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ABSTRACT 
During the pyrometallurgical extraction of copper, a significant part of the copper is lost 

with discard slag, which decreases profits, overall copper recovery, and efficiency of raw 

material usage. Smelting furnace slag usually has a copper content that is close to or higher 

than that of copper ores. The investigation of copper losses to slag is thus a task of practical 

significance, as the ore grades are depleting. Slag cleaning, e.g., a settling furnace, can 

reduce copper losses to slag as the mechanically suspended copper-containing droplets 

separate from slag under the action of gravity and can hence be recovered.  

An industrial trial was conducted in an electric settling furnace with slag originating from 

an electric smelting furnace and processed in a zinc fuming furnace. The trial was 

conducted to increase the understanding of copper losses to slag and how the process 

parameters temperature and settling time influence the slag copper content. The obtained 

slag samples were also evaluated to gain better insights as to the settling mechanism and, if 

any, factors that hinder the copper phases from settling. Slag modification with CaO was 

also evaluated to investigate how the modification influences the settling of copper phases 

and, thus, the final slag copper content. 

Samples collected during the industrial trial were the basis for the evaluation in the current 

work. The samples came from batches with varying temperatures, settling times, and CaO 

content collected at four different sample positions. Instrumental techniques, including 

XRF, FAAS, ICP-SFMS, and SEM-EDS, were used to analyze the chemical compositions 

of the samples and the appearance of copper and associated phases. 

The results indicated that the copper content of outgoing slag increased with increasing 

temperature in the evaluated interval. The copper content was also concluded to be more 

strongly affected by the temperature compared to the settling time. Regulating the 

temperature to the lower temperature interval in the settling furnace could thus decrease 

the final slag copper content. During the slag characterization, it was found that suspended 

copper-containing phases were hindered from settling, due to the attachment to solid 

phases and gas bubbles in the slag. By controlling and minimizing the presence of the 

bottom buildup and thus solid phases in the slag, the copper content can be decreased. 

The results indicated that the CaO slag modification decreased the final slag copper 

content, and can thus be used as a modifier for increased settling. 
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1. INTRODUCTION 

Copper is widely used in modern technology, as the metal has high thermal and electrical 

conductivity, good workability, is corrosion-resistant, and has the capacity for endless 

recycling [1]. Process metallurgy is the technology used for the extraction of metals and 

alloys out of primary and secondary raw materials. Primary raw materials include, e.g., 

concentrates, and secondary raw materials include, e.g., metal scrap, WEEE (Waste 

Electrical and Electronic Equipment), in-plant dust, and residues.  

The main routes in process metallurgy are pyrometallurgy and hydrometallurgy (e.g., 

leaching and solution treatment). Pyrometallurgy refers to metallurgical processes at high 

temperatures, often including treatment steps such as roasting, smelting, converting, and 

refining. Roasting is a pretreatment step performed below the melting point, whereas 

smelting, converting, and refining are operated at temperatures above the melting point. 

The refining step during metal extraction can also be done with hydrometallurgical 

methods (e.g. electrorefining), which is operated at relatively low temperatures. The metal 

is extracted by the separation of the unwanted elements into different phases such as gas, 

slag, and dust. The unit operations mentioned in this thesis mainly go under the category 

pyrometallurgy, as all are conducted above the materials’ melting point. 

The raw material in pyrometallurgical extraction of copper is often in the form of sulfidic 

copper concentrates, usually containing the mineral chalcopyrite (CuFeS2). The extraction 

of copper from sulfidic copper concentrates often includes smelting and converting. In the 

smelting stage, matte (copper-rich sulfide) and slag (mixture of oxides) form two liquid 

immiscible phases. The slag phase mainly contains oxidized iron and silica, where iron 

mainly originates from the copper-bearing mineral in the copper concentrate. Silica is 

primarily added as a slag former (silica sand) to yield an oxide phase separable from the 

molten sulfide phase. Sulfur is removed from the matte to the gas phase by reaction with 

oxygen, forming sulfur dioxide (SO2). Minor elements in the concentrate oxidize to the 
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slag, vaporize to the gas phase, or separate from the copper phase through e.g., 

electrorefining at the end of the process route. The generated slag is often processed to 

recover metals in a slag cleaning treatment and then finalized as a by-product.  

Slag generated in a smelting furnace has a copper content of 1–2 wt% [2], which is close 

to or higher than that of sulfidic copper ores. Declining ore grades and depletion of natural 

deposits have raised concerns regarding sustainable demand-supply balance in the long 

term [3–5]. Copper losses to slag are one limitation for overall recovery and, thus, for the 

profit in pyrometallurgical extraction of copper, and impair the efficiency of raw material 

usage. The question about copper losses is raised from this, and the investigation of copper 

losses to slag is a task of high practical significance.  

Slag cleaning operations can recover copper from the slag phase, and the copper can thus 

be recycled back to the process route. One possible slag cleaning operation is the settling 

of copper-containing droplets in molten slag at high temperatures, which can be performed 

in a specific slag cleaning unit, a so-called settling furnace. The settling naturally occurs 

due to the density difference between the slag and copper phases, which separate into an 

underlying phase under the action of gravity. Challenges with the settling process are 

predicting the settling time for entrained copper and the best conditions for the highest 

possible settling rate. Factors such as settling time, temperature, density, viscosity, and size 

of the copper droplets influence the settling and, thus, the copper losses to slag. 

1.1 Boliden Rönnskär smelter 

The Boliden Rönnskär smelter in the north of Sweden is a part of the Boliden group. The 

smelter's main products are copper, zinc clinker, lead, silver, and gold, and the by-products 

sulfuric acid, liquid sulfur dioxide, and granulated slag [6]. A flowsheet of the copper route 

at the smelter is shown in Figure 1. Sulfidic copper concentrates are treated in a fluidized 

bed roaster and then smelted in an electric smelting furnace (ESF) or dried and then 

smelted in a flash furnace. The ESF is also charged with dried secondary material, flux, and 

converter slag returns. In the smelting stage, matte and slag form as two liquid immiscible 

phases, which are tapped separately in ladles. The smelter also operates two Kaldo furnaces: 

one for electronic scrap (E-Kaldo) and the other for lead concentrates or electronic scrap.  

The copper matte from the ESF, flash furnace, and Kaldo furnaces (black copper extracted 

from electronic scrap) are treated in Peirce-Smith converters producing blister copper [7], 
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which is achieved by introducing air through submerged tuyeres in a slag blowing and a 

copper blowing step. During the slag blowing step, iron sulfide in the matte is oxidized to 

iron oxide in the slag phase and sulfur dioxide in the gas phase, while producing liquid 

copper(I) sulfide (Cu2S) known as white metal. The sulfur dioxide from the processes is 

transferred to the sulfur products plant, which has the products sulfuric acid and sulfur 

dioxide. The slag phase from the slag blowing step is returned to the ESF to recover 

copper, and the copper sulfide is further treated in the copper blowing step in the 

converters. During the copper blowing step, sulfur oxidizes to the gas phase while 

producing blister copper. The blister copper is transferred to an anode casting plant where 

dissolved oxygen is removed from the copper phase, which is then cast into copper anodes. 

The copper anodes are transferred to the electrolytic refinery, where the final copper 

product, copper cathodes with a copper grade of about 99.995% copper, is produced. The 

sludge from the electrolytic refining is further processed in the precious metals plant to 

extract mainly gold and silver. 

 
Figure 1. Flowsheet of the Boliden Rönnskär smelter. 
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1.1.1 Slag cleaning at the Boliden Rönnskär smelter 

The slag in the ESF generates from gangue and iron sulfide in copper concentrates, 

additives, secondary raw materials, and converter slag returns. The converter slag is 

returned to the process to recover copper, which is entrained in the slag or has been 

oxidized to the slag during the slag blowing step. The ESF slag is an iron silicate (FeSiO4) 

slag rich in zinc oxide (ZnO); the other main components are aluminum oxide, calcium 

oxide, magnesium oxide, and copper (Al2O3, CaO, MgO, and Cu). The copper content 

in the ESF slag is often between 1–2 wt%, which is significantly higher than the copper 

content in the ore. The zinc and copper in the ESF slag are partly recovered in a slag 

cleaning route at the smelter, which is illustrated in Figure 2.  

 
Figure 2. Slag cleaning route at the Boliden Rönnskär smelter [6]. 

The slag cleaning starts with the ESF slag being tapped in ladles and transferred to a slag 

fuming plant for recovery of zinc, which is sold as a product, zinc clinker [8]. The ESF 

slag is charged into the zinc fuming furnace from the top of the furnace, while pulverized 

coal and oxygen are injected through submerged tuyeres at the bottom. The injected coal 

combusts into reducing gases such as carbon monoxide, which ascends through the molten 

slag creating a turbulent flow, while reducing e.g., zinc oxide into metal vapor [9]. The 
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zinc vapor oxidizes when it reaches the combustion shaft at the top of the furnace and is 

then recovered in the dust cleaning system, and further processed into a zinc clinker. The 

fuming process is operated in batches with a temperature between 1150–1250°C [10] and 

finalized after ~120 min. The remaining slag is tapped to the second slag cleaning step, an 

electric settling furnace [11], where the mechanically suspended copper-containing phases 

separate from the slag under the action of gravity.  

The electric settling furnace at Boliden Rönnskär is operated batch-wise, whereby the slag 

is charged from the zinc fuming furnace through a funnel located at the settling furnace 

roof close to one of the short sides. A furnace schematic is shown in Figure 3a, where the 

charging funnel can be seen to the right at the top of the furnace. The settling furnace is a 

rectangular AC electric furnace with four graphite electrodes submerged into the slag layer. 

The temperature is regulated in the settling furnace by changing the voltage and submerged 

depth of the electrodes.  

The movement of slag is laminar in an AC electric furnace when there is no tapping into 

or out of the furnace. The movement is mainly due to the buoyancy, electromagnetic 

effects, and stirring action of the electrodes [12]. The temperature gradient within the slag 

layer creates buoyancy effects, which leads to natural convection in the slag bath. The 

temperature is likely to be highest in the slag layer surrounding the lower part of the 

submerged electrodes and lowest towards the furnace bottom.  

The settling furnace has a bottom buildup in the form of solidified phases that have been 

accumulated over time. During the trial evaluated in this thesis, the height of the buildup 

increased towards the short sides and was lowest in the middle, where the copper phases 

accumulate, which is exemplified in Figure 3b. The buildup was in contact with the slag 

layer at the short sides, where the buildup was highest. The buildup decreases the furnace 

operational volume and can disturb the flow of fluids and the tapping out of the furnace. 
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Figure 3. (a) Schematic of the settling furnace at the Boliden Rönnskär smelter;  

(b) Example of the bottom buildup in the settling furnace. 

During normal operation, the slag is initially held in the settling furnace without any slag 

tapping into or out of the furnace; this specific time is defined as the “settling time”. The 

slag, which remains in the settling furnace after the settling time, is tapped opposite the 

charging funnel and granulated with water jets. The granulated slag (marked as Iron Sand 

in Figure 2) is transferred to a granulation tank before the granules are pumped to the 

dewatering basins and then to the storage. The total operating time in the settling furnace 

includes the settling time and water granulation. Figure 4 presents a flowsheet of the slag 

from the ESF where the black arrows going to the right present the slag flow. 

 
Figure 4. Flowsheet of the ESF slag at the Boliden Rönnskär smelter. 

The granulated slag is produced at a rate of ~250,000 tonnes per year at the Boliden 

Rönnskär smelter. The granulated slag is commonly used as, e.g., a road construction 
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material or as sandblasting sand [6]. The use of granulated slag enhances the circular 

economy for the smelter, decreases the extent of the landfill, and decreases the use of 

natural resources for construction purposes. The copper phases present in the electric 

settling furnace slag are copper matte and a copper bottom alloy called speiss. Speiss is rich 

in copper and the minor elements arsenic, antimony, tin, and nickel (As, Sb, Sn, and Ni). 

The copper phases settle to the bottom of the settling furnace, where it accumulates from 

several batches and are tapped in ladles once a day. The copper is recovered either by 

returning it to the process route or the copper phases are sold externally.  

The ESF slag, which is treated in the slag cleaning route, normally has a copper content 

of around 1–2 wt%. The outgoing slag from the slag cleaning route does in general still 

contain a higher content of copper compared to the sulfidic copper ores. This means that 

the outgoing material (granulated slag) contains a relatively high amount of copper, which 

decreases the efficiency of raw material usage. The copper content in the outgoing slag 

can be decreased if the settling of copper-containing phases is increased. To achieve this, 

the understanding of the settling furnace operation must be improved, including a slag 

characterization and a study of the effect of the process parameters and slag modification 

on the final slag copper content. The process parameters temperature and settling time are 

regulated in the settling furnace and are thus of significant interest. Based on the above, 

the present study was initiated. 
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1.2 Aim and scope 

A significant part of the copper losses in a primary smelter is to the discarded slag. If the 

copper losses are decreased, the copper recovery and efficiency of raw material usage are 

increased. The copper losses can be reduced by using slag cleaning operations, e.g., a 

settling furnace, in which mechanically entrained copper-containing droplets separate from 

slag under the action of gravity. The aim of the present thesis was to understand how the 

copper content in the outgoing slag can be decreased in a settling furnace where the slag 

has been pretreated in a fuming furnace. More specifically the aim was to: 

I. Determine the appearance of copper in slag after treatment in a fuming furnace 

and the phases associated with copper.  

II. Understand the effect of the process parameters temperature and settling time 

on the slag copper content and recovery in a settling furnace.  

III. Understand the effect of CaO slag modification on the settling of copper-

containing phases in slag, and thus the final slag copper content and copper 

recovery in a settling furnace. 
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2. LITERATURE REVIEW 

Metallic copper is extracted from sulfide concentrates using pyrometallurgical processes. 

One of the main copper losses is to the discarded slag, which decreases the overall recovery 

and profits. Copper is dissolved or mechanically entrained as matte or metallic droplets in 

the discarded slag. The total copper content in the bulk slag ((%𝐶𝐶𝑢𝑢)𝑏𝑏) is thus the sum of 

the dissolved copper ((%𝐶𝐶𝑢𝑢)𝑑𝑑) and the entrained copper ((%𝐶𝐶𝑢𝑢)𝑑𝑑), which is described 

by equation 1. 

(%𝐶𝐶𝑢𝑢)𝑏𝑏 = (%𝐶𝐶𝑢𝑢)𝑑𝑑 + (%𝐶𝐶𝑢𝑢)𝑒𝑒    (1) 

The entrained copper-containing phases can be recovered with slag cleaning operations 

where the copper content is decreased, e.g., by settling. The copper-containing phases are 

separated from the slag under the action of gravity, whereas the dissolved copper must first 

be transformed into metallic or sulfidic copper before it can be recovered.  

2.1 Copper losses to slag – Mechanically entrained copper 

Mechanically entrained copper refers to unsettled droplets of copper matte and metallic 

copper in slag. Some of the causes of mechanically entrained copper are charging, tapping, 

turbulence, mixing, gas injections, incomplete separation in the smelting and converting 

step, and decreased copper solubility. During tapping the denser liquid can rise when 

flowing around obstacles in the vessel and, hence, mechanical entrainment can take place 

in the slag [13,14]. Copper can also become entrained in the slag if the tapping is not 

stopped at the right time, and the copper-containing phases are tapped with the slag phase. 

Copper-containing phases in copper smelting slag can also be introduced with converter 

slag returns, which usually contain a higher amount of copper compared with the smelting 

slag alone.  

Several factors influence the content of entrained copper in slag. According to Minto and 
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Davenport, one mechanism for copper entrainment is SO2 bubbles produced at the bottom 

of a furnace. Matte can then lay as a surface film around the bubble when rising through 

the slag [15]. In other words, the matte phase is carried through the matte/slag interface 

and becomes dispersed as matte droplets when the surface film ruptures.  

Figure 5 illustrates the entrainment of copper-containing phases due to gas bubbles in slag, 

where the grey phase marked with “S” is the slag phase and the orange phase marked with 

“C” represents the copper-containing phases. In the first scenario, the copper-containing 

phases are carried through the matte/slag interface as a surface film, the surface film 

ruptures in the second scenario and the copper-containing phases become entrained in the 

slag. The copper-containing droplets can also become attached to gas bubbles rising 

through the slag layer, which is seen to the right in Figure 5 (third scenario). The 

attachment of copper-containing phases to gas bubbles has been observed in several studies 

[16–19]. The attachment of copper-containing phases to gas bubbles hinders the copper 

phases from settling and they could instead be lifted through the slag layer.  

 
Figure 5. Copper (C) entrainment in slag (S) by gas bubbles, represented by the white circles.  

Another mechanism hindering the copper-containing phases from settling is the 

attachment to solid phases in the slag [20,21]. According to Bellemans et al., copper 

droplets can attach to solid spinels consisting of FeO, Cr2O3, Al2O3, and ZnO. The reaction 

origin of the attachment of copper to the spinels was experimentally investigated by 

introducing a steel bar into synthetic slag with copper oxide. The attachment was 

concluded to be a result of a chemical reaction between copper oxide, iron, and chromium 

in a synthetic slag [22]. Zhou et al. suggested that solid magnetite particles in the slag both 

hinder the settling and also directly hinder the copper droplets from coalescing [23], which 

indirectly decreases the settling rate, as larger droplets settle with a higher velocity.  
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The attachment of the copper to solid phases lowers the average density of the entity, 

which decreases the settling rate compared with a single copper droplet of the same size. 

In a study by De Wilde et al., the settling rates were calculated with the Hadamard–

Rybczynski formula, which is an adapted form of Stokes’s law, see equation 2. The settling 

rate 𝑢𝑢 (m s-1) is a function of gravitational acceleration 𝑔𝑔 (m s-2), copper alloy density 𝜌𝜌𝐶𝐶𝐶𝐶 

(kg m-3), slag density 𝜌𝜌𝑠𝑠 (kg m-3), the diameter of copper alloy 𝑑𝑑 (m), and slag viscosity 

containing solid particles 𝜂𝜂𝑠𝑠 (kg m-1s-1). 

𝑢𝑢 = 𝑔𝑔 �𝜌𝜌𝐶𝐶𝐶𝐶  −𝜌𝜌𝑠𝑠
12𝜂𝜂𝑠𝑠

� 𝑑𝑑2     (2) 

The settling rate is proportional to the density of the copper alloy and proportional to the 

square of the droplet diameter, revealing that the settling rate is lower for the single copper 

droplet if it has a smaller diameter compared with the total size of the copper-solid entity. 

However, independently of the settling rate, the copper-spinel entity has a lower density 

compared to the underlying copper phase and is thus hindered from settling completely to 

that phase [24]. The copper-spinel entity could instead be accumulated at the bottom of 

the slag layer. 

The settling of a single copper droplet and copper droplets attached to a spinel is illustrated 

in Figure 6. The initial scenario is shown to the left in the image, where single copper 

droplets and copper droplets attached to spinels are entrained in the slag (S). In the image 

to the right, single copper droplets have settled into the underlying copper phase (C), and 

the copper-spinel entities are accumulated at the bottom of the slag layer, hindered from 

settling further due to the lower density compared with the underlying copper phase.  

 
Figure 6. Illustration of the settling of copper attached to spinel and single copper droplets.  

S is the slag phase, C the copper-containing phase, and SS the solid spinel (light grey). 
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According to Lennartsson et al., the ESF at the Boliden Rönnskär smelter has a bottom 

buildup consisting of spinel, matte, olivine, and metalloids. The dominating phase was 

spinel, consisting of chromium, iron, zinc, aluminum, and magnesium (Cr, Fe, Zn, Al, 

and Mg) [25]. Spinels have a high melting point and are thus possible solids in the ESF 

slag, which is further treated for recovery of zinc and the entrained copper phases.  

The chromium solubility in Al2O3-CaO-FeO-SiO2 slags was studied as a function of 

oxygen partial pressure (pO2) and the effect of Al2O3 and CaO. Sukhomlinow et al. 

suggested that the chromium solubility was ~0.15 wt% when pO2 ≈ 10-5 and increased to 

0.30 wt% when pO2 ≈ 10-10. The addition of CaO and Al2O3 slightly increased the 

chromium solubility in the slag, independent of the oxygen partial pressure. At chromium 

contents above the chromium solubility, chromium precipitated as a chromia (Cr2O3) 

spinel in the slag, which was analyzed to be ferrous chromite (FeCr2O4) with some 

dissolved alumina [26]. The ferrous chromite spinel phase is denser compared to the slag 

phase, which leads to the accumulation of chromium in the furnace vessel. 

The entrainment of copper droplets can also be due to the precipitation of copper caused 

by decreased copper solubility in the slag [27]. The precipitated metallic copper becomes 

dispersed as fine droplets throughout the slag layer. The precipitated microdroplets of 

copper will take a long time to settle due to the small size, as the settling rate is proportional 

to the square of the copper droplet diameter.  
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2.2 Copper losses to slag – Chemically dissolved copper 

Chemically dissolved copper associates with oxide (O2-) or sulfide (S2-) and is distributed 

within the slag matrix [28]. Takeda described the dissolved copper as the sum of the oxidic 

((%𝐶𝐶𝑢𝑢)𝑂𝑂) and sulfidic ((%𝐶𝐶𝑢𝑢)𝑆𝑆) copper in slag, which is shown in equations 3–4 [29]. 

The total amount of dissolved copper is thus the sum of (%𝐶𝐶𝑢𝑢)𝑂𝑂 and (%𝐶𝐶𝑢𝑢)𝑆𝑆, which is 

shown in equation 5. 

𝐶𝐶𝑢𝑢 + 1
4
𝑂𝑂2 = 𝐶𝐶𝑢𝑢𝑂𝑂0.5      (3) 

𝐶𝐶𝑢𝑢 + 1
4
𝑆𝑆2 = 𝐶𝐶𝑢𝑢𝑆𝑆0.5      (4) 

(%𝐶𝐶𝑢𝑢)𝑑𝑑 = (%𝐶𝐶𝑢𝑢)𝑂𝑂 + (%𝐶𝐶𝑢𝑢)𝑆𝑆    (5) 

Zhao et al. studied the mechanism of copper oxide dissolution and the changes in the 

fayalite (Fe2SiO4) microstructure. The study was conducted by adding different 

concentrations of copper oxide (Cu2O) in synthetic fayalite slag. The mechanisms for 

copper dissolution in fayalite were suggested to be chemical dissolution according to 

equation 6 and oxidative precipitation according to equation 7, where amorphous iron 

(Fe3+) traps the liquid copper in the fayalite [30]. Fayalite is often the dominating phase in 

slag from pyrometallurgical extraction of copper, as iron oxide and silica often are the main 

components in the slag. 

𝐶𝐶𝑢𝑢+ + 𝐹𝐹𝐹𝐹2𝑆𝑆𝑆𝑆𝑂𝑂4 → (𝐶𝐶𝑢𝑢𝑥𝑥+,𝐹𝐹𝐹𝐹2−0.5𝑥𝑥
2+ )𝑆𝑆𝑆𝑆𝑂𝑂4   (6) 

𝐶𝐶𝑢𝑢+ + 𝐹𝐹𝐹𝐹2+ → 𝐶𝐶𝑢𝑢 + 𝐹𝐹𝐹𝐹3+     (7) 

The solubility of copper in slag depends on the matte grade, oxygen partial pressure [31], 

[32], slag composition, and temperature. In literature, the correlation between the 

solubility of copper and temperature has been investigated, but with different outcomes. 

In a review by Mackey, it was stated that the oxidic copper solubility in general increases 

with increasing oxygen partial pressure and temperature [28]. In a thermodynamic 

assessment by Shishin et al., it was shown that the copper content in slag (Cu-Fe-O-S-Si 

system) goes through a maximum at intermediate matte grades, and then falls slightly and 

rises again when approaching 80 wt% copper in matte. The curve of the copper content 

in the slag at different matte grades was shifted towards higher slag copper content when 

the temperature was increased [33]. In a thermodynamic analysis by Klaffenbach et al., the 

copper content in slag increased significantly when the temperature increased from 1220°C 
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to 1280°C. It was thus found that the maximum recovery of copper is achieved at relatively 

low temperatures, concerning the dissolved copper [34]. The temperature is one of the 

parameters which is often regulated in pyrometallurgical process operations and could thus 

have a key role in decreasing copper losses. If copper is dissolved in the slag it cannot settle.  

However, Toguri and Santander suggested that the copper solubility in slag decreases with 

increasing temperature. The study was based on an investigation with a copper-gold alloy 

in a silica-saturated fayalite slag with constant pO2 of 10-8 atm [35]. Zivkovic et al. made an 

investigation of the distribution of copper in slag from an industrial reverberatory furnace. 

The results indicated that the copper content in slag increases with decreasing temperature, 

due to the increased viscosity of the slag and the long stratification time within the furnace 

[19]. The diverse outcomes could be an effect of the challenges to determine if the copper 

is chemically dissolved, mechanically entrained, or a combination. The literature displays 

the complexity with the temperature as a parameter in the settling process, as it influences, 

e.g., solubility, viscosity, and the appearance of solid phases.  

The correlation between matte grade and the copper content in slag has been studied, 

where several studies concluded that the copper content in slag increases with increasing 

matte grade [33,36–38]. Copper sulfide in the matte oxidizes to copper oxide in the slag 

phase, as explained with equation 8. Higher matte grade in equilibrium with slag pushes 

the reaction to the right.  

𝐶𝐶𝑢𝑢2𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒)  +  𝐹𝐹𝐹𝐹𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠)  →  𝐶𝐶𝑢𝑢2𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠)  +  𝐹𝐹𝐹𝐹𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒) (8) 

Wan et al. reported that the copper content in slag is dependent on the oxidation ability 

of the atmosphere and the slag in contact with the sulfide matte. The experimental study 

was designed to simulate the reactions in a flash smelting process at 1300°C, where the 

copper losses to slag were suggested to be caused by the oxidation of copper sulfide by 

oxygen in the air and ferric ions (Fe3+) in slag, equation 9 and 10 [39]. If oxygen is present 

in the settler, oxygen can dissolve in the slag phase according to equation 9 and then react 

with the copper sulfide according to equation 10. The bottom slag layer in the electric 

settling furnace at the Boliden Rönnskär smelter is in contact with the copper phases (matte 

and speiss) and the top slag layer is in contact with the atmosphere. The slag in the settling 

furnace, on the other hand, is treated under reducing conditions in the fuming furnace and 

may thus not contain a high amount of ferric iron.  
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2𝐹𝐹𝐹𝐹𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠)  + 1
2
𝑂𝑂2  →  𝐹𝐹𝐹𝐹2𝑂𝑂3(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠)    (9) 

2𝐹𝐹𝐹𝐹2𝑂𝑂3 + 𝐶𝐶𝑢𝑢2𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒) → 2[𝐶𝐶𝑢𝑢] + 4𝐹𝐹𝐹𝐹𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠) + 𝑆𝑆𝑂𝑂2(𝑠𝑠) (10) 

The chemical composition influences the copper solubility in the slag, which has been 

reported in several studies. The copper solubility in slag decreases with the addition of 

CaO, MgO, and Al2O3 in decreasing order [40–42]. Chen et al. reported that the copper 

concentration in a silica-saturated iron silicate slag decreased with the addition of Al2O3 

and CaO, where the copper content in slag decreased by 0.4 wt% over the entire matte 

grade investigated. The experimental equilibrium study was done at 1300°C and partial 

pressure of sulfur dioxide equaling 0.5 atm (pSO2 = 0.5 atm) [43]. The basic oxides (Ca2+, 

Mg2+, and Al3+) replace the copper cations (Cu+) in the slag matrix, reducing the solubility 

of copper in slag. The effect enhances the settling, as more copper could become entrained 

instead of dissolved in the slag. The relatively small additions of the oxides could also affect 

the viscosity and melting point of the slag, which in turn affects the copper content in slag.  

Jalkanen et al. suggested that the precipitation of dissolved copper may be inducted by the 

reaction of iron oxide with copper oxide during slag quenching [44]. In a study to 

minimize copper losses to slag, Coursol et al. suggested that dissolved copper can 

precipitate upon the cooling of a slag sample. The theory was that copper oxide could 

precipitate by the reaction with iron sulfide (FeS) (equation 11) or iron oxide (equation 

12), which are favored by lower temperatures (equilibrium constant higher at 1000°C 

compared to 1250°C). It was also suggested that any entrained copper matte particles in 

the slag before solidification are generally spherical and between 10–100 µm in size. The 

recommendations from this study were to operate an electric furnace used for slag cleaning 

with a temperature between 1220°C and 1240°C, where the lower temperature limits 

magnetite (Fe3O4) precipitation and the upper limit is to avoid high copper solubility [45]. 

The precipitation of magnetite could hinder the copper phases from settling, as the solid 

phases could accumulate in the bottom slag layer as a cover above the underlying copper 

phase. The solid phases could also attach to the copper phases hindering the settling, as 

discussed in chapter 2.1. 

   𝐶𝐶𝑢𝑢2𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠) + 𝐹𝐹𝐹𝐹𝑆𝑆 → 𝐶𝐶𝑢𝑢2𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒) + 𝐹𝐹𝐹𝐹𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠)  (11)

   𝐶𝐶𝑢𝑢2𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠) + 3𝐹𝐹𝐹𝐹𝑂𝑂(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠) → 2𝐶𝐶𝑢𝑢(𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠) + 𝐹𝐹𝐹𝐹3𝑂𝑂4(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑) (12)  
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An investigation of copper losses in industrial slag was done on slag originating from a 

Teniente converter and an electric slag cleaning furnace. The appearance of copper was 

determined to be either dissolved or entrained in the slag. The amount of entrained copper 

was determined by calculating the Cu:S ratios in the slag, suggesting that ~75% of copper 

remaining in the slag after slag cleaning was dissolved [46]. This means that 25% of the 

copper that remains in the slag is available for settling but can be limited by other factors 

such as the settling time or the attachment to solid phases.  

Dissolved copper in the slag can be reduced from copper oxide into liquid metallic copper 

upon slag reduction, which could be a part of a slag cleaning step. A disadvantage with the 

reduction is that metallic copper tends to retain metallic impurities such as As, Sb, and Bi 

(bismuth) from the slag [47,48]. The copper recovered from the slag cleaning can be 

recycled back to the smelter, thus increasing the load of these elements, which in turn 

could affect copper anode quality. Reduction takes place in the zinc fuming furnace at the 

Boliden Rönnskär smelter, with the main goal to recover zinc from the slag. A theory is 

that copper in the EFS slag is present as dissolved copper oxide and as entrained matte 

droplets. Under the reducing conditions in the fuming furnace, the copper oxide could be 

reduced into liquid metallic copper, which then reacts with sulfides in the form of, e.g., 

arsenic producing a speiss phase [11]. As mentioned, only the entrained copper can be 

recovered from the slag upon settling, and the reduction of copper oxide into speiss is thus 

essential. 

The copper that may have precipitated upon quenching makes it complex to determine if 

copper in solidified slag samples originated as dissolved or entrained copper. Dissolved 

copper will not settle and is thus a limitation for copper recovery during slag cleaning in 

the form of settling processes. 
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2.3 Settling of copper-containing phases in slag 

The density difference between the copper-containing phases and the slag leads to the 

natural separation of copper from the slag phase. To estimate the separation time for a 

single copper-containing droplet in a molten slag with a low Reynolds number the settling 

velocity can be determined using Stokes’s law, which is presented in equation 13 [49]. 

The settling velocity 𝑣𝑣 (m s-1) is a function of gravitational acceleration 𝑔𝑔 (m s-2), copper-

containing droplet diameter 𝑑𝑑 (m), density of the copper-containing droplet 𝜌𝜌𝑑𝑑 (kg m-3), 

fluid (slag) density 𝜌𝜌𝑠𝑠 (kg m-3) and fluid dynamic viscosity 𝜇𝜇 (kg m-1s-1). 

𝑣𝑣 = 𝑠𝑠𝑑𝑑2

18
�𝜌𝜌𝑑𝑑−𝜌𝜌𝑠𝑠

𝜇𝜇
�       (13) 

However, the derivation of Stokes’s law is based on several assumptions including the 

incompressibility of the medium, the infinite extent of the medium, rigidity of the settling 

sphere, and absence of slipping at the interface between the metal droplet and the slag. All 

of these assumptions cannot be satisfied in a slag system at high temperatures, as the slag 

bath is finite, and the settling metal droplet is often in a liquid state and thus free to deform 

(e.g., by internal circulation). Iwamasa and Fruehan have developed a correction of 

Stokes’s law, which adjusts for the finite medium, the metal droplet that can deform, and 

for solid phases in the slag, which increases the viscosity [50]. The modification developed 

from Stokes’s law is shown in equation 14. 

𝑉𝑉 = 𝑠𝑠𝑑𝑑2(𝜌𝜌𝑑𝑑−𝜌𝜌𝑠𝑠)
18𝜇𝜇𝑠𝑠𝐾𝐾𝐾𝐾

      (14) 

Where V (m s-1) is the settling velocity including the corrections. K is the factor 

compensating for the wall proximity, shown in equation 15, where 𝜎𝜎 is the ratio of the 

slag and metal droplet viscosity and 𝜆𝜆 is the ratio of the droplet diameter and crucible 

diameter. When 𝜆𝜆 is larger than 0.1 the crucible has a significant effect on the settling 

velocity. The empirical correlation of the correction shown in equation 15 has been 

proposed by Happel and Benner [51]. The correction factor is used if the ratio of the 

droplet diameter to the crucible diameter is larger than 0.1, and thus not used if the settling 

velocity is calculated for a slag bath of an industrial scale.  
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F is a factor that compensates for the settling metal droplet that is fluid and becomes 

important when the ratio of the viscosity of the slag and the viscosity of the metal is large 

and is known as the Hadamard-Rybczynski theory. The factor F is less than unity and will 

thus increase the predicted settling velocity. The calculation of F is shown in equation 16, 

where 𝜎𝜎 is the ratio of the slag and metal droplet viscosity. 

   𝐹𝐹 =
1+23𝜎𝜎

1+𝜎𝜎
       (16) 

Equation 14 also corrects for solid phases present in the slag, which increases the viscosity. 

The viscosity with solid phases present (𝜇𝜇𝑠𝑠) is calculated according to Einstein’s equation 

17. Einstein’s equation can be used for a dilute suspension of solid spheres in a liquid.  

𝜇𝜇𝑠𝑠 = 𝜇𝜇0 �1 + 5
2
∅�       (17) 

Where 𝜇𝜇𝑠𝑠 is the bulk viscosity of the slag with solid phases, 𝜇𝜇0 is the viscosity of the slag 

without any solids and ∅ is the volume fraction of solid spheres in the slag. Zhou et al. 

calculated the settling velocity with the modified settling velocity equation (equation 14) 

as a function of the viscosity of a melt with solid particles [23], where the increased viscosity 

decreases the separation rate of copper droplets from slag.  

An example of the change of settling velocity with the viscosity of a FeO-SiO2-Al2O3-

CaO-MgO-ZnO slag with a volume fraction of solids varying from 0 to 40% is shown in 

Figure 7. The settling velocity was calculated with equation 14, but without the factor K, 

as the settling velocity is calculated for a copper droplet in an industrial-sized slag bath. 

The copper droplet has a diameter of 150 µm, the viscosity and density of copper at 

1250°C were calculated as an average of the tabulated values at 1277°C and 1227°C in 

the work by Assael et al [52]. The viscosity of the slag without any solids was calculated 

with FactSage 8.0 and the slag density was estimated to be 3600 kg/m3.  
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Figure 7. Calculated settling velocities of a copper droplet in a FeO-SiO2-Al2O3-CaO-MgO-

ZnO slag with different fractions of solid particles. 

Schmidt et al. estimated the influence of slag viscosity on settling of mechanical entrained 

copper matte in a flash furnace settler by CFD modeling. The results indicated that 

lowering the slag viscosity by a third, from 0.45 Pa s to 0.30 Pa s, decreased the mechanical 

copper losses from 0.98 wt% to 0.61 wt%. The study also highlighted the significance of 

droplet size and, thus, the coalescence of matte droplets, for decreased copper losses [53].  

Settling velocities are also dependent on the density difference between the copper-

containing phase and the slag phase and the size of the copper-containing droplet. In turn, 

some of these parameters depend on the slag composition. According to equations 13 and 

14, larger copper-containing droplets settle at a faster rate. However, the small droplets are 

of great concern, as they are often greater in number. Challenges with the settling process 

are thus predicting the settling time for entrained copper and the best conditions for the 

highest possible settling velocities.  

2.3.1 Viscosity 

The main components in slag from smelting in pyrometallurgical production of copper are 

iron and silica, called a fayalite slag [54–56]. Moreover, the slag also contains CaO, Al2O3, 

and MgO, as well as some minor elements (Sb, Pb (lead), Bi, Sn, and As) [2,28,56,57]. 

The composition of the slag depends on the copper concentrate, added fluxes, possible 

slag returns, and other recycled materials from the smelter. In most studies, the Fe/SiO2 

(wt%/wt%) ratio is 1.2 or higher. The slag in the settling furnace at the Boliden Rönnskär 

smelter has a Fe/SiO2 ratio close to unity.  
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The viscosity in fayalite-based slags has been reported in several studies, and the viscosity 

is concluded to decrease with increasing Fe/SiO2 ratios [58–60]. The viscosity decreased 

as the composition moved away from silica saturation, which was explained by the 

depolymerization of the three-dimensional silicate network. Kaiura et al. did an 

experimental study of fayalite slag with Fe/SiO2 ratios above 1.3, where the addition of 

CaO up to 20% decreased the viscosity. The influence of CaO on the viscosity was most 

significant in the temperature range between 1200°C and 1250°C [59]. The metal oxide 

CaO breaks down the silicate polyions into smaller structural units, thus decreasing the 

viscosity of the slag [61]. According to an experimental study by Ducret and Rankin, the 

viscosity decreased with the CaO addition up to 9%, whereas the influence of MgO 

addition up to 6% was more complex. Low MgO content decreased the viscosity, while 

the viscosity increased with higher MgO content [60]. The correlation between CaO 

addition and the viscosities was investigated in several more studies with similar results, 

decreasing with the increasing addition of CaO [62–64]. To decrease the viscosity and thus 

increase the settling rate of copper in slag, CaO could be a possible additive to the industrial 

processes of pyrometallurgical copper extraction. 

According to Mostaghel et al., the viscosity of industrial slags increases with the increasing 

content of Al2O3, which was explained as aluminate acts as a network former cation, 

increasing the degree of polymerization in the slag [8]. In a study by Park et al., the viscosity 

in an iron silicate slag first decreased with the addition of Al2O3 up to 5 wt%, but at higher 

additions, the slag viscosity increased. The effect was suggested to be related to the 

amphoteric behavior of Al2O3, acting as a basic oxide at lower additions and as an acidic 

oxide at higher additions. The effect could also have been due to the modification of the 

liquidus temperature [58]. CaO, MgO, and Al2O3 are minor oxides occurring in the ESF 

slag at the Boliden Rönnskär smelter, and can thus affect the viscosity and thereby the 

settling of copper.  

The viscosity also correlates with the temperature and, in general, the viscosity in slag 

decreases with increasing temperature [58,65,66]. According to Chen et al., the viscosities 

of iron silicate slags are more sensitive to changes in temperature at higher SiO2 

concentrations [67]. The ESF slag at the Boliden Rönnskär smelter is silicate saturated, 

indicating that the viscosity of the slag could be sensitive to temperature changes.  
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The slag viscosity is also affected by solid phases, where the viscous behavior of liquid melts 

containing solid phases increases linearly with increasing content of solids [23], as 

mentioned in section 2.3, equation 17. The increased viscosity due to solid phases is an 

additional reason for controlling the presence of solid phases in the liquid slag. 

2.3.2 Density and surface tension  

The density difference between the copper-containing phase and slag is essential for the 

natural separation in the molten stage. In a study of copper losses to slag in a rotary holding 

furnace, rapid separation of matte droplets was shown within the first 10-15 min, due to 

the density difference between the copper and slag phases. The rate of separation then 

decreased as other physical properties, such as viscosity or surface tension, became rate-

determining, and the matte phase needs to form big enough droplets to settle [14]. In an 

experimental investigation of the settling process, Fagerlund and Jalkanen suggested that 

most of the copper-containing phases settled within the first 15 min. After 30 min, the 

settling rate decreased, leaving the final slag copper content [68]. In a study by Zang et al., 

the density decreased with the CaO addition [62]. A lower density of the slag enhances 

the settling rate as the density difference between the copper phases and the slag phase 

increases (see equations 13 and 14). 

The droplet size of the copper-containing phases influences the settling rate in slag (see 

section 2.3). Coalescence of smaller droplets in the slag increases the droplet size and thus 

the settling rate. The force of attraction between the molecules at the interface of two 

liquids is the interfacial tension. The attraction between molecules at a gas-liquid interface 

is called surface tension. The interfacial tension of the matte and slag phase was suggested 

to be the primary factor determining the droplet size in a smoothed particle hydrodynamics 

study, where the droplet size increased with increasing interfacial tension [69]. The surface 

tension of slag is also influenced by the addition of CaO, increasing with the addition [62], 

[70]. The tendency for the coalescence of copper droplets should thus increase with the 

addition of CaO. 
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2.3.3 Liquidus temperature  

The liquidus temperature of slag is affected, e.g., by the Fe/SiO2 slag ratio and by the level 

of minor elements in the slag. In a study by Cardona et al., it was suggested that the lowest 

liquidus temperature concerning the Fe/SiO2 ratio was ~1.1, with a liquidus of ~1160°C 

of slag in an electric slag cleaning process. At ratios below 1.1 the liquidus temperature 

increased and the slag was saturated with tridymite, the liquidus temperature at Fe/SiO2 

ratios close to unity was about 1200°C. The minor elements CaO, MgO, and Al2O3, were 

all suggested to increase the liquidus temperature in the Teniente converter slag, and CaO 

was suggested to decrease the liquidus temperature in the electric slag cleaning slag under 

reducing conditions [71]. The slag in the study had lower levels of CaO, MgO, and Al2O3 

compared to the ESF slag at Boliden Rönnskär, and a considerably higher Fe/SiO2 ratio, 

which was around 1.6.  

Sun et al. and Chen et al. studied the effect of CaO on the matte-slag-spinel equilibria and 

liquidus temperatures of slag under similar conditions but at different temperatures. The 

liquidus temperature was reported to increase with the increasing addition of CaO at 

constant SiO2 content [43,72]. Zhao et al. suggest that the presence of CaO, MgO, and 

Al2O3 in an iron silicate slag increases the spinel liquidus and decreases the silica liquidus 

temperature [73]. The addition of MgO and Al2O3 expands the primary phase field of 

fayalite, and MgO increases the liquidus temperature [74], whereas Al2O3 decreases the 

liquidus temperature in the fayalite primary phase field [75]. The explanation was that 

Mg2SiO4 forms a continuous solid solution with fayalite, which in the presence of MgO 

is stabilized, increasing the liquidus temperature. Al2O3 does not dissolve in the fayalite, 

and the liquidus temperature is thus lowered when Al2O3 is added to the liquid. The 

increased liquidus temperature does not favor the process, as more solids are present in the 

slag, which could both hinder the settling due to attachment to copper phases and increase 

the slag viscosity. 
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2.4 Summary of the reviewed literature 

The reviewed literature focuses on the factors which are known to influence the settling 

and thus the metal content in slag. The literature revealed that the slag cleaning operation, 

including the settling of copper phases in molten slag, is complex and influenced by several 

parameters. The main parameters influencing the settling are the viscosity, density, droplet 

size, solid phases and gas bubbles, and also the conditions in the furnace including slag 

flows and turbulence. Figure 8 presents factors influencing the settling of metal phases in 

slag. Lower slag viscosity means increased settling rate, which can be achieved by changing 

the temperature or by modifying the slag composition and limiting the presence of solid 

phases in the slag. The literature also revealed that the temperature influences the copper 

solubility, but it is not clear how, which could be due to the challenges to determine if 

copper is dissolved or mechanically entrained in the slag. The temperature also affects the 

presence of solid phases and reaction kinetics, and may thus affect the presence of gas 

bubbles.  

 
Figure 8. Main parameters influencing the settling of metal droplets in slag. 

The settling rate is affected by the droplet size, where larger droplets settle at a higher rate 

and thus influence the time necessary for the entrained copper droplets to settle to the 

underlying copper phase. The size of the copper droplets can be increased by the 

coalescence of smaller droplets in the slag layer. Coalescence of droplets in contact with 

each other will occur if the surface tension is decreased after the coalescence. The 
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coalescence is also affected by the slag viscosity, where a lower viscosity increases the ability 

of droplets to coalesce. Movements in the slag layer increase the chance of two droplets 

meeting and coalescing, whereas the movement can also counteract settling.  

Settling is also influenced by the density difference between the metal phase and the slag 

phase, which in turn is affected by the slag composition. The literature also revealed that 

the settling of metal droplets can be hindered due to the attachment of the metal phase to 

e.g., gas bubbles and solid phases in the slag.  

Most of the studies are based on experimental trials with iron silicate slags with a Fe/SiO2 

ratio equaling or above 1.2. The slag in the settling furnace at the Boliden smelter is 

pretreated in a fuming furnace, where the slag is treated under reducing conditions, and 

then tapped to an electric settling furnace where the copper-containing phases are allowed 

to settle. The slag in the electric settling furnace has a Fe/SiO2 close to unity, which differs 

from the literature.  

At present, there is a gap in the knowledge of how process parameters influence the copper 

content in industrial slag cleaning, and whether any other factors affect the industrial 

settling process and, thus, the copper recovery. To increase the understanding of how the 

process parameters (temperature and settling time) and slag modification influence the 

copper content in slag, an industrial trial was conducted in a settling furnace where these 

parameters were altered.
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3. MATERIAL AND METHODS 

The results and conclusions in this thesis are based on samples and data collected during an 

industrial trial in an electric settling furnace. The settling furnace process is described in section 

1.1.1, the trial description and sampling are described in section 3.1, and the parameters are 

presented in sections 3.2 to 3.4. The trial was conducted to increase the understanding of how 

the copper losses to slag can be decreased by investigating the appearance of copper in reduced 

iron silicate slag, the process parameters, and slag modification. The evaluation is divided into 

three main parts, of which the first is slag characterization with the intention to shed light on the 

appearance of copper in slag and associated phases and to investigate if any factors hinder copper 

from settling. The second was to evaluate how the process parameters temperature and settling 

time affect the slag copper content. The third part was to evaluate how CaO modification 

influences the final slag copper content. CaO was chosen as a slag modifier, as the literature reveals 

that CaO changes the slag properties, which should influence the settling rate positively, i.e., for 

increased settling rate. The three parts of the evaluation are listed below.  

1. Slag characterization 

– Appearance of copper 

– Associated phases 

2. Process parameters 

– Temperature 

– Temperature and Settling time  

3. CaO slag modification  
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3.1 Trial description and sampling 

The flowsheet of the ESF slag is presented in Figure 9. The slag is tapped from the ESF into 

ladles, which are transferred to the fuming furnace where the slag is charged into the furnace. 

The slag is treated under reducing conditions and then tapped from the fuming furnace via a slag 

runner and charging funnel into the settling furnace, where copper phases are separated from the 

slag (see Figure 3a, page 6, section 1.1.1). The remaining slag is then tapped and water-granulated 

(to the left in Figure 3a), and transported to dewatering basins. The operations in the fuming 

furnace and settling furnace are operated batch-wise, where the slag is tapped out of the settling 

furnace after the given settling time.  

 
Figure 9. (a) Flowsheet of the ESF slag and overview of the sample points, “ingoing slag,” 

 “vertical slag,” “outgoing slag,” and “granulated slag”. 

The trial was conducted in an electric settling furnace, where all batches are treated individually 

by changing, e.g., the ingoing conditions or the conditions in the settling furnace. The slag in 

each batch originates from the ESF, where the content is dependent on the charge material, 

including copper concentrate, secondary material, slag returns from the converters, and other 

additives. The main components of the ESF slag treated in this trial are presented in Table 1. 

When the slag is charged to the electric settling furnace the main difference is the zinc content, 

which has been removed in the fuming process. 

Table 1. Main components of the ESF slag. 

   [wt%]    

FeO SiO2 Zn Al2O3 CaO MgO Cu 

36–42 28–31 6–8 3–4 2–4 1–2 1–2 
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3.1.1 Slag sampling  

The influence of the process parameters and the slag modification on the copper content in the 

slag was evaluated by comparing slag samples collected during the trial from four different sample 

points. Figure 9 presents a flowsheet of the ESF slag and at what stage the samples were collected. 

One of the sample points was located in the slag stream during the tapping from the fuming 

furnace to the settling furnace, called “ingoing slag” in Figure 9.  

The second sample point was located within the furnace, called vertical slag (“vertical slag” in 

Figure 9), as it represents the entire slag layer divided into different levels. The vertical slag sample 

was collected at the start and end of the settling time with help of a steel rod, which was lowered 

into the slag layer through the charging funnel, as shown in Figure 10. The steel rod was then 

held over a box and the solidified slag was divided into different levels depending on the position 

on the steel rod. The slag at the lower end of the steel rod was divided into level one and the slag 

above that was divided into level two, etc. The height of the slag levels was about 0.1 m. A 

schematic of the furnace, the steel rod, and the box is presented in Figure 10.  

 
Figure 10. To the left, a schematic of the settling furnace and the steel rod used for vertical slag 

sampling. To the right, a schematic of the steel rod and box used for dividing the vertical slag samples 
into different levels.  

Two sample points were used for the outgoing slag, one collected in the slag stream during 

tapping (“outgoing slag” in Figure 9) and another on the water-granulated slag (“granulated slag” 

in Figure 9). The two outgoing samples were collected intermittently during the entire tapping 

from the settling furnace. A detailed description of the sampling of the different slag samples is 
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presented in a study by Isaksson et al. [76]. 

The total settling, including both settling during the given settling time and tapping, was evaluated 

by comparing the copper content in the ingoing slag with the final slag copper content in 

outgoing and granulated slag. The settling within the given settling time was evaluated by 

comparing the slag copper content in the vertical slag samples, as these were collected when there 

was no tapping into or out of the settling furnace. Table 2 gives an overview of the industrial trial 

and the analyzed samples.  

Table 2. Overview of the three parts in the industrial trial including information of the evaluated 
batches, parameters, sample points, and analysis methods. 

Experimental 
Overview 

Parameter Batch 
Slag 

sample 

  Analysis  

XRF FAAS* ICP-
SFMS 

SEM-
EDS 

Slag 
characterization 

Temperature 
T1, T2, 

T4 
Vertical   X X 

 

Temperature T1-T4 

Ingoing X X   

 Vertical   X  

 Outgoing X    

Process 
parameters 

Granulated X    

Settling 
time, 

Temperature 
T1-T10 

Ingoing X X   

 Outgoing X X   

 Granulated X    

CaO 
Modification 

CaO 
content 

C1-C5 

Ingoing X X X  

Vertical   X  

Outgoing X X   

Granulated**  X   

*Cu content in the samples 
**Full analysis with FAAS 
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3.2 Slag characterization  

The vertical slag samples were characterized with a scanning electron microscope (SEM) with an 

energy-dispersive X-ray spectroscopy (EDS) detector. The vertical slag samples from the part of 

the trial with altered temperature were the basis for the characterization. The second-highest slag 

level (level 5 or 6) and the lowest slag level (level 1) at the start and the end of the settling time 

were analyzed.  

During the characterization the copper phases in the samples were determined, as well as the 

morphology. Whether any phases were associated with the copper phase was also investigated, 

e.g., if there were any pores in the samples, which can originate from gas bubbles in the slag or 

any solid phases in the slag. The chemical compositions of the samples were linked to the point 

analysis of some phases. The correlation between the copper content and the content of some 

minor slag elements was also evaluated. 

3.2.1 Experimental procedure – SEM-EDS  

The phase composition in the vertical slag samples was evaluated using a Zeiss Gemini Merlin 

SEM after the samples were mounted in epoxy, polished, and carbon-coated. The phases were 

quantitatively analyzed using an Oxford Instruments X-Max EDS detector at an accelerating 

voltage of 20 keV and an emission current of 1 nA, and the working distance was 8.5 mm. The 

beam measurement was calibrated using pure copper prior to the EDS analyses. The elemental 

compositions were reported in wt% and normalized, meaning that the sum for the identified 

elements became 100 wt%.  

3.3 Process parameters  

The effect of the process parameters on the slag copper content can be subdivided into two parts; 

in the first part, the temperature was altered and in the second part both the settling time and the 

temperature were varied. The parameters are explained in more detail in the following sections 

3.3.1 and 3.3.2. 

3.3.1 Temperature  

The effect of temperature on the copper content in the slag was evaluated by regulating the 

settling furnace temperature, while the other parameters were kept as constant as possible. The 

settling temperature was varied between 1210°C and 1276°C. The settling time was set to be 30 

min during this part of the trial. The temperature was measured in the ingoing and outgoing slag 
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during the industrial trial. The fuming temperature, which is the temperature of the ingoing slag, 

was measured with thermocouples in the fuming furnace. The settling temperature was measured 

with thermocouples in the slag stream when tapping out of the settling furnace started, i.e., when 

the settling time was finalized. The effect of the temperature on the slag copper content was 

evaluated by comparing the copper content in the samples collected and the copper recovery in 

the settling furnace. 

3.3.2 Temperature and settling time 

In the second part, evaluating the process parameters, both the temperature and the settling time 

were altered in the settling furnace. The settling time was varied from 13 min to 62 min and the 

settling temperature between 1210°C and 1288°C. The settling time is defined as the time 

between the finalization of settling furnace charging and the start of the tapping out of the settling 

furnace, i.e. when the water granulation starts. The effect of the temperature and settling time on 

the slag copper content was evaluated by comparing the copper content in the samples collected 

and the copper recovery in the settling furnace. 

3.4 CaO slag modification 

The effect of CaO modification on the copper content in the slag was investigated by adding 

limestone (CaCO3), provided by Nordkalk AB, at the beginning of the fuming process (the slag 

treatment before the settling furnace). The target content of CaO was 5, 10, and 15 weight 

percent (wt%), and one reference batch without CaCO3 addition (C1 in Table 2). During this 

part of the industrial trial, the settling time was ~15 min, and the settling temperature was targeted 

to be 1250°C. The effect of the CaO modification on the slag copper content was evaluated by 

comparing the copper content in the collected samples and the copper recovery in the settling 

furnace. 

3.5 Experimental procedure – Process parameters and CaO 
modification 

3.5.1 Chemical analysis 

The compositions of the ingoing and outgoing slag and the water-granulated slag (for batches 

T1-T10, process parameter samples) were analyzed in the laboratory of the Boliden Rönnskär 

smelter using the standardized X-ray fluorescence (XRF) method. The copper content of all 

samples (batches T1–T10 and C1–C5) and the composition of water-granulated slag from the 
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part of the trial with CaO modification (C1–C5) were determined by FAAS in the same 

laboratory.  

Vertical slag samples were analyzed at a certified laboratory (ALS Scandinavia AB, Sweden), using 

inductively coupled plasma-sector field mass spectroscopy (ICP-SFMS). A replicate of the ingoing 

slag samples for the batches with CaO modification (C1-C5) was also analyzed at ALS with ICP-

SFMS. A summary of the analyzed sample point and analysis method is presented in Table 2. The 

contents of iron (Fe2+), chromium (Cr3+), lead (Pb2+), and zinc (Zn2+) were recalculated as those 

of the corresponding oxides. The results of the compositions were normalized to 100 wt%.  

3.5.2 Copper recovery  

The copper recovery in the settling furnace was calculated according to equation 18. Where 

%𝐶𝐶𝑢𝑢𝑠𝑠𝑖𝑖 is the weight percent copper in the ingoing slag (average of three to six samples) and 

%𝐶𝐶𝑢𝑢𝑠𝑠𝐶𝐶𝑚𝑚 is an average of the weight percent copper in the granulated slag and the outgoing slag 

(average of five to six samples). 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐶𝐶 𝐶𝐶𝐹𝐹𝑟𝑟𝐶𝐶𝑣𝑣𝐹𝐹𝐶𝐶𝑟𝑟 [%] = 100% ∙ %𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−%𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑜𝑜
%𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

   (18) 

The copper recovery was calculated for all the batches evaluated in the trial. The analyzed copper 

content in the samples includes both the dissolved and the entrained copper. The difference in 

mass of the ingoing slag and outgoing slag was assumed to be negligible.  
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4. RESULTS AND DISCUSSION 

The results and discussion section is divided into three parts, where the first part includes the slag 

characterization, the second part includes the evaluation of the process parameters, and the third 

part includes the CaO slag modification. Chapter 5 is a concluding discussion referring to all parts.  

4.1 Slag characterization  

Slag from the industrial trial in the settling furnace was characterized with SEM-EDS to increase 

the knowledge of the appearance of copper within the slag and the associated phases, and to 

determine if any factors hindering the copper phases from settling.  

4.1.1 SEM-EDS characterization and compositions of vertical slag samples  

Figures 11a and b presents SEM images of the second-highest level at the settling start. The results 

of the corresponding EDS point analyses marked with numbers (1-9) are listed in Table 3 (the 

full analysis is found in Table A1, Appendix). Matte and speiss were observed in all vertical slag 

samples analyzed with SEM-EDS, independent of the height in the slag layer and the temperature. 

The brightest phase (labeled as 1, 5, and 6) is speiss, which is a copper-rich phase associated with 

nickel, arsenic, tin, and antimony. The speiss phase can be divided into two parts, as seen in 

Figure 11b when comparing the areas “5” and “6”. The brightest phase (“5”) has a higher content 

of nickel, arsenic, antimony, and tin, whereas the darker phase (“6”) has a higher copper content. 

The two speiss phases were most probably formed during the sample cooling. The phase marked 

as “2” and “7” and the droplet marked as 8 are matte, which is rich in copper, sulfur, and iron.  

The slag phase labeled as 4 and 9 mainly contains the oxidic form of iron and silica and the minor 

elements (>1 wt%) calcium, aluminum, zinc, and ~0.25 wt% copper. Small bright dots are present 

as inclusions in the slag phase and, according to the results of EDS analysis, the main difference 

with areas with and without bright dots is the copper content, as exemplified in Figure 11a. The 

copper content of the area with bright dots (“3”) was higher compared to the area without dots 
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(“4”). The bright dots were thus some form of finely dispersed copper and/or matte. The ratio 

between copper and sulfur (wt%/wt%) is 4.6 and 3.6 of the point analyses 2 and 7, respectively, 

and 3.7 in point 3, which indicates that the finely dispersed droplets are partly matte. The three 

largest droplets within the area marked with “3” have a diameter between 1.1 µm and 1.6 µm. 

Notably, the bright droplets were too small to be analyzed individually.  

The small bright droplets could originate as dissolved copper that subsequently precipitated during 

sample cooling because of the concomitant decrease in copper solubility, as suggested by Jalkanen 

et al. [44]. The finely dispersed droplets could also be produced by the fuming process, which is 

characterized by a turbulent flow of reducing gases, which could have fragmented larger droplets 

or reduced dissolved copper into metallic copper droplets. The microdroplets display a long 

settling time, which is attributable to their small size.  

 
Figure 11. SEM images of slag from the second-highest level at the settling start in batch (a) T1, where 
the phase labeled as “1” is speiss, “2” is matte, “3” the slag with copper inclusions, and “4” the slag; (b) 

T3, where the phases labeled with “5” and “6” are speiss, “7” and “8” are matte, and “9” is slag.  

Table 3. Normalized EDS point analysis of vertical samples collected at the settling start from batch T1, 
and T3. The content of Mg, Cr, Mn, and Zn are excluded. The full analysis is found in Table A1. 

No. Phase 
[wt%] 

O Al Si S Ca Fe Ni Cu As Sn Sb 

1 Speiss      3.0 12.9 63.0 7.9 2.6 10.5 

2 Matte 1.6  0.4 15.2  4.0 3.1 70.3 1.2 0.6 3.6 

3 Slag with  
Cu inclusions 30.7 2.2 18.1 1.2 2.8 38.1  4.4    

4 Slag 32.8 2.3 18.7 0.3 2.9 40.2  0.2    

5 Speiss 0.3     0.7 15.1 46.4 14.7 2.4 20.4 

6 Speiss      0.5 3.2 85.2 6.2 1.2 3.7 

7 Matte 1.9   19.9  5.4 0.5 71.7   0.7 

8 Matte 11.9 0.8 6.1 16.0 0.8 17.8 0.5 46.2    

9 Slag 33.7 2.3 19.1 0.4 2.8 39.0  0.3    
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Figures 12a, b, and c correlate the copper content of vertical slag samples with their antimony, 

arsenic, and nickel contents, respectively. The plots are based on the chemical composition of all 

vertical slag samples analyzed for T1 –T4. The samples originate from batches with varying 

temperatures, for which the complete analysis can be found in the study by Isaksson et al. [76]. 

The correlations were positive in all cases, thus indicating the presence of the speiss phase, which 

is known to contain antimony, arsenic, and nickel [11].  

The positive correlations were confirmed by the EDS analysis of the speiss phase. Thus, a decrease 

in slag copper content was concluded to be associated with the decrease in antimony, arsenic, and 

nickel contents in slag. In all plots, the point with the largest deviation corresponded to the sample 

with the highest copper content and settling temperature (bottom sample, batch T1, settling end, 

marked as 2L1_T1 in Figures 12a, b, and c), which was ascribed to the increase in dissolved 

copper content at high temperature. The final slag product is enhanced by the decreased content 

of copper and the associated elements. However, it also means that more of these elements are 

recovered with copper and possibly recycled to the smelter, increasing the load of these elements.  

 
Figure 12. The copper content plotted against the content of (a) antimony; (b) arsenic; and (c) nickel; The plots 

are based on the chemical composition of all vertical slag samples [76]. 

SEM images of the second-highest level collected at the settling end are presented in Figures 13a 

and b. Table 4 lists the results of EDS point analyses of numbered phases in Figures 13a and b 

(full analysis can be found in Table A2, Appendix). All samples contained matte (“1”), speiss, and 

slag (“3”, “4”, “5”, and “6”). The bright, irregular area, labeled with “2” in Figure 13a, is most 

probably the nucleation of a chromium-containing spinel (called Cr-spinel) in the top of the slag 

layer, which mainly contains iron, chromium, and silica. The distinct edges of the phase and the 

composition indicate that the phase is a spinel. Due to the relatively small size of the spinels, parts 

of the slag are most probably also analyzed in the point analysis which explains the silica content.  
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Two parts of the slag phase are observed in Figure 13a, where the darker phase (“4”) contains a 

higher content of magnesium, silica, and calcium, and a lower content of iron. The area labeled 

as “6” in Figure 13b is the slag phase free of copper inclusions, the slag surrounds a speiss droplet 

marked with “7”, which is surrounded by matte. The copper-free slag phase could be a result of 

the coalescence of copper droplets into the larger one. The same observation was made for several 

sites, in which the area surrounding the copper droplet was free of small copper inclusions.  

 
Figure 13. SEM images of slag from the second-highest level at the settling end in batch (a) T1 where 
“1” is matte, “2” is the Cr-spinel, and “3” and “4” the slag phase; (b) T3 where “5” is slag with copper 

inclusions, “6” the slag phase without copper inclusions, and “7”, is speiss. 

Table 4. EDS point analysis of vertical samples collected at the settling end from batch T1, and T3. The 
Mn and Zn contents are excluded from the table. The full analysis is found in Table A2. 

No. Phase 
[wt%] 

O Mg Al Si S Ca Cr Fe Ni Cu As Sn Sb 

1 Matte 4.9   1.3 21.6 0.2  11.6  59.4    

2 Cr spinel 28.9  3.1 6.3 0.4 0.9 8.5 50.7      

3 Slag 32.8 1.2 1.9 18.2 0.2 1.7  42.2  0.2    

4 Slag 37.4  3.7 21.3 0.5 5.0  31.1      

5 Slag 31.4 0.9 2.3 19.2 0.6 3.0 0.1 40.2  0.8    

6 Slag 31.4 1.0 2.3 19.2 0.5 3.0 0.3 40.8      

7 Speiss 1.4       8.6 13.0 40.0 15.1 2.0 20.2 
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4.1.2 Factors hindering the settling of copper-containing phases 

Figures 14a and b present SEM images of the bottom-most sample collected at the settling start, 

with the results of the corresponding EDS point analyses presented in Table 5 (full analysis is 

presented in Table A3 in Appendix). The chromium-rich phase labeled as “1” and “3” has a 

composition that corresponds to a (Fe, Mg, Zn)(Fe, Cr, Al)2O4 spinel (named “Cr spinel” in 

Tables 4, 5, and 6). Lennartsson et al. have characterized the bottom buildup in the ESF, where 

the dominating phase belonged to a spinel group. It was suggested that the composition of the 

identified spinels corresponded to a solid solution within the spinel group (FeFe2O4, ZnCr2O4, 

and [(Zn, Mn, Fe,)(Fe, Mn)2O4]) rather than a pure mineral [25]. The ESF slag is treated under 

reducing conditions in the fuming furnace and then tapped to the settling furnace, where the 

samples in this study were collected. The chromium spinel observed in this study is thus most 

probably a spinel similar to the spinels identified by Lennartsson et al..  

In the bottom-most sample from batch T1 at the settling start (Figure 14a), the chromium spinel 

was only observed in one site and not associated with copper. In the bottom-most sample from 

batch T3 and T4 (Figure 14b) at the settling start, the spinel was observed in several sites and 

often associated with a copper phase, e.g., “2”, which is speiss in Figure 14b. According to the 

slag composition of batch T4 and T3, the level-1 slag at the settling start had a chromium oxide 

content that was higher compared to T1 [76]. The chromium oxide content explains why the 

chromium spinel was more frequently observed for batch T3 and T4. 

 
Figure 14. SEM images of slag from the bottom-most sample at the settling start in batch (a) T1 where 
“1” is the chromium spinel; (b) T4 where “3” is the chromium spinel, the bright phase labeled as “2” is 

speiss, and “4” is slag.  
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Table 5. EDS point analysis of vertical samples collected at the settling start from batch T1 and T4. Mn 
and S are excluded from the table, the full analysis is found in Table A3. 

No. Phase 
      [wt%]       

O Mg Al Si Ca Cr Fe Ni Cu Zn As Sn Sb 

1 Cr spinel 25.9 0.7 4.4 0.1  35.8 29.0   4.1    

2 Speiss 1.0   0.2  1.2 2.5 4.6 80.3  1.7 6.5 2.0 

3 Cr spinel 25.9 0.5 3.4 0.3  37.9 29.3   2.6    

4 Slag 32.0 0.8 2.7 19.3 3.5  39.7   0.9    

Figures 15a and b present SEM images of the bottom-most sample collected at the settling end. 

Table 6 lists the results of EDS point analyses of numbered phases, revealing that they contained 

matte, speiss, and slag as well as the chromium spinel similar in composition to the one identified 

in Figure 14. The full EDS analysis can be found in Table A4 in the Appendix. The chromium 

spinel was attached to a copper phase in the bottom-most samples collected at the end of the 

settling. The phases labeled as “1” and “3” are sulfur-deficient matte, which may also contain 

speiss, as the phases contain small amounts of Ni and Sb. The phases labeled as “2” and “4” are 

the chromium spinel. For batch T1, the chromium spinel was observed at all sample sites, and 

only present at a few locations in the case of batches T3 and T4.  

 
Figure 15. SEM images of slag from the bottom-most sample at the settling end in batch (a) T1;  
(b) T3. The phases labeled with “1” and “3” are matte, and “2” and “4” are the chromium spinel. 

Table 6. EDS point analysis of vertical samples collected at the settling end from batch T1 and T3. Ca, 
Mn, As, and Sn are excluded from the table. The full analysis is found in Table A4. 

No. Phase 
     [wt%]      

O Mg Al Si S Cr Fe Ni Cu Zn Sb 

1 Matte 1.5   0.2 18.9 0.5 3.1 0.7 75.2  0.5 

2 Cr spinel 25.6 0.7 5.2   34.9 29.8  0.1 3.7  

3 Matte 1.9    19.6 0.4 2.6 0.9 74.7  0.5 

4 Cr spinel 27.3 1.2 2.7 0.1  44.2 23.2   1.4  
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Figure 16a presents the correlation between the copper content and chromium oxide contents of 

the bottom-most samples collected at the settling end, revealing that the chromium oxide content 

varied between 1.21 wt% and 2.75 wt%, being lowest for batch T4 and highest for batch T1. 

The spinel's frequency of appearance in the SEM images was thus in agreement with the 

chromium oxide contents of T1, T3, and T4 (Figure 16a).  

The chromium oxide content at the different slag levels in T1–T4 is presented in Figure 16b, 

revealing that the content increases towards the bottom of the slag layer, which was ascribed to 

the contact of slag with the furnace bottom buildup. At higher temperatures, more of this buildup 

could become liquidus in the lower slag layer and thus increase the chromium oxide content, 

which could be the case for batch T1 and T2 (higher temperature compared to T3 and T4). The 

progression of the bottom buildup is most probably because the chromium content in the slag is 

higher than the chromium solubility. The saturation of chromium could result in the nucleation 

of the chromium spinel (as was observed in the upper slag layer in Figure 13a), which could then 

settle through the slag layer and accumulate at the bottom of the furnace. The chromium oxide 

content in the upper slag layers (levels 3 and 5) has approximately the same content as in the 

average ingoing and outgoing slag. 

Sukhomlinow et al. suggested that the chromium solubility in iron silicate slag with additions of 

Al2O3 and CaO was ~0.15 wt% (pO2 ≈ 10-5 atm), and at higher concentrations, the chromium 

precipitated as ferrous chromite (FeCr2O4) with some dissolved alumina [26]. The results from 

the slag characterization in this study are in line with the result by Sukhomlinow et al., as a 

chromium spinel can be located in the slag bath. The spinel was identified as nucleations in the 

top slag layer (“2” in Figure 13), where the chromium oxide content was ~0.25 wt% and as larger 

solid phases in the bottom-most sample, where the chromium content was above 1.21 wt%. 

The accumulation of the chromium spinels and thus solids in the bottom slag layer could also 

increase the slag viscosity, as indicated in Figure 7 in section 2.3. The composition of slag varies 

in the slag layer, meaning that the viscosity also changes in the slag bath. If the viscosity is increased 

with increasing chromium content, or by the presence of solids in the bottom-most slag layer, it 

will decrease the settling velocity of copper and thus increase the settling time and copper 

recovery.  
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Figure 16. (a) Correlation between copper oxide and chromium oxide contents for level 1 at the 

settling end; (b) Chromium oxide content at levels 1 and 5/6 at the start and end of settling.  

The attachment of copper to the chromium spinel could contribute to the high copper content 

in the bottom slag layer of batch T1, which reached 2.63 wt% at the end of the settling. The 

chromium spinel could be present in slag as a solid, which hinders settling, according to Bellemans 

et al. [22]. Moreover, copper settling could also be hindered by the low density of the copper-

spinel entity compared to the underlying copper phases, as discussed by De Wilde et al. [24]. The 

natural separation of the copper-containing phase is attributed to the immiscibility of the phases 

and the density difference. However, if the density of the copper-spinel entity is lower compared 

to the underlying copper phases, the entity cannot settle to the bottom. The entity will instead 

be accumulated in the interface between the copper and slag phase, as discussed in section 2.1. 

The settling rate of a copper-spinel entity is higher compared to a single copper droplet, which 

is smaller in size, which also contributes to the accumulation of the entity in the bottom slag layer.  

In the present study, the chromium spinel had a composition similar to that of the chromium-

rich spinel previously observed in the bottom buildup of the ESF at the Boliden Rönnskär smelter 

[25], except for zinc content, which is lower in chromium spinel in the settling furnace. The 

lower content was ascribed to the decreased zinc content of slag, due to the removal in the zinc 

fuming furnace. The similar content of the chromium spinel in this study and the one identified 

in the bottom buildup in the ESF strengthens the conclusion that the chromium spinel in this 

study originated from the bottom buildup in the settling furnace.  

Figure 17a presents an image of the second-highest level at the settling start of batch T3. All level-

5 samples collected at the settling start contained bubbles, which were produced in the fuming 

process (in which air and coal powder were injected), and the bubbles were often associated with 

matte and speiss. The brightest phases are the copper phases (“1”), the area marked with “2” is 
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the slag phase and the darkest phase marked with “3” are the bubbles. The bubbles detected at 

the start of the settling were up to ~1000 µm in size. Copper droplets attached to bubbles in the 

slag are hindered from settling and could instead be lifted through the slag layer. 

 
Figure 17. SEM images from batch (a) T3 at the settling start, second-highest level; (b) T3 at the 

settling end, bottom-most sample. The brightest areas marked with “1” are copper phases, the phases 
marked with “2” are the slag phase, and the darkest phases marked with “3” are bubbles.  

Figure 17b is an image from the bottom slag layer of batch T3 at the settling end. In the image, 

a bubble (“3”) was observed attached to copper droplets (“1”). The bubbles could originate from 

the bottom of the furnace because of a chemical reaction. The settling time for the batches was 

~30 min. The bubbles are thus not likely to originate from the fuming process, as for the bubbles 

identified at the settling start. However, the slag could still contain unreacted coal powder from 

the fuming process, which could combust, forming gas bubbles, or the bubbles could originate 

from reactions with the graphite electrodes. The attachment of copper to bubbles could hinder 

the settling and instead result in copper ascending through the slag layer, which was in line with 

the results of Minto and Davenport [15]. At the end of settling, fewer bubbles were observed in 

samples compared to the start of the settling.  

  



 

44 
 

4.2 Effect of process parameters  

To increase the knowledge of the settling process and copper losses to slag in an electric settling 

furnace, two process parameters were evaluated: temperature and settling time. The parameters 

were examined in two parts. In the first part, the temperature was evaluated and in the second 

part, both the temperature and settling time were varied to examine what parameter influenced 

the copper content most.  

An industrial trial includes many challenges, as the trial is not as controlled as laboratory 

experiments. Some of the challenges during the industrial trial in the settling furnace will be 

mentioned and discussed in the following section.  

4.2.1 Overall evaluation of the industrial settling furnace trial 

The slag charged to the settling furnace is first treated with reducing gases in a zinc fuming furnace. 

The combustion of carbon and the generation of carbon dioxide are exothermic, which supplies 

the heat required to maintain the temperature in the zinc fuming process, meaning that the 

temperature is dependent on the process and flow rates of carbon and air. The process in the zinc 

fuming furnace results in a natural variation in the ingoing temperature to the settling furnace, 

which complicates the trial, as the temperature should be consistent for several batches.  

The temperature in the settling furnace is regulated by changing the voltage and submerged depth 

of the electrodes submerged in the slag layer. The power of the electrodes contributes to a 

movement in the slag layer (due to temperature differences), which could influence the settling 

negatively, as a stagnant slag is preferred. Some laminar flow in the slag layer, could, on the other 

hand, increase the coalescence of copper droplets as the chance for them to meet increases.  

The process operations are monitored and regulated manually by operators and are in production 

around the clock, which means that different operators control the process and may have their 

ways of doing it. The manual regulations of the process could affect the temperature and the slag 

tapping into and out of the settling furnace. The settling time is set by the operators, who decide 

when the settling time starts and stops by manually opening and closing the tap holes. The tapping 

time is regulated by manually changing the tap hole diameter with help of steel rods and thus the 

flow rate of the slag out of the furnace. 

In the settling furnace at the Boliden Rönnskär smelter, the temperature is measured in the 

fuming furnace, and then in the outgoing slag flow from the settling furnace, meaning that there 

is no online measurement of the temperature. Therefore, the operators do not know the 
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temperature change between the fuming furnace temperature and settling furnace temperature 

before the settling time is finalized and the tapping starts. The uncertainties in regulating the 

temperature during the given settling time complicate the execution of the trial. On the other 

hand, this reflects the normal operation and the challenges of controlling the process. 

The slag composition in the settling furnace is dependent on the materials charged to the zinc 

fuming furnace, mainly ESF slag, but also other materials such as stored cold crushed slag. The 

materials charged to the ESF are a roasted sulfidic copper concentrate, secondary raw materials, 

flux, and converter slag returns. The changes in material feed influence the ingoing copper 

content and slag composition. During the evaluated industrial trial, the zinc fuming furnace was 

mainly charged with ESF slag. 

The occurrence of copper in slag is also a challenge when it comes to the evaluation of the slag 

copper content, as copper is partly in the form of entrained droplets, which are not 

homogeneously distributed throughout the slag layer. The heterogeneous distribution of copper 

contributes to uncertainties in the evaluation of the copper content in the different slag samples. 

The challenge was met by collecting multiple samples of the ingoing and outgoing slag and 

calculating an average of the compositions. The granulated slag was analyzed as an additional 

sample representing the whole batch. The copper content from slag samples collected from within 

the furnace (vertical slag samples) was also analyzed as an additional sample point representing the 

settling process.  

The challenges controlling the industrial trial contributed to the selection of the batches to be 

evaluated. The batches were selected to have as similar ingoing slag copper content as possible 

and about the same Fe/SiO2 ratio. In the part where the temperature was varied, the fuming and 

settling temperatures were evaluated, where the batches with the largest variation in temperature 

were selected for further evaluation.  
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4.2.2 Settling furnace temperature  

The effect of temperature on the slag copper content is evaluated by comparing the composition 

of slag samples from batches with altered temperatures (T1, T2, T3, and T4) in the settling 

furnace. Table 7 presents the settling time, fuming temperature, and settling temperature. The 

difference in the settling time was assumed to be negligible in relation to the temperature 

difference. The registered temperatures reveal that the temperature was highest for T2 in the 

fuming furnace and T1 in the settling furnace. However, the temperature rise in the settling 

furnace was lowest for T2 and highest for T4 (-16°C and 27°C, respectively). 

Table 7. The settling time and fuming and settling temperature for batches T1, T2, T3, and T4. 

Batch 
 [min]  [°C] 
 Settling time   Fuming temperature Settling temperature  

T1  32  1269 1276 

T2  28  1280 1264 

T3  35  1237 1252 

T4  36  1183 1210 

Table 8 presents the compositions of three slag samples from each batch, the average ingoing and 

outgoing slag, and the granulated slag. The average ingoing copper content to the settling furnace 

differed in T1–T4 (from 1.02 wt% to 1.32 wt%). The Fe/SiO2 (wt%/wt%) ratios of the ingoing 

slag were similar for all batches and around unity. Figure 18a presents the effect of temperature 

on the copper content in the average outgoing slag and granulated slag, and the average copper 

content in the vertical slag samples (based on copper contents in levels 5/6, 3, and 2). The copper 

content increased with increasing temperature in the evaluated interval. 

Notably, copper contents of 1.14 wt% and 1.25 wt% were obtained for average ingoing and 

granulated slags of batch T1, respectively. The copper content in the water granulated slag was 

higher than the average of outgoing slag in the same batch (T1), and can thus be expected to have 

a value somewhere between 0.63 wt% and 1.25 wt%. The average copper content in the vertical 

slag samples for batch T1 was 1.21 wt%. 

The copper content of batches T3 and T4, which have the two lowest temperatures, decreased 

to 0.62 wt% and 0.46 wt% in the outgoing slag, respectively. Figure 18b presents the copper 

recovery in the settling furnace, which considers the average ingoing copper content. The copper 

recovery to the underlying copper phases increases with decreasing temperature from 17% in T1 

to 51% in T4.  
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Table 8. Compositions of average ingoing (ing.) and outgoing (out.) slag and the related standard 
deviations of copper (st.d Cu), and compositions of the granulated (gran.) slags. 

Batch 
     [wt%]      

 SiO2 FeO Al2O3 CaO MgO Cr2O3 PbO ZnO Sb Cu 
St.d 
Cu 

 ing. 37.5 49.5 4.69 4.33 1.29 0.28 0.02 1.20 0.08 1.14 0.18 
T1 out. 38.5 48.8 4.91 4.01 1.40 0.32 0.02 1.30 0.02 0.63 0.02 

 gran. 38.2 48.5 4.46 4.03 1.84 0.31 0.02 1.43 0.02 1.25 - 
             
 ing. 37.3 49.6 5.17 3.50 1.41 0.33 0.02 1.22 0.06 1.32 0.07 

T2 out. 37.8 49.6 4.95 3.41 1.38 0.34 0.04 1.55 0.03 0.85 0.08 
 gran. 38.6 48.6 4.64 3.48 1.94 0.32 0.05 1.39 0.03 1.00 - 
             
 ing. 38.4 48.6 4.78 4.36 1.48 0.32 0.01 1.00 0.07 1.02 0.08 

T3 out. 39.0 47.6 5.25 4.18 1.55 0.32 0.04 1.33 0.04 0.62 0.03 
 gran. 38.5 48.4 4.49 4.38 1.81 0.31 0.01 1.34 0.02 0.71 - 
             
 ing. 36.8 49.8 4.85 4.73 1.59 0.40 0.01 0.73 0.04 1.03 0.09 

T4 out. 38.6 48.3 5.38 4.36 1.62 0.36 0.02 0.83 0.02 0.46 0.02 
 gran. 38.9 48.4 4.44 4.55 1.87 0.35 0.06 0.88 0.06 0.55 - 

 
Figure 18. (a) Effect of the settling temperature on the copper content of average outgoing and 

granulated slags and the average copper content in vertical slag samples (avg. level); (b) Copper recovery 
to the settled copper phase. 

The effects of temperature on the copper content of vertical slag samples collected at the settling 

end revealed a trend similar to that observed for the granulated and outgoing slags, i.e., an increase 

in copper content with increasing temperature. At a given temperature, the highest copper 

content was observed at level 1 within a given batch, which indicates that copper had settled 

toward the bottom of the slag layer. The bottom-most sample was thus excluded from the 

calculated average plotted in Figure 18a. The compositions of the vertical slag samples can be 
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found in the study by Isaksson et al.[76].  

At a given level (3, 2, and 1) of the vertical slag samples, the copper content at the start of settling 

was lower compared to the end of settling for batch T1, e.g., the copper content at level 1 at the 

end of settling exceeded the copper content at level 1 at the settling start. The increased copper 

content indicates that the copper was hindered from settling, and therefore accumulated at the 

bottom slag layer [76]. The increased copper content of granulated slag compared to that of the 

ingoing slag supported the hypothesis that the settling of copper phases was hindered. Notably, 

the copper droplets in the upper slag layer settle down through the underlying layers, meaning 

that the upper layer always affects the copper content in the lower layers as long as the copper 

droplets have not settled completely to the underlying phase. 

The copper solubility increases with increasing temperature [28,33], which could have been the 

case for batch T1, compared with T3 and T4. Copper in the form of, e.g., copper oxide, can not 

settle, as the copper is dissolved in the slag layer. The viscosity of slag is well known to be 

influenced by the temperature, where the viscosity decreases with increasing temperature [58], 

[65,66]. In the case of batch T1, which had a higher temperature compared to batches T3 and 

T4, the viscosity of the slag should be lower, which means a higher settling rate of the copper-

containing droplets, and thus decreased copper content in the slag. According to Stokes’s law, the 

viscosity affects the settling rate to the power of one. However, the size of the copper-containing 

droplets affects the settling rate to the power of two, which could mean that the larger droplets 

in the slag settle quickly due to the decreased viscosity. In comparison, the smaller droplets may 

be more affected by the temperature and completely dissolve. From the slag characterization, it 

was concluded that copper was partly in the form of microdroplets in the slag, which has a low 

settling rate due to the small size. The viscosity in a slag system similar to the ESF slag at the 

Boliden Rönnskär smelter needs to be further studied to increase the knowledge of the influence 

of temperature in the given interval. 
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4.2.3 Temperature and settling time 

The following section presents the results from the part of the industrial trial where both the 

settling time and the temperature were varied. The settling time, fuming temperature, settling 

temperature, the copper content of average ingoing and outgoing slag, and the copper content in 

the granulated slag are presented in Table 9. The settling temperature for the batches varied 

between 1210°C and 1288°C, and the settling time varied between 13 min and 62 min. The 

average ingoing slag copper content differed from 1.02 wt% to 1.55 wt%. 

Table 9. The settling time, fuming temperature, settling temperature, average ingoing and outgoing 
copper content, and the copper content in the granulated slag. 

Batch 

 
[min]  [°C]  [Cu Content, wt%] 

 Settling 
time  Fuming 

temp 
Settling  
temp  Ingoing Outgoing Granulated 

T5  13  1250 1265  1.39 0.79 1.01 

T6  14  1250 1256  1.21 0.82 0.77 

T7  13  1212 1227  1.55 0.66 0.67 

T1  32  1269 1276  1.14 0.63 1.25 

T2  28  1280 1264  1.32 0.85 1.00 

T3  35  1237 1252  1.02 0.62 0.71 

T4  36  1183 1210  1.03 0.46 0.55 

T8  59  1266 1288  1.35 0.83 0.93 

T9  62  1237 1251  1.20 0.78 0.67 

T10  59  1165 1215  1.29 0.63 0.53 
 

The effect of the settling temperature on the copper content in granulated slag is presented in 

Figure 19a and the copper recovery to the settled copper phases is presented in Figure 19b. The 

copper content increased with increasing temperature in the evaluated interval, indicating that 

copper content was more strongly correlated with temperature than with the settling time. The 

copper recovery was calculated according to equation 18 (section 3.5.2). The difference between 

Figures 19a and 19b is that the copper recovery considers the ingoing copper content. In general, 

the copper recovery to the copper phase decreases with increasing temperature independent of 

the settling time. The effect of the settling time was in line with other studies, suggesting a rapid 

separation and settling of matte droplets within the first 10–15 min due to the density difference 

between the copper and slag phases. After 15 min other physical properties, like viscosity and 

surface tension, were suggested to become rate-determining, and the matte phase needs to form 

big enough droplets to settle [14,68]. This means that larger droplets will settle within the first 15 

min and that the settling rate of the remaining droplets in the slag is too low for the droplets to 
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settle within the given settling time, which means that the final slag copper content is reached 

within 15 min. 

The correlation in Figure 19 agrees with the effect of temperature on slag copper content, which 

was also observed in Figure 18. The increased copper content of slag could be due to the elevated 

content of dissolved copper, which did not settle. This hypothesis was supported by the results 

by Mackey [28] and Shishin et al. [33], who suggested that dissolved slag copper content increases 

with increasing temperature.  

 
Figure 19. (a) Effect of the settling temperature on the copper content in granulated slag; (b) The 

copper recovery to the copper phases. 

The copper solubility increased in the higher temperature interval, where the viscosity was 

theoretically lowest. The slag viscosity can thus not be lowered by the temperature for increased 

copper recovery, as the copper solubility and viscosity influence the final slag copper content in 

opposite ways. Another possibility is to modify the slag with CaO to reach a lower viscosity and 

thus a lower final slag copper content, without increasing the copper solubility in the slag.  
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4.3 Effect of CaO slag modification 

The slag in the settling furnace was modified with CaO to enhance the slag properties such as 

viscosity and copper solubility for increased settling of copper. During the trial with CaO 

modification, the settling time varied between 13 min and 21 min and the settling temperature 

varied between 1223°C and 1252°C. No correlation was observed between the outgoing copper 

content and the temperature or settling time in the given intervals. The ingoing copper content 

in the different batches originates from the ESF and is independent of the CaCO3 addition, as it 

does not contain any copper. The copper content in the batches with CaO modification are 

named C1, C2, C3, C4, and C5. C1 is the reference batch (only ESF slag) and C2-C5 has been 

modified with the addition of CaCO3 in the fuming furnace. The average compositions of 

ingoing and outgoing slag and the compositions of the granulated slag are presented in Table 10. 

The copper content in the ingoing slag differed between the batches and is presented in Figure 

20 together with the error bars (equals ± one standard deviation), the copper content was lowest 

in C1 and highest in C5 [77]. 

Table 10. Normalized compositions of average ingoing (ing.) and outgoing (out.) slag and the related standard 
deviation of copper (St.d Cu), and the compositions of the granulated slag (garn.). 

Batch 
[wt%] 

SiO2 FeO Al2O3 CaO MgO Cr2O3 ZnO As S Sb Cu St. d  
Cu 

 ing. 39.0 48.9 5.17 3.26 1.37 0.25 0.74 0.06 - 0.10 1.22 0.16 

C1 out. 39.3 49.2 4.98 3.07 1.51 0.31 0.91 0.04  0.02 0.64 0.03 

 gran. 38.9 49.3 4.28 3.14 1.17 0.23 1.53 0.02 0.52 0.02 0.77 - 
              
 ing. 35.6 47.0 4.78 8.77 1.34 0.24 0.74 0.08  0.12 1.42 0.15 

C2 out. 38.2 46.3 5.06 7.03 1.51 0.30 0.93 0.06  0.01 0.55 0.02 

 gran. 37.1 47.3 4.44 7.15 1.17 0.23 1.40 0.01 0.41 0.01 0.61 - 
              
 ing. 32.2 42.9 4.37 15.7 1.92 0.30 0.53 0.21  0.31 1.55 0.18 

C3 out. 36.5 41.4 5.83 12.4 1.76 0.34 0.63 0.04  0.07 0.62 0.03 

 gran. - - - - - - - - - - - - 
               
 ing. 32.5 43.8 4.33 14.5 1.69 0.18 0.97 0.15  0.34 1.38 0.08 

C4 out. 36.4 41.5 5.43 13.0 1.65 0.29 1.06 0.06  0.02 0.55 0.06 

 gran. 34.4 45.3 3.64 12.3 1.41 0.23 1.64 0.02 0.52 0.01 0.57 - 
              
 ing. 34.2 37.3 4.03 19.7 1.57 0.14 0.91 0.11  0.33 1.67 0.21 

C5 out. 36.6 37.0 6.09 16.8 1.62 0.27 1.02 0.06  0.02 0.55 0.03 

 gran. 34.4 41.4 3.70 16.4 1.32 0.21 1.56 0.01 0.41 0.01 0.57 - 
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Figure 20. Average ingoing copper content to the settling furnace for batch C1-C5.  

Table 10 presents the average composition of the outgoing slag and the composition of the 

granulated slag. The sample of the granulated slag was missing for C3, and thus not presented. 

The average CaO content in the outgoing slag increased from 3.07 wt% in C1 to 16.8 wt% in 

C5. Figure 21a presents the copper content in the outgoing and granulated slag versus the CaO 

content. The copper content in slag decreased with increasing CaO content, which is observed 

in both samples. The most significant decrease in copper content was when the CaO content 

increased from 3.06 wt% (C1) to 7.03 wt% (C2) in the outgoing slag. The ingoing copper content 

differed between the batches (Figure 20), highest in C5 and lowest in C1, which means that the 

decreasing trend in copper content in the outgoing slag with increasing CaO content is not a 

result of dilution with CaO. 

The copper content in vertical slag samples from batch C1-C5 was also evaluated, the 

composition of the vertical slag samples is presented in a study by Isaksson et al. [77]. The average 

copper content of levels 5/4, 3, and 2 plotted against the CaO content is presented in Figure 21b. 

The plot reveals the same trend, which was observed in Figure 21a, where the copper content 

decreased in the samples modified with CaO. The trend was most significant when the CaO 

content increased up to ~11 wt% (C3/C4). The decreasing copper content indicates that the 

settling of copper-containing phases was more efficient when the slag was modified with CaO. 



 

53 
 

 
Figure 21. (a) The average copper content in outgoing slag and the granulated slag versus the CaO 

content; (b) The average copper content in vertical slag samples (levels 5/4, 3, and 2) versus the  
CaO content. 

Figure 22 presents the copper recovery in the settling furnace for batch C1-C5. The main 

difference between Figures 21 and 22 is that the ingoing copper content is considered in Figure 

22. The copper recovery was calculated according to equation 18 (section 3.5.2), with the average 

copper content in the outgoing and granulated slag. The copper recovery increased from 42% in 

C1 to 66% in C5. A contributing factor to the increasing recovery is the ingoing copper content, 

which increased from C1 to C5.  

The correlation between the copper content and CaO is most clear at CaO contents below 11 

wt% in the vertical slag samples, which is consistent with the copper content in the outgoing and 

granulated slag. This could be due to changed slag properties when the CaO content increases 

above ~11 wt%, or because of the ingoing copper content, which was highest in C5. Higher 

ingoing slag copper content means that a larger quantity of copper needs to settle to achieve the 

same final slag copper content, compared to a batch with lower ingoing slag copper content. 

Higher ingoing copper content could also mean that more copper droplets are available for 

settling in the slag, assuming that copper is in the form of mechanically suspended copper. Copper 

droplets of the same size will have the same settling velocity independent of the total copper 

content. This means that if a batch has a higher copper content, with droplet sizes within a range 

that they will have time to settle under the given settling time, a higher amount of copper will 

be distributed to the underlying copper phase.  
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In the present work, the size distribution of copper-containing phases is unknown and thus both 

the copper recovery and the final copper content in the slag must be evaluated to see the effect 

of CaO slag modification. The final slag copper content in the outgoing, granulated, and vertical 

slag samples and the copper recovery indicates that the settling of copper phases was more efficient 

with the CaO slag modification.  

 
Figure 22. The copper recovery between the copper phases and the slag phase. 

The increased copper recovery to the settled copper phases could be a result of decreased viscosity 

in the slag [59–64]. In theory, a decreased slag viscosity enhances the settling velocity of the 

copper droplets as the internal friction of the slag decreases [23], which in turn, increases the 

copper recovery. In most of the literature, where the viscosity is investigated in iron silicate slag, 

the Fe/SiO2 ratio is 1.2 or higher. Kaiura suggested that the viscosity decreased as the composition 

moved away from silica saturation, which was explained by the depolymerization of the three-

dimensional silica network [59]. The slag from the industrial trial had an Fe/SiO2 ratio close to 

unity, meaning that the slag is rich in silica. The relatively low Fe/SiO2 ratio in the slag in the 

settling furnace could indicate that the viscosity is rather high without the CaO modification.  
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5. CONCLUDING DISCUSSION 

The settling furnace operation has been concluded to be influenced by several factors, which the 

literature reviewed in the present thesis indicated. From the results of the process parameter 

temperature, it was concluded that the copper content in slag increased with increasing 

temperature in the evaluated interval and settling times. Increased temperature increases the 

copper solubility in slag [28,33], which could have been a contributing factor to the increased 

copper content in batches with higher temperatures. Copper in the form of, e.g., copper oxide, 

cannot settle, as the copper phase is dissolved in the slag phase, meaning that only the copper-

containing droplets that still are in the form of entrained copper are allowed to settle. On the 

other hand, the temperature in slag is known to affect properties that, in turn, influence the 

settling velocity of the copper-containing phases in slag.  

The modified equation of Stokes’s law (equation 14) indicates that the slag viscosity, droplet size 

and shape, and density influence the settling velocity [49]. For example, increased temperature 

decreases the slag viscosity [58,65–67], which increases the settling velocity of entrained droplets 

to the power of one. However, the size of the copper-containing droplets affects the settling 

velocity to the power of two. The relationship indicates that the droplet size more strongly affects 

the settling rate, which could mean that the decreased viscosity due to the temperature increase 

affects the larger droplets which, either way, would have the time to settle to the underlying 

copper phases. The settling rate of the microdroplets is also increased by the decreased viscosity, 

but due to the small size, they still attribute a long settling time. Instead, more of the droplets that 

would have settled at lower temperatures could partly have dissolved in the slag, which increased 

the final slag copper content at the higher temperatures.  

The temperature could also affect the kinetics of reactions between components in the slag, which 

could result in more gas bubbles in the lower part of the furnace. The bubbles could carry the 

copper-containing phases upwards in the slag layer, hindering them from settling and resulting in 

higher final slag copper content. Bubbles were observed in the slag characterization in samples 
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collected at the end of the settling, which indicated that the bubbles could be a result of a chemical 

reaction at the bottom of the furnace as discussed in section 4.1.2. 

The settling process can be enhanced for increased copper recovery by regulating the settling 

furnace temperature to the lower temperature interval. Today, the temperature is registered in 

the ingoing and outgoing slag streams, which means that the operators regulate the effect and 

electrode depth according to their experience and with the fuming temperature as a reference. If 

the temperature is too low, the slag viscosity could become high, meaning that the slag will be 

more difficult to handle during tapping and there will be an increased amount of solids in the 

slag. If the temperature is high, the results indicate that copper dissolves in the slag phase. The 

lowest temperature evaluated in this trial was around 1210°C, with a copper content of ~0.46 

wt%, which indicates that sufficient settling can be reached at this temperature. 

Copper-containing phases were found to be hindered from settling due to the attachment to a 

chromium-rich spinel, which is in line with other experimental studies revealing the same 

phenomenon [20–24]. The temperature affects the presence of solid phases in the slag, which 

melts and might dissolve at higher temperatures. Higher temperatures in the settling furnace could 

also contribute to that more of the bottom buildup dissolving into the slag layer and thus affecting 

the settling of copper-containing phases. The chromium spinel most probably originated from 

the bottom buildup and was more frequently observed in the bottom sample at the settling end 

of the batch with the highest temperature. One of the limitations of keeping the temperature as 

low as possible in the settling furnace is that the bottom buildup could increase in size, which 

decreases the available working volume in the furnace. The bottom buildup and solid spinels 

should be prevented from forming or limiting the extent of the spinels as far as possible, as this 

would decrease the attachment to the copper phases, and thus increase the copper recovery. The 

presence of solid spinels, the attachment to copper in industrial iron silicate slag, and how to 

control and limit the extent of the spinels needs to be further studied.  

The correlation between the slag copper content and the settling time indicates that most of the 

copper-containing phases settle within the first 15–30 min as no significant effect could be seen 

on the average outgoing copper content in the batches. The correlation strengthens the theory 

that the largest copper-containing droplets settle regardless of the temperature influence on slag 

viscosity when the temperature is changed from 1210°C to 1288°C. The final copper content in 

the slag is in the form of dissolved copper and entrained copper droplets, which are too small to 

settle within the given settling time or prevented from settling due to the attachment to solid 

phases.  
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In the slag characterization it was concluded that copper was partly in the form of microdroplets. 

Either these microdroplets are present during the operation in a liquid state, or they originate as 

dissolved copper which has precipitated upon sample cooling. If the droplets originate as dissolved 

copper, they will not be allowed to settle, and if they are in the form of liquid microdroplets, the 

settling rate of the droplets was low. The microdroplets should thus not be affected by the settling 

time to any larger extent. The copper recovery could be raised through increased droplet size, 

operating the settling furnace at the lower temperature interval, and decreasing the viscosity with 

a modifier without the risk of more copper dissolving.  

A possible slag modifier is CaO, which decreases the viscosity [59–64] and the copper solubility 

in slag [40–42]. According to the results in this work, the copper content in slag has a decreasing 

trend when the CaO content is increased, which could be a result of decreased viscosity, which 

enhances the settling velocity without increasing the copper solubility. The reviewed literature 

indicates that it might be possible to achieve a slag with low viscosity at relatively low 

temperatures (~1200°C) in the settling furnace when the slag is modified with CaO. The 

modification could result in a lower amount of dissolved copper, but still a high copper recovery, 

as the viscosity is low. One of the batches, C4, had a temperature of 1223°C, a CaO content of 

~11 wt% and the lowest final slag copper content (together with C5), which indicates that this is 

achievable. A lower slag viscosity and copper solubility could also contribute to an increased 

coalescence of the copper droplets, which would result in a higher settling velocity. The viscosity, 

as the movement of the copper-containing droplets increases with decreasing viscosity and thus 

the chance of droplets to met and coalesce in the slag. The copper solubility, as more copper is 

in the form of entrained copper when the solubility decreases. 

Possible drawbacks with the slag modification are the increased slag amount, the influence of 

furnace wear, the cost and handling of raw materials, and the practical addition to the slag. 

However, if the slag modification does not affect the processes negatively or the utilization of slag 

as a product, the disadvantages can be disregarded after the economic perspective is evaluated. 

Studying the effect of CaO modification on the slag properties influencing the settling, one of 

which is viscosity, in a slag system similar to the Boliden Rönnskär smelter, is a task of significant 

importance. This will require studying the effect of CaO addition on the presence of solid phases 

in the slag and finding the optimum CaO content and temperature for increased copper recovery 

in the settling furnace. 
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6. CONCLUSIONS 

A trial was conducted in a settling furnace to increase the understanding of the process parameters 

temperature and settling time and the effect on the slag copper content. Slag samples were 

characterized, determining the appearance of copper in slag, associated phases, and the 

investigation of factors hindering the settling. The ESF slag was also modified with CaO to 

examine the effect on the copper content. The conclusions from the study are summarized below. 

• The results confirmed that the copper content in slag increases with increasing 

temperature in the evaluated interval (1210–1288°C). The copper recovery can thus be 

enhanced by regulating the temperature to the lower part of the temperature interval.  

• The final slag copper content is more strongly correlated to the temperature compared 

with the settling time in the evaluated intervals (1210–1288°C, 13–62 min).  

• The results indicate that the copper content in CaO-modified iron silicate slag decreased 

with increasing CaO content. It is thus indicated that CaO can be used as a slag modifier 

for a deceased final slag copper content in industrial slag cleaning.  

• Copper in the settling furnace slag was in the form of speiss and matte. The speiss phase 

was rich in copper, antimony, arsenic, and nickel, meaning that increased copper recovery 

in the settling furnace also results in decreased content of the associated metals in the slag.  

• The droplet size of the copper-containing phases varied from microdroplets (~1 µm) seen 

as inclusions in the slag, to the larger distinct droplets of approximately 150 µm containing 

matte or speiss droplets surrounded by the matte phase. 

• Copper-containing droplets were hindered from settling, due to the attachment to gas 

bubbles and a chromium-rich spinel in the bottom slag layer. The discovery of the 

attachment to the chromium spinel sheds light on the importance of keeping control of 

the bottom buildup and solid phases in the slag.  
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7. FUTURE WORK  

In the current work, the effect of temperature, settling time, and slag modification on the settling 

of copper-containing phases was evaluated. For further development, the recommendations are 

to investigate these parameters further in controlled laboratory trials. The effect of temperature 

and settling time on the copper content in slag can be evaluated in synthetic slag systems where 

the Fe/SiO2 ratio is close to unity.  

The effect of slag modification on the properties influencing the settling velocity can be 

determined in synthetic slag systems and compared with the results of a similar evaluation of 

industrial slag. Suggestions of slag properties to be evaluated for optimized settling rate are 

viscosity, density, melting temperature, and interfacial tension between the copper-containing 

phases and slag. The recommendations for further work are summarized below: 

 

 Determine the effect of temperature on copper content in a synthetic slag 

concerning the settling and solubility of copper-containing phases. 
 

 Investigate the influence of settling time on the copper content in slag in 

controlled laboratory trials. 
 

 Investigate the influence of basic oxides (e.g., CaO and MgO) on viscosity in 

synthetic FeO-SiO2-Al2O3-MgO-CaO slag systems and compare the results with 

the viscosity in industrial slag.  
 

 Investigate the influence of CaO modification and temperature on the slag 

viscosity. Find an optimum addition of CaO and temperature, which then can be 

applied in industrial slag cleaning for increased recovery. 
 

 Determine the influence of CaO on the slag properties density, melting 

temperature, and interfacial tension in a FeO-SiO2-Al2O3-MgO-CaO slag system. 
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APPENDIX 
 

Table A1. Full EDS point analysis including Mg, Cr, Mn, and Zn for phases in Figure 11, Table 3. 
             [wt%]             

No. O Mg Al Si S Ca Cr Mn Fe Ni Cu Zn As Sn Sb 

1         3.02 12.91 63.03  7.93 2.61 10.50 

2 1.56   0.40 15.21    4.01 3.08 70.26  1.22 0.63 3.61 

3 30.72 0.77 2.23 18.09 1.18 2.79  0.29 38.13  4.44 1.37    

4 32.84 0.82 2.33 18.70 0.33 2.85  0.33 40.19  0.23 1.37    

5 0.25        0.74 15.07 46.44  14.71 2.40 20.38 

6         0.47 3.16 85.21  6.18 1.24 3.74 

7 1.90    19.86    5.36 0.50 71.66    0.73 

8 11.92  0.80 6.09 15.95 0.77   17.79 0.45 46.24     

9 33.67 0.89 2.25 19.05 0.40 2.77 0.17 0.38 38.98  0.29 1.14    

Table A2. Full EDS point analysis including Mn and Zn for phases in Figure 13, Table 4. 
  [wt%] 

No. O Mg Al Si S Ca Cr Mn Fe Ni Cu Zn As Sn Sb 

1 4.94   1.32 21.56 0.17   11.57  59.42 1.01    

2 28.86  3.05 6.28 0.36 0.90 8.53  50.73   1.28    

3 32.76 1.24 1.92 18.19 0.21 1.74  0.41 42.22  0.21 1.12    

4 37.37  3.66 21.30 0.48 5.03   31.10   1.05    

5 31.43 0.86 2.34 19.19 0.61 3.01 0.08 0.34 40.21  0.81 1.10    

6 31.36 0.95 2.34 19.23 0.53 2.97 0.25 0.35 40.80   1.20    

7 1.43        8.60 12.97 39.72  15.05 2.04 20.19 

Table A3. Full EDS point analysis including Mn and S for phases in Figure 14, Table 5. 
             [wt%]             

No. O Mg Al Si S Ca Cr Mn Fe Ni Cu Zn As Sn Sb 

1 25.93 0.70 4.39 0.14   35.84  28.90   4.11    

2 1.03   0.22   1.22  2.45 4.57 80.25  1.72 6.50 2.04 

3 25.91 0.49 3.44 0.27   37.94  29.33   2.63    

4 32.00 0.76 2.65 19.33 0.77 3.49  0.38 39.71   0.90    

Table A4. Full EDS point analysis including Ca, Mn, Sn, and As for phases in Figure 15, Table 6. 
        [wt%]       

No. O Mg Al Si S Ca Cr Mn Fe Ni Cu Zn As Sn Sb 

1 1.48   0.21 18.87  0.47  3.10 0.72 75.15    0.52 

2 25.62 0.69 5.15    34.91  29.78  0.13 3.72    

3 1.88    19.59  0.42  2.57 0.90 74.66    0.47 

4 27.28 1.17 2.67 0.10   44.19  23.20   1.42    
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