit. The leaching decreases of Cu, Ni and Sb are affected by the slag 

dilution and settling effects due to the CaO additions, as discussed in subsection 4.3.1. The 

laboratory-scale trials support these effects; however, the settling effect is lower in the 

industrial-scale trials, explaining the higher magnitude of the Ni and Sb leaching.  

Table 4.10 Leaching data for industrial-scale CaO-modified slags, fraction 0.30–0.60 mm. 

Sample RF02 F06 F10 F13 

pH 6.8–7.0 6.8–6.9 6.1–6.8 6.8–7.1 
Cond. (µS/cm) 19.1 ± 0.8 16.1 ± 1.0 15.6 ± 0.8 17.9 ± 1.5 

Leaching amounts (mg/kg) 
Si 2.26 ± 0.08 2.53 ± 0.01 1.94 ± 0.15 1.83 ± 0.05 
Al 0.35 ± 0.05 0.26 ± 0.02 0.30 ± 0.03 0.44 ± 0.06 
Ca 3.87 ± 0.35 3.53 ± 0.01 5.70 ± 0.18 7.65 ± 0.11 
Fe 0.06 ± 0.16 <0.04 <0.04 <0.04 
As <0.09 <0.09 <0.09 <0.09 
Cu 0.10 ± 0.01 0.09 ± 0.01 0.07 ± 0.02 <0.06 
Mo 0.14 0.08 0.10 0.06 
Ni 1.09 ± 0.02 0.61 ± 0.04 0.37 ± 0.02 0.04 
S  3.84 ± 0.12 2.74 ± 0.07 3.31 ± 0.06 3.23 ± 0.02 
Sb 0.46 ± 0.02 0.24 ± 0.01 0.16 ± 0.01 <0.11 
Zn 1.38 ± 0.28 1.38 ± 0.13 1.02 ± 0.25 0.11 ± 0.01 

The Zn leaching is not affected by the slag dilution and settling effects, as discussed in 

subsection 4.3.1. Thereby, the Zn leaching is directly affected by the CaO modification. 

Despite the small pH changes from the leaching tests of industrial-scale slags, the Zn leaching 

drops for the highest CaO content (F13). This drop can be an effect of increasing pH, 

following results by Vítková et al. [68] and Song et al. [81]. 

4.3.3 Long-term leaching effects on CaO-modified slag 

4.3.3.1 Dynamic leaching 
Fig. 4.11 a)–c) shows the long-term leaching trends of the industrial-scale CaO-modified 

slags (RF02, F06 and F13) for Ca, Fe, Zn, Cu, As and Sb. The leaching of Ca increases with 

increasing leaching time and CaO content, following leaching results in subsection 4.3.2.  
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Fig. 4.11 Dynamic leaching data for 0.30–0.60 mm fraction of CaO-modified industrial-scale slags, a) 

Ca and Fe, b) Zn and Cu and c) Sb and As. 

The Fe leaching showed a limited increased trend (<day 20) for the highest CaO content 

(F13), indicating increased glass dissolution with CaO additions, following the discussion in 

subsection 4.1.2 and the findings by Piatak et al. [19] cited in subsection 2.3.2. The leaching 
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trends of Zn and Cu, showed peaks (maximum values) at the start of the leaching time (days 

1–4) with decreasing magnitudes with increasing CaO content in the slags. At the highest 

CaO content (F13), the Cu and Zn leaching showed a second leaching increase (day 4–20) 

which peaked on day 16. These second leaching increases correlate with the Fe leaching trend 

and might be explained by the dissolution of the glass. The leaching of Sb and As increased 

over the leaching period and decreased with increasing CaO content, in agreement with Sb 

leaching trends in earlier leaching tests in subsection 4.3.2. 

Table 4.11 summarizes the final leachate conditions after the dynamic leaching periods. In 

the reactor, the pH remains in the neutral regime (6.4–7.1), the conductivity in the range of 

1.3–2.2 µS/cm, and the redox potential in the range of 0.0–0.1 V after 30 days of leaching. In 

the boiler, the leachate conditions show increasing pH with increasing CaO content in the 

samples (F13>F06>RF02), which is expected upon increasing Ca leaching (Fig. 4.11), 

following the batch leaching results in subsection 4.3.2 and the literature cited in subsections 

2.3 and 2.4. The conductivity ranged from 19–81 µS/cm and increased with increasing CaO 

for the CaO-modified slags (F13>F06), following the correlation found for laboratory-scale 

trials in subsection 4.3.2. This indicates that the Ca leaching rate decreases upon aging, 

following the discussion in subsection 4.3.2. The redox in the boiler is in the range of -0.02–

0.13 V and shows non-oxidating conditions for all trials and slags independent of CaO 

content. 

Table 4.11 Leachate data at day 30 from dynamic leaching of CaO-modified industrial-scale slags. 

Sample RF02 F06 F13 

Reactor – day 30 
pH 7.1 6.4 6.9 
Cond. (µS/cm) 1.7 1.3 2.2 
Redox (V) 0.10 0.00 0.03 

Boiler – day 30 

pH 8.1 8.3 9.1 
Cond. (µS/cm) 81 19 73 
Redox (V) 0.13 -0.02 -0.01 

The conditions in the boiler explain some leaching trends, in agreement with the literature in 

subsections 2.3.2 and discussion in 4.1.2. The solubility of Cu and Zn in aqueous solutions is 

the lowest possible in the pH region 8–10, according to Lewis et al. [77], which explains their 
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precipitation after the leaching peaks in Fig. 4.11 b). Precipitates were found in the boiler for 

all trials. The identified precipitates’ elements are for RF02: Si, Cu, Fe; for F06: Cu, Si, Fe, 

Zn, Al, Ni, Ca; and for F13: Si, Ca, Al, Fe, Zn, S, Mg, Cu, respectively, in decreasing order. 

The results from the dynamic leaching show that the Zn and Cu leaching decrease in an 

aqueous solution at the alkaline and non-oxidating conditions and upon aging, which is in 

agreement with batch leaching results in subsection 4.3.2 and with the literature by Lidelöw et 

al. [75] in subsection 2.3.2. The leaching of As and Sb shows decreasing leaching with 

increasing CaO-addition without precipitate formation. According to Jarošíková et al. [76], 

the As (and Sb) leaching might be limited by stabilization owing to adsorption and formation 

of more leaching resistant As (and Sb) containing secondary phases at the slag surface with 

increasing CaO contents in the slag. 

4.3.3.2 Static pH titration 
Table 4.12 presents the leaching from the industrial-scale CaO-modified slags (RF02, F06 

and F13) using pH titration at pH 5 under oxidating conditions. Generally, the leaching results 

indicate a more reactive slag matrix (glass) with increasing CaO content in the slag based on 

the increased acid consumption and Ca leaching. Also, Fe shows higher leaching from the 

CaO-modified samples compared to RF02, supporting the increased dissolution of the glass, 

as discussed in subsection 4.1.2.  

Table 4.12 Leaching data for static pH titration at pH 5 of CaO-modified industrial-scale slags, 
fraction 0.30–0.60 mm. 

Sample RF02 F06 F13 

Acid consumption 
(ml) 1.49±0.03 1.53±0.09 1.67±0.05 

Leaching amounts (mg/kg) 
As 1.62±0.3 0.64±0.01 0.22±0.02 
Ca 5.18±0.17 10.7±0.4 31.2±1.9 
Cu 57.6±1.8 28.0±0.9 26.5±0.3 
Fe 24.1 41.3±0.1 31.7±3.8 
Ni 4.23±0.04 2.25±0.15 0.62±0.01 
Zn 11.6 6.68±0.05 7.49±0.11 
Sb 1.70±0.06 0.84±0.04 0.27±0.01 

The leaching of Cu and Zn are lower for the CaO-modified slag compared to the reference 

slag (RF02), and their leaching values are for respective elements on similar levels 

independent of the CaO addition. Ni, As and Sb show decreasing leaching trends with 
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increasing CaO contents (RF02>F06>F13). 

The decreased Zn leaching is unexpected upon CaO addition due to the noted increased glass 

dissolution, owing to its main distribution in the glass. The decreased Cu leaching is probably 

explained by increased glass dissolution, slag dilution and settling of matte and speiss owing 

to CaO addition, following discussion in subsections 4.1.2, 4.3.1 and 4.3.2. Therefore, the Cu 

and Zn leaching decrease could be explained by their reduced leaching from constituents such 

as matte or speiss. This means that the Cu and Zn leaching is twofold and comes both from 

the glass and matte/speiss constituents, which is supported by the pH titration results in 

subsection 4.1.2. Further, the leaching decrease is lower for Zn owing to its higher leaching 

from the glass. As and Sb leaching decrease with increasing CaO content of the slag, 

following batch leaching results in subsection 4.3.2 and dynamic leaching results earlier in 

this section. Alternatively, changed elemental distributions with CaO additions can explain 

the leaching decrease due to composition variations on the surface of Zn, Cu, Ni, Sb and As 

compared to the slags' overall composition, as discussed in subsections 2.2.1 and 2.4.  
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5 Concluding Discussion 
The iron silicate slag system from pyrometallurgical copper extraction investigated in this 

thesis is studied regarding its slag constituents and leaching behavior. Copper smelter slags 

are separated from the copper/matte, but possibly contain remaining Cu-containing inclusions. 

These inclusions can be viewed together with the iron silicate slag as individual slag 

constituents. Studying slags based on their slag constituents provides a fundamental and 

systematic way of understanding a slag system and its overall leaching behavior. Literature 

has shown that slag can consist of different constituents depending on the solidification rate. 

The cooling process of a molten slag affects the formed constituents; a slow-cooled slag 

forms several oxidic constituents depending on the slag system, while a water-granulated slag 

remains in the molten amorphous structure. Applying the slag constituent concept to a copper 

smelter slag, such as a granulated iron silicate slag, it is concluded that the slag is 

heterogeneous and consists of three chemically different constituents: glass, matte and speiss. 

Further, the glass dominates among these constituents, followed by matte and speiss in 

decreasing order. The matte and speiss are distributed within the glass granules as droplets 

with varying particle sizes. Also, the matte and speiss droplets often co-exist as inclusions in 

the glass, having a rim of matte and a core of speiss.  

By studying the leaching behavior of each slag constituent it was found that the leaching was 

pH and redox-dependent. Leaching of the glass showed that the glass matrix is leaching 

resistant and does not show severe leaching based on its Fe leaching behavior at natural pH 

and oxidizing conditions and pH above 5. Extensive external pH modifiers and oxidizing 

agents are required to dissolve the glass matrix. The matte and speiss are less leaching 

resistant and more sensitive to external pH modifiers and oxidizing agents due to their 

matrixes’ leaching behavior based on Cu leaching. Since the glass has lower pH buffering 

capacity than both matte and speiss, the glass shows limited potential to hinder the leaching 

from the other constituents in a slag system under acidic and oxidating conditions. This is due 

to the properties of the main elements in the respective constituents’ matrices in an aqueous 

solution. Also, elements associated with the slag constituents will follow the leaching of the 

respective main element according to their Eh-pH properties in aqueous solutions. The glass 

contributes to the leaching of Zn, while its leaching of Cu, Ni, Sb and As might come from 

inclusions in the constituent or from their dissolved oxides in the glass. The matte leaches Cu 

and contributes to the associated leaching of S, Fe, Ni and Zn, and its leaching of As and Sb 

probably originates from metalloid inclusions. Speiss leaches Cu and contributes to the 
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associated leaching of Ni, As and Sb; it also shows Fe leaching, which is probably caused by 

contamination from the crucible used for remelting the material. 

To control the Zn leaching from an iron silicate-based slag, it is crucial to reduce the amount 

of Zn in the slag and keep the granulation temperature low. Also, hindering contact between 

slag and external acidic sources prevents Zn leaching from the iron silicate slag. 

Suppose that the leaching of elements associated with matte or speiss in an iron silicate slag 

system exceeds leaching limits according to environmental protection regulations. In that 

case, the amount of matte and speiss constituents should be decreased to prevent leaching. 

The amount of matte and speiss can be reduced by gravimetric settling; however, the varying 

particle sizes of the inclusions can make the process of settling small micro-sized droplets 

time-consuming. 

Due to the finding that the iron silicate glass matrix is more leaching resistant than the matte 

and speiss and the challenges with micro-inclusions in the slag matrix, CaO modifications 

were made to the iron silicate slag. The CaO-additions to the liquid slag become dissolved 

into the slag’s glass matrix. The granulated CaO-modified slags were investigated regarding 

their leaching behavior. The leaching of the crucial elements (Zn, Cu, Ni, As and Sb) is 

minimized by factors such as improved pH buffering of the glass matrix, removal of matte 

and speiss owing to settling and unavoidable dilution of the leachable elements owing to the 

CaO addition.  

The leaching at natural pH and dynamic leaching conditions demonstrates an increased pH 

buffering capacity of the slag owing to increasing Ca leaching from the slag matrix with 

increasing CaO in the slag for all leaching conditions. This indicates a less leaching resistant 

glass matrix with increasing CaO content. Increased pH of an aqueous solution results in 

decreasing leaching concentrations of Cu, Zn and Ni, due to their properties in water (lower 

solubility at alkaline pH). This leaching effect owing to increased pH was observed under the 

slag’s natural pH and non-oxidating conditions. Also, owing to increased pH, the leaching 

contribution of the slag constituents’ matte and speiss present in the slag is hindered.  

The slag can be strategically modified with a basic oxide to decrease its leaching stability 

(increase the leaching of the slag matrix). Modifying the slag with CaO makes the leaching of 

matte and speiss relatively lower in a slag system. Also, the addition of a basic oxide such as 

CaO acts as a network modifier to the acidic iron silicate-based slag. CaO additions have 
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further advantages, such as lowering the molten slag's viscosity and thereby potentially 

increasing the removal of inclusions by gravimetric settling before solidification.  

Further, by introducing acidic and oxidating conditions to CaO-modified slags in an aqueous 

solution, the leaching of all slag constituents glass, matte and speiss, and especially matte and 

speiss, increases. The increased acid consumption with increasing CaO content in the slag 

confirms that the slag matrix becomes less leaching resistant. Therefore, among the elements 

associated with the glass (Fe, Ca and Zn), the Fe and Ca leaching increases while the Zn 

leaching slightly decreases with CaO addition to the slag. The Zn leaching decrease is 

probably a result of decreased leaching from associated slag constituents (Zn is associated 

with matte) or a changed distribution of Zn in the slag. The decreased leaching of the matte 

and speiss elements (Cu, Ni, As and Sb) between the reference and CaO-modified slags is 

influenced by the increased buffering capacity of the slag matrix, which decreases the relative 

leaching of matte and speiss in the slag. Other possible parameters affecting the leaching 

decrease are settling or changed elemental distributions with increasing CaO in the slag.  
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6 Conclusions 
The present thesis aimed to enhance understanding of the parameters affecting the 

environmental quality of present- and CaO-modified slag through a comprehensive study of 

their leaching properties. The conclusions from the thesis are summarized below: 

• Zn leaching contribution can be attributed to the glass constituent (oxide) and 

increases with decreasing pH, increasing Zn content and increasing granulation 

temperature.  

• Leaching contribution of Cu, Ni, As and Sb can be attributed to the matte (sulfide) and 

speiss (metalloids) constituents and increases with decreasing pH at oxidating 

conditions. 

• Among the slag constituents glass, matte and speiss, the glass matrix exhibits the 

lowest pH buffering capacity.  

• CaO modification of iron silicate slag provides improved settling of matte and speiss 

elements (Cu, Ni, As and Sb) with increasing CaO content. 

• A pH-increasing effect owing to increasing Ca leaching was achieved with increasing 

CaO-addition to the slags, and Cu and Zn leaching decreased with increased CaO-

addition to the slags under non-oxidation conditions. 

• The leaching of Ni, As and Sb decrease with increasing CaO content in slag, up to 12–

13 wt.% upon both natural pH and non-oxidation, and acidic and oxidating conditions.  

• Precipitates were formed from the iron silicate and CaO-modified slags under long-

term dynamic leaching due to pH increase at non-oxidation conditions. 
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7 Future Work 
The studies upon which this thesis is based, investigate the leaching contribution of Zn, Cu, 

Ni, As and Sb from granulated iron silicate slag by studying its constituents: glass, matte and 

speiss, and slags modified with CaO additions. Based on the conclusions and limitations 

within the scope of this thesis, the following areas are recommended for future work: 

• Further studies are needed to enhance the understanding of phenomena influencing the 

fuming of zinc and settling of matte and speiss inclusions from the oxide phase based 

on the chemical composition of the slag, size of inclusions and process parameters 

such as temperature, time and flow parameters. 

• Quantification of the matte and speiss contents in the slags with changed slag 

composition needs further investigation to determine the relationship between the 

amount of matte and speiss inclusions in the slags, distribution within the slag 

granules and droplet size distributions. 

• The leaching contribution from the slag constituents’ matte and speiss can be further 

investigated by studying the dissolution of the individual compounds in each 

constituent. 

• Characterization of the slag surface and enhanced understanding of the surface 

reactions would provide further information about chemical phase formations at the 

material surfaces and their impact on leaching. 

• The fundamental properties of slags, e.g., mechanical properties, should be studied to 

enhance knowledge about the influence of chemical composition and inclusions on the 

microstructures of the solidified materials and their impact on leaching. 
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