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1. Introduction

Securing the availability of precious and special metals is a key issue when aiming towards a 
sustainable future and circular economy. The ongoing technology and internet revolution is 
making electrical and electronic equipment (EEE) more and more sophisticated with highly 
specialized properties. This requires new material solutions by employing rare and valuable 
elements. On the other hand, solutions including toxic or hazardous materials are aimed to be 
substituted with more environmentally friendly options through society (attitudes) and legis-
lations. Thus, multiple directions and perspectives are involved in the material choices and 
intelligent product development. 

Furthermore, the supply of the required materials and elements needs to be secured in order 
to produce new EEE. The primary resources are depleting and an optional source for multiple 
metals/materials exists in the EoL (End-of-Life) products i.e. scraps and wastes. Base 
metals (Cu, Al, Fe  etc.) form the basis of metal recycling and have been recycled for thousands 
of years. However, the modern metals that have entered the market much later and exist in 
small quan-tities (<2%) in the secondary resources, are recycled in very limited quantities (if 
at all). Recy-cling and recovering these minor, valuable elements is advancing and has 
become a hot sub-ject; today’s integrated state-of-the art recycling facilities aim to recover 
multiple not-tradi-tionally recycled elements. Especially high-grade WEEE (Waste EEE), 
including multiple rare and precious metals, is a potential resource for these metals and the 
recycling practices should be optimized further for their efficient recovery. 

The recycling cycle of WEEE from urban stocks starts with collection and transportation to 
mechanical recycling facility. The processing practices vary in different facilities, depending on 
the waste sources, available processes and the aims of the facility. Typically, non-ferrous metals 
are aimed to separate into their own fraction(s), zorba or multiple different ones. The separa-
tion of the metal fractions is never perfect, and, on the other hand, too complete separation 
may lead to unintentional losses of metals to wrong fractions, including outlet dusts. Therefore, 
a balance must exist between separation efficiency and minimization of elemental losses. 

The enriched copper scrap fraction and disassembled scrap printed circuit boards (PCB) are 
typically recycled and treated via copper smelting processes, where either copper matte or me-
tallic copper acts as the collector phase for precious metals (platinum group metals (PGMs), 
Au, Ag, etc.). Depending on the thermodynamic properties of the minor elements in the pre-
vailing process conditions, they have a certain tendency to distribute between the coexisting 
phases - copper, matte, slag, gas/dust and solids (magnetite or possible other unwanted ones 
caused by operational problems). To forecast and improve their recoveries, the behaviour of 
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the minor elements must be characterized in the prevailing process conditions with varying 
process parameters (slag composition, oxygen partial pressure etc.). 

1.1 Objectives of the thesis 

In the present thesis, the distribution behaviour of precious and high-tech metals in primary 
and secondary copper smelting / converting conditions were experimentally investigated. Very 
limited amounts and contradictory literature and experimental work (none for some elements) 
can be found for these minor elements in copper smelting processes. Hence, the main objec-
tives of this thesis are: 

1. To investigate precious metals Ag, Au, Pd, Pt and Rh in matte-slag and copper-slag
systems at two saturation phases (Al-Fe spinel, tridymite) and with different FeOx-
SiO2-Al2O3-CaO slag compositions.

2. To investigate high-tech metals Ga, Ge, In and Sn in copper-slag system at two satura-
tion phases (Al-Fe spinel, tridymite) and with different FeOx-SiO2-Al2O3-CaO slag com-
positions.

3. To employ and develop the experimental technique - equilibration-rapid quenching-
EPMA (Electron Probe MicroAnalyser) /LA-ICP-MS (Laser Ablation Inductively Cou-
pled Plasma Mass Spectrometer) analysis - for the minor and trace element investiga-
tions.

4. Study the equilibrium systems via experimental results, as well as copper solubilities in
different slags.

The experimental conditions, in terms of phase compositions and gas atmosphere, reproduced 
operational conditions of flash smelting, converting and/or black copper smelting. In matte-
slag experiments, the temperature range was at 1250–1350 ºC and the matte grade was be-
tween 55–75 wt% Cu ( 2 = 10-8.4–10-7.3 atm). In copper-slag systems, the experiments were 
executed at 1300 ºC and in oxygen partial pressure range of 10-10–10-5 atm. Moreover, this 
thesis shows how amphoteric/basic additives, Al2O3 and CaO, into iron-silicate based slags in-
fluence the distribution behaviour of minor elements of-interest. 

1.2 New scientific contribution 

This study provides novel thermodynamic data on the behaviour of precious and high-tech 
metals in different copper smelting and refining processes. The investigated minor elements 
were chosen to represent typical non-ferrous elements in WEEE, and consequently in copper 
smelters and converters. All the minor element results provided in the corresponding systems 
and conditions represent the first results achieved with the employed equilibration-quenching-
direct phase analysis techniques. The highly sensitive LA-ICP-MS technique was successfully 
commissioned and initiated to measure minor elements in metallurgical slags during this the-
sis. 
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1.3 Practical applications 

Efficient recycling and recovery of elements are part of environmental contracts and laws to-
wards circular economy. They concern societies, industries and sciences. This thesis and its 
results are multidisciplinary, providing information for industry and academic scientists. As 
the experiments were executed in reproduced smelting conditions, the minor element distri-
bution results between condensed phases (independent on the process technology) are appli-
cable to corresponding industrial process conditions. In fact, the entire study started from in-
dustrial needs. Via the results, the minor element behaviour, the recovery possibilities and the 
source (gas, slag, metal, matte, solid phase) wherefrom to recover, are presented and evalu-
ated. Nevertheless, the focus being in analytically measured concentrations of condensed 
phases, not in the overall mass balances (would need large number of assumptions). Due to 
the analysis techniques, the results show the true chemical concentrations dissolved in each 
phase without distortion by entrained phases. This enables the industry to compare and eval-
uate their process efficiency, for example the matte/copper-slag separation. 
 
The distribution results can be further applied to determine the oxidation state and calculate 
the activity coefficients of the minor element oxides. These data are necessary in database de-
velopment for modelling and process simulation purposes. 

1.4 Thesis outline 

The compendium comprises of five publications in peer-reviewed scientific journals and one 
peer-reviewed conference paper. The thesis is constructed as follows: after introduction, the 
second chapter combines thermodynamics with environment and industry, including the 
WEEE concept and its minor elements, copper smelting techniques for WEEE and thermody-
namics for minor elements. The third chapter presents the employed methods for experiments 
and analyses, and the fourth shows the main results with discussion. The final chapter sum-
marises the most relevant results and findings.
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2. Thermodynamics meet environment and in-
dustry 

This chapter combines metallurgical, thermodynamic, environmental and industrial ap-
proaches in the scope of this study – minor elements and copper in WEEE. A multidimensional 
and multi-disciplinary approach has become the standard in research and process develop-
ment, when moving towards circular economy. This approach should be extended further in 
the future. With multi-disciplinary in mind, the publications involved in this compendium are 
published in journals under different fields of science. 

2.1 WEEE as a resource of precious and hazardous elements 

Electronic appliances are vital in the modern society, and their properties are becoming more 
and more sophisticated, simultaneously shortening their lifetimes. World development and in-
creasing wealthiness, gross domestic product, increases the market growth of EEE technologies 
around the world. This type of e-booming leads to supply competition that lowers the prices 
and increases the global sales furthermore. The obsolete items will become waste, which is 
called with many names, including WEEE, e-scrap, e-waste and EoL electronics. The most 
broadly accepted definition for WEEE is the one in EU (European Union) directive [1].  
 
Understandably, WEEE represents one of the largest waste sources in the world with the high-
est growth rate of ~3–6 % per year [2, 3], but its recycling rate is very low. It was reported [2] 
that only 20 % of the globally generated 44.7 million metric tonnes of WEEE was recycled via 
appropriate channels in 2016. WEEE includes plenty of different end-of-life products/appli-
ances, which are composed of different materials and compounds - base metals, precious and 
hazardous elements. The rapid technology development has increasingly boosted the transi-
tion towards more complex and elemental-rich compositions. A rough generalization of WEEE 
composition is 60–70 % metals, 15–25% plastics, ~5 % glass and 5–25 % others [4, 5]. If con-
sidering the metal fraction, approximately 1/3 is comprised of non-ferrous metals. PCBs can 
be considered as the most attractive part in WEEE, because they contain especially high con-
centrations of different precious and critical metals [6, 7]. The contents of non-ferrous base 
metals in PCBs varies for Cu between 5–35 %, Al 0–20 %, Sn 1–5 % and precious metals up to 
0.5 % [8–11]. 
 
On the other hand, WEEE contains also different hazardous and toxic elements including 
heavy metals and halogen-bearing organics. Thus, WEEE requires proper and safe processing 
in order to avoid the formation of harmful, toxic emissions and side streams. For example, 
burning of plastic residues containing chlorine or bromine has the potential to cause formation 
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of PAHs (polycyclic aromatic hydrocarbons), furans or dioxins [12, 13], if the off-gases are not 
treated correctly. This occurs mainly in the developing countries [14, 15] when WEEE is com-
busted illegally through ‘backyard operations’ without process control or off-gas treatments. 
Some studies show that secondary copper smelters (executed in reverb furnaces) in China also 
cause POP (persistent organic pollutant) emissions [16]. Nevertheless, if the smelting and off-
gas trains are designed and controlled with currently available advanced (especially BAT) tech-
niques, the probability for POP formation is low [13, 17–19]. One external problem increasing 
illegal and uncontrolled combustion is the extensive exporting of WEEE and other wastes to 
developing countries. Besides the high impacts on environment and health, this causes a huge 
and irreversible loss of these resources and their valuable contents [6]. 

2.1.1 Drivers for recycling WEEE and recovering its metals 

Multiple environmental, economic and legislative reasons exist for recycling of WEEE. First of 
all, primary ore resources are depleting and ore grades are becoming poorer and more complex 
[20], leading to increasing need to mine deeper and from ‘sensitive’ areas. Thus, to ensure the 
same resources for future generations, recycling of wastes should fill the resource depletion 
gap as well as possible. Secondly, primary production possesses a high carbon footprint, espe-
cially during the minerals processing, where the energy consumption fills 60–80 % of the total 
energy use in copper production, for example [21, 22]. Moreover, the stages in minerals pro-
cessing produce lots of solid waste (tailings and gangue) to be landfilled, whereas secondary 
production without the mining steps radically decreases the energy consumption and amount 
of disposed waste. Thirdly, WEEE includes multiple valuable and rare elements, which might 
have supply risks now or in future for different reasons: political reasons, trade restrictions, 
economical/speculation; regional or company oligopolies. Already today, the demand of some 
critical metals has surged, causing market imbalance and temporary scarcities. PGMs, Ga, Ge 
and In are identified as critical metals in EU [23]. Even more, WEEE contains substantially 
higher concentrations of some critical and precious metals than their respective primary ore 
resources, making their recycling justified and sensible. Figure 1 provides a diagram of the 
critical metals in EU and the CO2 tons caused per primary metal ton of precious metals. 
 
As can be seen, gold, silver and tin are not marked as critical materials in EU. However, a men-
tion of tin alarmingly closing the risk area was expressed [24]. Silver is also close to the risk 
area. According to the USGS statistics [25], gold and silver demands are higher than their rel-
ative world mine productions. All of these metals generate high amounts of CO2 per produced 
primary metal ton, which is also shown in Figure 1 (right upper side). As the energy consump-
tion of copper is radically smaller via secondary production, the benefits of secondary produc-
tion can be considered to be even higher for the precious and rare metals of-interest. 
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2.1.2 Precious metals 

Elements that are scarce in the earth’s crust (ppm level or less) and have high economic value 
can be regarded as precious metals. The most traditional precious metals include gold, silver 
and PGMs (platinum group metals) [27]. Gold exists typically in its native form in ores and 
forms fairly small number of minerals, whereas PGMs have greater range of species from sul-
phides to arsenides and alloys [28]. Historically, precious metals have been important as cur-
rency, but now are regarded mainly as industrial commodities and investments. 
 
Gold, silver and PGMs are very typical in EEE and especially in the printed circuit boards 
(PCBs), as mentioned before. Platinum and palladium are still mainly used in catalytic conver-
sion materials. Multiple studies and reviews have presented the average precious metal con-
tents in different PCBs [8, 10, 11], and they vary greatly from tens to several thousands of ppm. 
In comparison, typical precious metal ores contain approx. 5–10 g precious metals / mined ore 
ton [26]. This explains the high generation of CO2 per produced primary metal ton of gold, 
platinum and palladium, as shown in Figure 1. Although early generation computers contained 
higher concentrations of gold than the computers today [5], the overall production equipment 
containing PCBs has increased drastically, as well as the concentrations of other modern pre-
cious metals. In other words, the use of traditional precious metals has been reduced per de-
vice/PCB by thrifting, miniaturisation, and substitution/tailoring with other (special) metals 
[29]. 

Figure 1. Critical materials (red dots) in EU (left side) [24] and caused CO2 tons per produced primary metal ton
(right upper corner) [26]. Elements of-interest are highlighted with blue circles. 
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2.1.3 High-tech metals 

Another group of elements existing in EEE and considered in this study are grouped as high-
tech metals. These metals include indium, gallium, germanium and tin. They exist very seldom 
(or ‘never’) as native metals in nature, mainly as highly dispersed forms. The abundance of Ga, 
Ge and In is not in the mineable level in any of the existing deposits, and are typical elements 
in zinc, lead and aluminium-bearing minerals [30–32]. Thus, they are produced as side-prod-
ucts of other metals, and their production and availability is highly dependent on the produc-
tion of the main metal, and also on demand. Tin instead is mainly mined and produced from 
tin-rich minerals, predominantly from cassiterite SnO2 [33]. 
 
Grouping as ‘high-tech metals’ refers to their significant role and involvement in high-tech 
EEE. Tin is used mainly as solder material (~50 %), and the remaining tin produced is utilized 
in plating, chemicals and batteries for example [33, 34]. The concentration of tin in EEE is 
considerable, the average being 1–2 wt% [6, 35]. Most of the tin from WEEE will end up in the 
copper scrap fraction, thus its concentration in industrial black copper smelting is also rela-
tively high. Over 90% of gallium, germanium and indium production is used for EEE [36–38]. 
Furthermore, over 90% of the produced indium is used to manufacture ITOs (Indium Tin Ox-
ides) [38], whereas the rest is mainly employed in semiconductors and as an solder metal. The 
indium content in mobile phone or television displays is around 100-1400 g/t [38], whereas in 
zinc deposits it is between 1–100 g/t [31]. The main applications for germanium include infra-
red technology, fibre optic cables and solar cells [39]. Gallium is most often used in the pro-
duction of semiconductor compounds and integrated circuits, mainly as GaAs & GaN (~99 %), 
LED & lasers and solar cells [37]. Its content in EEE is small and depends heavily on the prod-
uct. In integrated circuits, Ga concentration has been shown to be up to 350 g/t and germa-
nium up to 6 g/t [37]. 

2.2 Pyrometallurgical treatment of end-of-life copper 

End-of-life copper refers to all copper-containing waste and scraps produced during the life-
time of copper: from mining to production and product manufacturing to discarding of the 
product. Approximately half of the copper reaching the market today has been scrap at least 
once [40]. On the other hand, half of the produced copper is still in use and accumu-
lated/stored in anthropogenic stocks. The secondary production of copper has increased mod-
estly if compared to the increase in available old copper scrap [41]. Over half of the recycled 
copper is manufacturing and fabrication (high-grade copper) based ‘home scrap’, which are 
directly melted [42]. When considering the old scrap categories according to the classical 
STAF-Europe system, WEEE (2–20 % Cu) and IEW (Industrial Electrical Equipment Waste) 
(5–80 % Cu) are the most relevant secondary copper resources [40]. 
 
Pyrometallurgy is a traditional approach for metals recycling and recovery from WEEE and 
PCBs, although selective recovery of individual metals is not easy to execute. This route can 
accept any forms of scrap, hence e-scrap can be used as a part of the raw material feed or as 
such in smelters where copper/lead/zinc/tin acts as the carrier metal. The feed entering the 
smelting furnaces is highly dependent on the collection, transportation and pre-processing 
(sorting, dismantling and mechanical separation) of WEEE. Not going into details of these 
steps, but in general, the more the WEEE is processed, the more ‘pure’ enriched metal (copper, 
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alumina etc.) feed can be attained. However, also more unintended co-separation (and losses) 
of metals to wrong waste streams will occur [43]. PCBs instead are mainly recycled directly, 
after dismantling from the e-device, to smelters [44, 45]. 
 
Typically, end-of-life copper from WEEE is processed in primary or secondary copper smelters 
and converters. The mineralogy of WEEE is very different compared to the primary ores re-
garding the amount of different metals and materials and their interlinkages (complex assem-
blies and subassemblies). They are also typically associated with organic materials incorpo-
rated with halogenated flame retardants. Thus, specialized smelting processes should be fa-
voured in order to recover precious and rare metals cost-effectively and environmentally 
friendly [29], as well as separate and treat the hazardous impurities properly during and after 
the smelting. The following sub-chapters examine primary and secondary copper smelting pro-
cesses mainly in the sense of employing them to treat end-of-life copper in WEEE and waste 
PCBs. 

2.2.1 Primary smelting techniques 

End-of-life copper can be fed into different steps of the primary copper production (matte 
smelting, converting, fire refining), depending on its composition and purity. Typical recycling 
of copper in the process occurs, when a side/waste stream of some process step is recycled back 
to the previous step, e.g. converter slag to matte smelting. This recycling technique may lead 
to accumulation of certain elements into the slag circuit and further to operational problems. 
WEEE-based copper scrap does not typically contain sulphur, so it acts, as such, as an energy 
consumer. Different  furnaces and operations exist wherein secondary materi-
als are fed with primary ores, including flash smelters, submerged tuyere smelters, bath smel-
ters and direct-to-blister smelters. [40] Most of the primary copper smelters (processing with 
iron silicate slag) are relatively similar regarding their flowsheets and operational smelting 
conditions. Small differences in their primary feed compositions exist that are more related to 
ore grade, gangue content and impurity levels of specific elements typical in copper ores, not 
that much on the mineralogy and range of different impurities. The feed variations are mainly 
managed via process condition modifications without need for radical equipment changes, 
whereas with secondary materials the case might be very different. When secondary raw ma-
terial is treated with primary smelting habits and practical know-how, unexpected issues not 
prevalent or considered in primary smelting may occur. The elemental range and impurity 
quantities in secondary resources are much greater and need to be considered from the envi-
ronmental protection and recovery perspectives as well. 
 
More often the copper scrap is recycled into  to use the excess heat produced by the 
highly exothermic converting reactions. The scrap volume in converter charges varies from 0 
to 35 % (or even higher), depending on the process conditions, matte composition and quality 
of the scrap. The copper scrap recycled in converters is typically relatively high grade, but in 
some cases lower grade is also used. The plastic content needs to be controlled in order to avoid 
over-heating of the converter, corrosion and further the quality of the produced sulphuric acid. 
[40]  
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Copper containing concentrates, such as chalcopyrite, are fed with flux (silica) and oxygen-rich 
air in the furnace. As they react with each other, two immiscible liquid phases - copper matte 
and iron-silicate slag - are formed, together with sulphur dioxide and heat. The simplified 
chemical reaction of the process (1) can be presented as follows: 
                          
                      matte                         slag Fe S Cu(s) + O (g) + SiO (Cu S FeS)(l) + SO (g) + (FeO SiO )(l) + heat. (1) 
 
Slag is mainly formed by silica and ferrous iron, but includes also ferric iron and basic oxides 
such as alumina, lime and magnesia, as well as different minor elements and impurities. The 
total copper content in flash smelting slag is around 1–2 %, including mechanically and chem-
ically dissolved copper. High ferric iron concentration in the slag will lead to the formation of 
magnetite spinel (Fe2+Fe3+2O4): 
 FeO(l) + Fe O (l) = Fe O (s).          (2) 
 
This spinel in great amounts causes problems. It affects the settling and separation of the matte 
and slag phases, as well as may lead to excessive formation of spinel on the linings and tap 
holes, reducing the furnace volume and slowing down the tapping [46]. On the other hand, 
magnetite spinel has an important task, as it forms the freeze lining on the furnace walls, in-
creasing the lifetime of the lining bricks [47]. In general, the formation of any solid phases in 
smelting conditions is not desired and has negative impacts on the process operation. What is 
fed into the furnace needs to get out. 
 
A traditional FeO-SiO2-Fe2O3 phase diagram to describe sulphur- and copper-free smelt-
ing/converting slags is presented in Figure 2 with oxygen activity contours superimposed. The 
diagram is calculated and drawn with MTDATA software, employing MTOX database [48]. 

 

Figure 2. FeO-SiO2-Fe2O3 phase diagram at 1300 °C, oxygen activity contours superimposed. (MTOX [48]) 
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In this study for matte/copper – iron-silicate slag system, the slag composition in silica cruci-
bles follows the tridymite saturation boundary. Also, the influence of the oxygen potential on 
the slag composition and Fe2+/Fe3+ ratio is visible in the figure. In industrial process condi-
tions, the slag is not in silica-saturation but closer to magnetite-saturation in matte smelting 
and converting processes. 

 
 
The matte tapped from primary copper smelting furnace is next transferred to converter, tra-
ditionally P-S (Peirce-Smith) but increasingly also other techniques such as Kennecott-Outotec 
flash converting, bottom blowing, Ausmelt and continuous technologies [49, 50]. P-S-convert-
ing consists of two stages, the slag blow and coppermaking. Silica is added as flux to form iron-
silicate slag including some oxidised copper (5–10 % Cu in slag) due to the high oxygen poten-
tial. Moreover, sulphur dioxide, heat and solid magnetite are formed, along with the main 
product, white metal. The slag blowing reaction is presented in equation (3): 
 
         matte                          slag      white metal (Cu S FeS) + SiO + O (g) = (FeO SiO Cu O)(l) +  Fe O (s) + Cu S(l) + SO (g) +heat .            (3) 
 
Slag is removed post each blow cycle and the coppermaking stage follows, with typical reac-
tions of (4)–(6): 
 Cu S + 1.5O (g) = Cu O + SO            (4) Cu S + O (g) = 2Cu + SO            (5) Cu S + 2Cu O = 6Cu + SO .          (6) 
 
A useful tool for understanding the matte smelting and converting stages is Yazawa diagram 
[51]. 

2.2.2 Secondary (black) copper smelting 

The production of low-grade copper via secondary smelting and refining has increased during 
the last 30 years, today accounting for approximately 15 % of the total refined copper [52]. 
Traditionally, secondary copper has been treated in blast furnaces, P-S converters and anode 
furnaces, but as the amount of scrap and WEEE has increased a lot and they have unique ‘min-
eralogy’ compared to primary ores, more tailored processes have been developed. Different 
types of copper scraps are treated in these secondary copper facilities [43, 53], including in-
dustrial wastes (drosses, anode slimes, sludges, dusts, mattes, speiss) and consumer wastes (e-
scraps, PCBs, spent catalysts). Therefore, the secondary copper smelters treat typically highly 
contaminated copper scraps (metallic and oxidised) with significant concentrations of impuri-
ties, such as Al, Zn, Pb and Sn. 
 
There are two approaches for secondary copper production, the sulphur-based matte smelting 
and the sulphur-free black copper smelting route. Although matte smelting process is rare for 
secondary copper treatment, at least one optimized integrated factory, Umicore in Belgium, 
combines matte and black copper smelting techniques with unique manners [43]. As WEEE 
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based copper scrap does not typically contain sulphur, black copper smelting is more preferred 
and practical technique for treating it. It is a combined reduction-oxidation process, where the 
process steps can be operated in desired order and in one furnace as batch process or as con-
tinuous smelter-converter process. A simplified flow chart including the main steps is pre-
sented in Figure 3. If relatively little oxidised copper scrap is treated, the process can be oper-
ated in oxidation-reduction order. In China, secondary copper (‘high-grade’) is typically 
treated in reverberatory furnaces with steps of feeding fusion – oxidation – deoxidation [54]. 
 

 

Figure 3. Flow sheet of black copper smelting process [55]. 

A modern black copper process is typically operated as in Figure 3, starting with reduction step 
followed by converter oxidation and fire-refining in anode furnace. The copper alloy is evolv-
ing, getting more pure when moving downward the flowsheet, and simultaneously the pro-
duced slag volumes are decreasing and getting richer in copper. The produced converting and 
fire-refining slags are recycled back to previous steps as shown above. Minor elements will 
move along the present material streams i.e. phases in each step - copper alloy, slag or off-gas 
(dust) - depending on their thermodynamic properties. This type of process flow chart is oper-
ated for example in Aurubis Lünen [56], Brixlegg AG [57] and Boliden Rönnskär [58]. Another 
operational route is to produce black copper that is granulated and treated via solvent extrac-
tion/electrowinning [59]. 
 
The facilities use different types of smelting vessels. Nowadays bath smelting techniques, 
TBRC (top-blown rotary converter) and TSL (top submerged lance), have become the preferred 
technologies for black copper smelting. They are flexible and can be optimized for each facility 
according to their needs (feed, lining, process conditions/control, gas treatment and other en-
vironmental aspects, emission and process control, considering the whole process sheet). [60] 

 
 
Black copper smelting is also based on an iron-silicate slag co-existing with a copper-rich liquid 
phase. As explained before, the black copper smelting process is unique at every plant and the 
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chemistry depends on the feed material. Nevertheless, some common basic features and reac-
tions can be considered. If the operation is executed via reduction-oxidation order, the reduc-
tion step will reduce the oxidised metals with a reducing agent (a carbon-source): 
 Cu + (Cu O) + M + (M O) + SiO + CO(g)/C(s) = (FeO SiO Al O )(l) + (Cu M)(l) +CO (g).            (7) 
 
M refers to any present metals, especially Fe and Al that become mostly part of slag even in 
reducing conditions. Metallic iron can also act as a reducer especially for easily reducing met-
als. Other typical metals existing in the system are Sn, Pb, Zn and multiple other minor pre-
cious and hazardous metals, which will form the black copper alloy. In subsequent oxidising 
smelting/converting stage, the black copper is oxidised to relatively pure crude copper (95–97 
%) ready for anode smelting and casting: 
 (Cu M) + SiO + O (g) = (FeO SiO MO )(l) + (Cu)(l) + CO (g).       (8) 
 
Other metals (M) existing in smelting will deport and distribute to slag, metal or gas depending 
on their thermodynamic properties in the prevailing process conditions. 

 
 
Aluminium is a typical non-ferrous metal in WEEE and consequently in secondary copper raw 
materials. Through mechanical crushing-separation pre-treatments, aluminium is often aimed 
to be separated to its own metal fraction. Nevertheless, the removal is never complete and some 
aluminium will end up in the secondary copper fraction and further to copper smelter. Alt-
hough relatively efficient copper-aluminium separators such as Eddy Current exist, ‘too effi-
cient’ separation may cause unintended co-separation of other elements. Thus, the balance be-
tween crushing-separating processes and maximizing recoveries of different metals should be 
found. The precious metals might be lost to wrong streams or to process dusts, wherefrom they 
are not recovered [6]. The aluminium content in copper scrap or PCBs is typically between 1-
10 wt% [6, 44], and alumina in slag can vary from few percent up to 20 wt% [44, 61] in different 
smelting processes. 
 
In this study, iron-silicate slags including alumina and alumina-lime are under investigation. 
Figure 4 shows FeOx-SiO2-Al2O3 phase diagram at copper-free (red lines) and copper-satura-
tion (black lines) at 2 = 10-5 atm and 1300 °C, and Figure 5 shows FeOx-SiO2-Al2O3 and FeOx-
SiO2-Al2O3-5CaO phase diagrams superimposed at 2 = 10-7 atm and 1300 °C. The diagrams 
are calculated with MTDATA software and MTOX database [48]. 
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The addition of lime changes the saturation phase at high alumina concentrations from mullite 
to feldspar. As shown, copper influences the oxide-liquid phase and the phase boundaries rad-
ically at a high oxygen partial pressure of 10-5 atm. The influence is not as radical at lower 
partial pressures (Publication III). Multiple other phase diagrams related to the investigated 
slag systems in this study are presented in Publications III-IV and reference [62]. 

Figure 5. Al2O3-SiO2-FeOx (black lines) and Al2O3-SiO2-FeOx-5CaO (red lines) phase diagrams superimposed at 
pO2 = 10-7 atm and T = 1300 °C. (MTOX [48]) 

Figure 4. Al2O3-SiO2-FeOx phase diagram at copper-free (red lines) and copper-saturation (black lines) at pO2 = 
10-5 atm and T = 1300 °C. (MTOX [48]) 
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2.3 Thermodynamics of minor elements in copper smelting 

The term ‘minor element’ has no official definition or limit, however typically an element ex-
isting at less than 1 wt% concentration is regarded as a minor element. Trace element, accord-
ing to IUPAC [63], is determined as an element with a concentration less than about 100 parts 
per million atoms (ppma) or less than 100 μg/g. 
 
The behaviour of a minor element in copper smelting is dependent on its thermodynamic prop-
erties. This means that in order to influence the behaviour and maximize the recovery, the 
thermodynamics behind the phenomena must be understood. This study mainly focuses on 
the thermodynamic parameter called distribution coefficient, and on determining the oxide 
forms of the minor elements dissolved in slags. Typically, the distribution reaction for a minor 
element M between metal/matte and slag is described with the following equation [64]: 
 M + x/2O (g) = MO .           (9) 
 
This can be presented through an equilibrium constant that consists of the activities of the 
species and the prevailing oxygen partial pressure: 
 = /             (10) 

 
wherein the activities can be expressed with the concentration of the species and its activity 
coefficient in respective phase, as follows: 
 = = / = % /( )         (11) = = / = % /( ).        (12) 
 
These equations are valid only if the metal oxide is expressed in monocationic form and in 
dilute systems. Yazawa  [64] also presented that with monocationic forms the activity co-
efficients of the oxides remain constant over a large composition range (follow Henry’s law) 
and that the total number of moles for each species (per 100 g) is similar over a changing oxy-
gen (and sulphur) potential. 
 
The distribution coefficient of metal (M) is a property of the examined system, e.g. copper-slag 
and its thermodynamic features. It can be determined from experimental and industrial sam-
ples or calculated by employing thermodynamic data (if the necessary data is available). It is 
defined as the mass ratio of an element between two phases of the system under investigation: 
 / = [ % ]   ( % )   .           (13) 

 
In this study, these phases include liquids – copper, matte, slag – and solid Al-Fe spinel. Some 
estimations on the vaporisation level can be done through the concentrations in different 
phases, or lack of them. If the equations (11) and (12) are inserted into equation (10), the dis-
tribution coefficient can be presented as: 
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/ = [ % ]   ( % )   = [ ]( )( )[ ] / .         (14) 

 
where the brackets [] and () refer to different phases  and , respectively. The activity coeffi-
cient of minor element M presents the limiting activity coefficient, , when obeying Henry’s 
law, and for instance in copper these are determined quite extensively for precious and high-
tech metals [65 –67]. If this equation (14) is further modified by taking logarithms (log10 = lg 
for convenience) from both sides and rearranging, we get: 
 lg / = /2 lg + .          (15) 
 
where A includes all the constant variables of M, MOx, K and nT. When plotting the lg LM  as 
a function of lg 2, the formed slope (*2, as the gradient is x/2) will express the oxidation 
state of the dissolved minor element in slag, for example for a slope of 0.25, the metal oxide is 
MO0.5 as M+ (mono)cationic species.   
 
The distribution coefficient is a practical thermodynamic parameter for describing the equilib-
rium behaviour of a minor element in coexisting condensed phases, as it is independent on the 
scale of the system and the concentration of the minor elements in dilute systems. This means 
that the distribution coefficients are not dependent, as such, on the process technology used 
and they can be used as a tools to operate and adjust real industrial processes for better metal 
recoveries. This study used direct phase analysis techniques, which provided the distribution 
coefficients based on the real chemical concentration dissolved in each phase, excluding en-
trained phases. The previously used bulk analyses were executed by mechanical separation of 
the phases, which has a high risk of providing incorrect compositions of the phases, as the 
phase separation is seldom perfect. The uncertainty of the distribution coefficient in this study 
was evaluated with the following equation [68]: 
 / = % %   + % %   / ,        (16) 

 
where wt% M is the average concentra  calculated from 

-values the standard deviations of minor elements concentra-
tions calculated from the analysis results, i.e. the standard uncertainties. 
 
Studies on minor element distributions in primary and secondary copper smelting conditions 
are reviewed rather broadly by Shuva  [69]. Moreover, manuscripts found in Publications 
I–VI and in the other manuscripts by our research group [62, 70, 71] contain extensive reviews 
on the minor elements of-interest, including pyrometallurgical and geological distribution and 
solubility studies. These show the scarcity and incompatibility of prior studies in primary and 
especially in the secondary copper smelting conditions.
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3. Experimental section 

The experiments were conducted employing static equilibration-rapid quenching technique 
followed by direct phase analyses [72, 73]. This technique is well-developed and systematically 
used method for phase equilibria studies (phase diagrams, liquidus boundaries, tie lines etc.). 
Moreover, in recent years, this method has been adopted quite extensively for minor element 
investigations [74–76]. The critical steps of the technique, in this study, are presented in Figure 
6. 

Figure 6. The critical steps of the experimental technique adopted in this study. 

The first stage is sample precursor preparation, more precisely the preparation of a master 
alloy, slag and matte mixtures as well as possible pellet pressing. Moreover, the sample con-
tainer - crucible - needs to be appropriate for the purpose, as it typically acts as a primary solid 
phase of the system. Figure 7 represents how phase diagram of Al2O3-SiO2-FeOx at Cu-satura-
tion (1300 °C, 2  10-8 atm) is linked to a sample of Cu alloy – SiO2-FeOx-10wt%Al2O3 at 
silica-saturation. Pink line is drawn for 10 wt% alumina-containing slag, and the cross shows 
the experimental target for the oxide liquid phase linked to the adjacent micrograph. 
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The experiments (equilibration-quenching part) were conducted in a high-temperature fur-
nace under appropriate atmosphere, followed by rapid cooling (quenching) into ice-water or 
brine. Via proper, rapid quenching the microstructure – phases, phase compositions – remains 
as they were at the equilibrium conditions inside the furnace. The obtained samples were fur-
ther analysed with direct phase analysis techniques, first with electron probe microanalyser 
(EPMA) and, if needed and possible, with laser ablation - inductively coupled plasma - mass 
spectrometer (LA-ICP-MS). Rapid quenching to form homogeneous (glassy) phases is a re-
quirement for successful matrix correction procedure of EPMA, and thus reliable EPMA anal-
ysis. 
 
The power of this technique lies in multiple advanced details and strategies when compared 
to ‘old-fashioned’ research techniques. These advantages are: 

 sample size, significantly smaller (0.1–0.3 g vs. 10 g) 
 efficient quenching, due to small sample size faster to quench and the quenching is 

performed directly by dropping into ice water/brine (vs. argon blow on the sample sur-
face) 

 primary phase crucible, no unwanted elements or components in sample 
 direct phase analyses, EPMA, accurate technique where the initial bulk composition 

changes do not affect the final results and no need for physical separation of the phases 
that may lead to incorrect results (precipitates or phases part of wrong analysis)  

 highly sensitive LA-ICP-MS, for trace or ultra-trace elements in ppm or even in ppb 
level in slags, no need for separation of the phases and dissolving the sample. 

 
The LA-ICP-MS technique is not new, as geological researchers have used it for a few decades 
[77]. However, our group and the first paper in this compendium was the first metallurgical 
study that employed LA-ICP-MS for detecting trace precious metals in slags. The technique 

Figure 7. The experimental target point marked in Al2O3-SiO2-FeOx phase diagram at copper saturation (black 
lines) and a related micrograph at tridymite-liquidus line reflected. 

Slag 

Tridymite 

Copper 
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has later been adopted successfully also by other research facilities such as University of 
Queensland [76]. By adopting this technique, the true chemical concentrations of trace ele-
ments dissolved can be measured and verified, or alternatively, in some cases, the concentra-
tions can be shown to be even lower than the extremely low detection limits of LA-ICP-MS (so 
for example <1 ppb).   

3.1 Experimental apparatus and procedure 

3.1.1 Sample preparation 

 
Copper matte was produced from pure commercial powders of FeS and Cu2S including 1 wt% 
of each precious metal, Au, Ag, Pt and Pd (all reagents from Alfa Aesar, >99.9 %). Initial matte 
grade was ~56 wt% Cu with FeS/Cu2S ratio of 0.43. Slag was prepared as a powder mixture of 
SiO2 and Fe2O3 (>99.99 % purity) with mass ratio of 1/1. 

C  
Two copper alloys were prepared during this study. First alloy was produced by smelting cop-
per and ~1 wt% of each precious metal Ag, Au, Pd and Pt (all from Alfa Aesar, >99.9 %) in 
alumina crucible at 1200 °C for 32 h. Second one was prepared in evacuated silica ampoule at 
1200 °C for 48 h including copper with 1 wt% of each high-tech metal, Ga, Ge, In and Sn (all 
from Alfa Aesar, >99.9 %). More detailed descriptions on their preparation can be found in 
Publications III and V. 
 
The slags for the experiments executed in alumina crucibles were prepared from commercial 
powders of Fe2O3, SiO2, Al2O3 and CaO (>99.9 %). The slags had an initial Fe/SiO2 ratio of 1.3 
and 20 wt% of Al2O3. This same base slag was used also for the preparation of lime-containing 
slag, by only adding 5 wt% CaO into the mixture. The pure iron-silicate slags of the silica cru-
cible experiments had initial compositions of 25–30 wt% SiO2 – 70–75 wt% Fe2O3. In the alu-
mina and alumina-lime bearing slags, the initial compositions varied for different oxygen par-
tial pressures in order to keep the concentration of the additives constant in every condition. 
The initial compositions were investigated and determined with a preliminary test series. 

 
Two types of commercially produced crucibles, made of alumina and silica, were used in the 
experiments. The alumina crucibles were Degussit® AL23 of a Al2O3 type with purity of >99.5 
% by Friatec (Germany). The silica crucibles for matte-slag equilibrations were prepared from 
EN09 fused quartz with purity of >99.98 % by OM Lasilaite Oy (Porvoo, Finland), whereas for 
the copper-slag experiments, the crucibles were fused quartz of Heraeus HSQ®300 with purity 
of >99.998 by Finnish SpecialGlass Oy (Espoo, Finland). 

3.1.2 Execution and assembly of equilibrium experiments 

The experiments were conducted in vertical tube furnaces, Lenton (Hope Valley, UK) PTF15/-
/450 or LTF16/-/450 with Eurotherm PID controllers (Virginia, USA) or Nabertherm (Lilien-
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thal, Germany) RHTV 120–150/18 with Nabertherm P310 temperature controller. The work-
ing tubes were impervious recrystallized alumina (OD 45mm) by Friatec (Germany). A sche-
matic diagram of the furnace is presented in Figure 8. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  A schematic of the equilibriation furnace and a close-up of the sample-crucible assembly inside the 
furnace during the experiments. 

For the matte-slag experiments, the gas atmosphere was created so that 2 was kept con-
stant at ~0.1 atm and the CO/CO2 ratio was altered to produce an oxygen partial pressure re-
lated to certain matte grade (55, 65 or 75 wt% Cu in matte), see Table 1. Argon was added into 
reactive gas mixture CO-CO2-SO2 to increase the flow rate. All gases used in the experiments 
were supplied by AGA-Linde (Finland) with purity >3.8. 

Table 1. The experimental oxygen and sulphur partial pressures for each matte grade and temperature. 

T        
°C 

Matte grade 
wt% Cu 

 Log10 O2 
atm 

 Log10 S2 
atm 

1250 55 -8.4 -2.3

 65 -8.2 -2.7
75 -7.9 -3.4

1300 55 -8.1 -2.2 

 65 -7.9 -2.6 

 75 -7.6 -3.3 
1350 55 -7.8 -2.1

 65 -7.6 -2.5 
 75 -7.3 -3.2 



Experimental section 

31 

 
In the copper-slag systems, the gas atmosphere was created with CO-CO2 mixture that corre-
sponded to certain 2 from 10-10 to 10-5 atm. Argon was used as flushing gas after the experi-
ments and at the matte-slag experiments as an inert flow rate increaser. The reactive gases – 
CO, CO2 and SO2 – were accurately controlled via thermal mass flow controllers DFC26 (Aal-
borg, New York, USA) and argon via rotameter (Aalborg 052-01-SA, New York, USA). Temper-
ature was measured using a calibrated S-type thermocouple (Johnson-Matthey, UK) con-
nected to Keithley multimeters (Tektronix, Beaverton, USA) and the data was logged with Lab-
view program. The reaction employed to control the partial pressure of oxygen with CO-CO2 
mixtures was: 
 CO(g) + 1/2O (g) = CO (g)   = -146.273 kJ [78]       (17) ( ) = /( ( ) / )          (18) 
 
Moreover, the uncertainty of the 2 was estimated with the following equations (19)-(21): 
 ( ) = 1/2           (19) 
 = 0 = 1/2           (20) 

 = 2            (21) 

 
 -values are the mass flow controller accuracies (1% of the full range), and p-values 

the used flow rates. The calculated uncertainties were between 0.1–0.15 * 2. 

 
The criteria for equilibrium employed in this study are:  

 the phases present do not change as a function of equilibration time 
 the phases are homogeneous i.e. the microstructures look the same as a function of 

time 
 the phase compositions stay constant as a function of time and through the whole sam-

ple 
 the same phases and compositions can be achieved from different directions including 

various initial starting reagents/mixtures 
 
The equilibrium time was determined for 3 series: 1)the matte-slag, 2)the copper alloy-slag at 
Al-Fe spinel-saturation (with Ag, Au, Pd and Pt) and 3)the copper alloy-slag at silica-saturation 
(with Ag, Au, Pd and Pt). The 2nd series was checked from different directions employing dif-
ferent initial slags (pre-reacted iron-silicate slag and Fe2O3-SiO2 powder mixture) and copper 
alloys (pre-smelted alloy and Cu with Ag, Au, Pd and Pt powders). For the matte-slag system, 
3 h equilibrium time was enough to ensure that equilibrium was achieved [70], and this time 
was used for the experiments. For the copper-slag systems, 8 h was needed to achieve equilib-
rium. Nevertheless, to ensure equilibrium, 16 h equilibration time was employed in those ex-
periments. The sample areas not quenched well were avoided in the analyses. 
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For each experiment, equivalent masses of copper alloy/matte and slag were placed into a cru-
cible. The crucible was tied to a platinum wire basket and hooked to a platinum wire (0.5 mm 
diameter) at the bottom end of the reaction tube and introduced into the furnace. While the 
gas atmosphere was stabilized for 30–60 minutes, the sample was kept in the cold zone of the 
furnace, after which the sample was pulled into the hot zone and the equilibration initiated. As 
the equilibration time (3 h or 16 h) was reached, the sample was released and quickly quenched 
into an ice-water mixture (systems 1–3) or brine (systems 4–5). Samples were prepared for 
microanalysis by employing traditional wet metallographic methods and coated with carbon 
for electrical conductivity. The overall palette of the executed experiments is presented in Table 
2. Each experiment was duplicated, providing repeatability and reliability for the results. 

 

Table 2. All the investigated systems and experimental conditions.  

System Crucible Minor  
elements 

Slags Temperatures 
(°C) 

Oxygen partial 
pressures (atm) 

1. matte-slag silica Ag, Au, Pd, 
Pt, Rh 

FeOx-SiO2 1250, 1300, 
1350 

10-8.4–10-7.3 

2. copper-slag alumina Ag, Au, Pd, Pt FeOx-SiO2-Al2O3 & 
FeOx-SiO2-Al2O3-CaO  

1300 10-10–10-5 

3. copper-slag alumina Ga, Ge, In, Sn FeOx-SiO2-Al2O3 & 
FeOx-SiO2-Al2O3-CaO  

1300 10-10–10-5 

4. copper-slag silica Ag, Au, Pd, Pt FeOx-SiO2,  
FeOx-SiO2-Al2O3 & 
FeOx-SiO2-Al2O3-CaO 

1300 10-7–10-5 

5. copper-slag silica Ga, Ge, In, Sn FeOx-SiO2,  

FeOx-SiO2-Al2O3 & 
FeOx-SiO2-Al2O3-CaO 

1300 10-9, 10-7, 10-5 

 

3.2 Analyses 

The analyses (EPMA and LA-ICP-MS) were performed at the Geological Survey of Finland 
(GTK). The execution of the electron microprobe analyses was outsourced to GTK staff (Lassi 
Pakkanen), whereas the laser ablation analyses were performed by Hugh O’Brien (GTK) and 
Lassi Klemettinen (Aalto University). 

3.2.1 EPMA 

The concentrations of all elements in the samples were first measured by Cameca SX100 
(France) electron microprobe equipped with five wavelength dispersive spectrometers (WDS). 
The EPMA analyses were executed using an accelerating voltage of 20 kV and beam current of 
40–60 nA. The diameter of the defocused electron beam varied depending on the phase ana-
lysed, typically as big as possible was employed, for copper and matte 50–100 μm, for slag 10–
100 μm, and for Al-Fe spinel and tridymite 1 μm diameter. Peak counting time of 10 s and 
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background analysis of 5 s from both sides of the x-ray peak were used for the major compo-
nents. For minor elements, 1–5 min peak counting time with corresponding background anal-
ysis times were employed for lowering the detection limits. The PAP-ZAF matrix correction 
procedure by Pouchou and Pichoir [79] was applied for raw data correction. The standard ma-
terials employed were natural minerals or pure metals. 
 
The liquid phases - matte, copper and slag - were analysed by taking 8–10 analysis points from 
each phase in each sample. The Al-Fe spinel phase was also analysed from each sample, 
whereas tridymite was limitedly analysed in copper-slag experiments. The average detection 
limits achieved by EPMA for the major and minor elements are presented in Table 3 for both 
saturation phases. They are calculated as averages of matte/copper and slag detection limits of 
each analysis series, providing approximates and typical detection limits achieved by EPMA 
technique. More detailed detection limits per phase are presented in the Publications I–VI. 
The minor elements in slag in copper-matte system were also analysed with trace element set-
tings of EPMA [70]. 

Table 3. Detection limits of EPMA for each element in different systems in ppm, and for LA-ICP-MS in ppb.   

Major components (ppm) O Si Al Ca Fe Cu S  
Cu-slagspin sat. 1420 260 290 120 280 330   
Cu-slagtrid sat. 830 170 5000 100 130 250   
matte-slagtrid sat. 3030 340   570 860 400  
         
Minor components (ppm) Pd Ag Pt Au Ga Ge In Sn 
Cu-slagspin sat. 400 400 1260 1750 220 290 170 170 
Cu-slagtrid sat. 150 360 430 500 190 250 150 140 
matte 1100 850 2150 3010     
slag, trace set. [70] 10 21 33 31     
         
 Pd Ag Pt Au  Ge  Sn 
slag, LA-ICP-MS (ppb) 2–7 2–7 0.5–2 0.2–1.5   30–60  10–20 

 
For most precious metals in slags or solid phases, Al-Fe spinel and tridymite, the sensitivity of 
EPMA was not sufficient, even with the trace element settings [70]. Furthermore, the high-
tech metals were not detected in every experimental condition reliably (below detection limit 
of EPMA). Therefore, LA-ICP-MS technique was employed for the reliable analysis of trace 
elements in slags. 

3.2.2 LA-ICP-MS 

The minor elements in slags were analysed with an Analyte G2 193 nm (matte-slag equilibria) 
or an Excite 193 nm (copper-slag equilibria) ArF laser ablation system (Teledyne CETAC Tech-
nologies, Omaha, USA) coupled with a Nu AttoM single collector ICP-MS (Nu Instruments 
Ltd., Wrexham, UK). The measurements were performed in low resolution (  = 300) us-
ing fast scanning mode. The laser was run at a pulse frequency of 10 Hz, and a pulse energy of 
3–5 mJ at 20–50 % attenuation producing an energy flux between 1.63 and 2.99 J/cm2 on the 
sample surface. For matte-slag system, the baseline reduction of the trace element data was 
performed using Iolite v. 2.5 software [80] run within the Igor Pro 6.32A host environment. 
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Quantification was proceeded by Excel spreadsheet data handling using known concentrations 
in the NIST SRM 612, the measured 29Si signal and the SiO2 concentration of each individual 
glass measured by the electron microprobe. For copper-slag systems, the baseline reduction 
and quantification of the trace element data was performed using the Glitter software package 
(GEMOC Laser ICP-MS Total Trace Element Reduction; Macquarie University, Australia) [81]. 
The spot size varied from 40 to 155 μm depending on the slag areas available. The ablation spot 
size influences the minimum detection limit (MDL) achieved, see Publication V. Nevertheless, 
achieved MDLs were significantly lower than the ones by EPMA, see Table 3. 
 
The analyses were conducted in time resolved analysis (TRA) mode, with each analysis con-
sisting of 20 seconds of background measurement prior to switching the laser on for 40–60 
seconds of signal measurement. The pre-ablation was 5 laser shots and true sample ablation 
400–600 shots. The internal standard was silicon (29Si), the concentration of which was meas-
ured by EPMA from each sample. The external standard utilized was synthetic NIST 612 SRM 
glass [82] and the references analysed as unknowns were NIST 610, BHVO-2G and BCR-2G 
[82, 83], providing instrumental uncertainty of ±5–10 % in most cases. 
 
This is the first metallurgical thesis employing and presenting results by LA-ICP-MS technique 
for minor element concentrations in slags under copper smelting processes. The investigated 
systems and the isotopes taken, as well as, the spot sizes employed and analysed sample 
amounts are presented in Table 4. The concentrations were calculated as the averages in the 
cases where multiple interference-free isotopes were analysed (underlined in Table 4). For pal-
ladium, correction calculations were executed in order to eliminate interferences caused by the 
sample and external standard. 

Table 4. The isotopes included to analyses for each system. 

System* Spot size Isotopes Samples analysed 

1 40 μm 107Ag, 197Au, 105Pd, 195Pt, 103Rh All samples 

2 40 μm 

110 μm 

 
155 μm 

107Ag, 197Au, 105Pd, 195Pt 

107Ag, 109Ag, 197Au, 104Pd, 105Pd, 
106Pd, 108Pd, 110Pd, 194Pt, 195Pt, 196Pt 

197Au, 105Pd, 108Pd, 194Pt, 195Pt 

All samples 

8 samples 

 
4 samples (CaO-free slag) 

3 65 μm 69Ga, 71Ga, 70Ge, 72Ge, 74Ge, 113In, 
115In, 117Sn, 118Sn, 119Sn, 120Sn 

6 samples 

4 110 μm 107Ag, 109Ag, 197Au, 104Pd, 105Pd, 
106Pd, 108Pd, 110Pd, 194Pt, 195Pt, 196Pt 

All samples 

5 65 μm 69Ga, 71Ga, 70Ge, 72Ge, 74Ge, 113In, 
115In, 117Sn, 118Sn, 119Sn, 120Sn 

1 set 

* System definitions in Table 2. 
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4. Results and discussion 

The main results for both minor element groups, precious and high-tech metals, are gathered 
and discussed in this chapter. The equilibrium behaviours and recovery possibilities of the mi-
nor elements, under different copper processes and process stages with different slag compo-
sitions and saturation phases, are presented. Flash smelting (matte-slag) results for Ag, Au and 
Pt are presented as comparative against the copper-slag system results in the sub-chapter 4.1.2. 
All the obtained results in this study are presented in Publications I–VI. 
 
Each element in all present phases were analysed with EPMA and/or LA-ICP-MS, and the fol-
lowing concentration results of each element are calculated averages of 8–10 taken analyses 
per phase. The uncertainties are calculated standard deviations of those 8–10 analyses.  

4.1 Slag compositions and chemistry 

Two crucibles, silica and alumina, forming different saturation phases, tridymite and Al-Fe 
spinel, were employed in the experiments. Different (Cu-)slag systems are named in the result 
diagrams with the following abbreviations:  
 
IS  = Pure iron-silicate slag in silica crucible 
IS+A  = Iron-silicate slag in silica crucible + 10 % Al2O3 
IS+AC = Iron-silicate slag in silica crucible + 10 % Al2O3 + 5 % CaO 
ISA  = Iron-silicate slag in alumina crucible 
ISA+C  = Iron-silicate slag in alumina crucible + 5 % CaO. 
 
Furthermore, the minor element groups - precious and high-tech metals - are labelled and 
numbered after the slag abbreviation in Figures 9 and 10: 
 
(1)   = Ag, Au, Pd, Pt 
(2)   = Ga, Ge, In, Sn. 
 
This specification enables to estimate possible influences of the minor element groups into slag 
compositions and chemistry. 
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Figure 9. Slag compositions at silica-saturation as a function of pO2 or additive concentrations (Al2O3 + CaO). 
Trend lines are drawn for the high-tech metals group (2) results. 

4.1.1 Slags at silica-saturation 

Figure 9 collects the results for operational parameters Fe/SiO2 and copper solubility at silica-
saturation for each slag and for both minor element groups. Moreover, one diagram shows the 
concentration of alumina and lime in slags as a function of 2. 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The addition of basic and amphoteric oxides decreased radically the Fe/SiO2 ratio by increas-
ing the solubility of silica in slag. With these acidic slags, the amphoteric alumina acts also as 
a basic oxide in the system. The ratio is furthermore decreased as a function of increasing ox-
ygen partial pressure. No clear difference in Fe/SiO2 ratios between the minor element groups 
were observed.   
 
The efficiency of copper smelting process can be measured by the copper loss in slag. Copper 
solubility was highly dependent on the partial pressure of oxygen as shown in Figure 9. The 
addition of alumina and lime radically decreased the copper loss in slag. The influence of the 
minor element group is also visible, especially at high 2 and with pure iron-silicate slag (IS): 
the high-tech metals which dissolved more in slag seemed to decrease the loss of copper in 
slag. 
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4.1.2 Slags at Al-Fe spinel-saturation 

The composite Figure 10 presents the slag compositions and behaviour results at Al-Fe spinel-
saturation for both minor element groups and each investigated slag. The Fe/SiO2 ratio was 
mainly around 1, and decreased somewhat as a function of increasing partial pressure of oxy-
gen. The upper right diagram presents the equilibrium concentration of silica in slag as a func-
tion of alumina solubility in slag. The highest partial pressures of oxygen formed their own 
solubility curves, whereas the lower ones formed one unanimous line. The silica concentration 
decreased with the increasing 2. Alumina concentration in slag was between 15–20 wt%. 
The copper losses in slags were highly dependent on the partial pressure of oxygen similarly as 
in silica-saturation. Moreover, the addition of lime decreased the solubility and the minor ele-
ment group had a visible impact, especially at high 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

4.2 Behaviour of precious metals in smelting processes 

The precious metal series in alumina crucibles (ISA & ISA+C) were executed in wide oxygen 
partial pressure range from 10-10 to 10-5 atm at 1300 °C. However, it was noticed that only silver 
was reliably measured at every 2 using LA-ICP-MS, and thus the experiments for the next 
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Figure 10. Slag compositions in alumina crucibles (Al-Fe spinel-saturation) as a function of pO2 or alumina in 
slag. The trend lines are drawn for the high-tech metal group (2) results. 
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series in silica crucibles (IS, IS+A and IS+AC) were executed only in the oxidising conditions 
at 10-7–10-5 atm.  
 
Figure 11 shows the concentrations of silver in copper and slag as a function of oxygen partial 
pressure. Clearly, the vaporisation was much greater in the experiments conducted in silica 
crucibles than in alumina ones. In the silica crucibles, the samples and all their phases were 
more exposed to the gas atmosphere, because of the shape of the crucible and smaller sample 
size. This most likely caused greater vaporisation tendency of silver. 

 

 

Figure 11. Concentrations of silver in copper alloy and slag as a function of oxygen partial pressure at 1300 °C for 
each of the investigated slags. 

The distribution coefficient of silver is highly dependent on the oxygen partial pressure and 
somewhat on the slag composition, see Figure 12. Silver was in all conditions distributed more 
in copper, as the distribution coefficient between copper and slag, L , was >20. However, in 
reducing conditions silver deposits much more in copper, L 1000, compared to oxidising 
conditions. The slope of the curves vary from 0.25–0.35, indicating mostly to mono-valent ox-
ide form (AgO0.5) or combined mono- and di-valent oxides (AgO0.5 + AgO). Figure 12 (right 
side) indicated that alumina addition to iron-silicate slag decreased the distribution coefficient 
(black trend lines), whereas lime addition increased it (blue trend lines). Thus, some interac-
tion between silver and aluminium ions or alumina can be considered to exist. 
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Figure 12. Distribution coefficient of silver as a function of oxygen partial pressure and wt% Al2O3+CaO in slag at 
1300 °C. Trend lines in the right figure indicates to oxygen partial pressures: 10-7 atm (∙∙∙∙), 10-6 atm (—) and 10-5 
atm (---). The black trend lines are drawn for IS slags including alumina (IS, IS+A and ISA) and blue ones for 
lime-containing slags (IS+AC and ISA+C). 
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Figures 13-15 represent the distribution coefficients of gold, palladium and platinum as a func-
tion of oxygen partial pressure. The slag concentrations were calculated in some cases, espe-
cially at low 2, only from few measured concentration values out of 8–10 taken analysis spots 
(rest were zeros i.e. below the detection limit). Clearly distinguishable signals (CPS) in TRA-
spectrums for gold and palladium were only noticed with the samples carried out in the exper-
imental condition 2 10-5 atm. Thus, -6 2, L  for Au and Pd should be considered 
more as the limiting (minimum) distribution coefficients. Trend lines for pure iron-silicate 
slags at silica-saturation (IS) are drawn to the figures in order to emphasise their position com-
pared to alumina and lime-containing slags. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 13. Distribution coefficient of gold between copper alloy and slags as a function of oxygen partial pressure 
and wt% of Al2O3+CaO in slag at 1300 °C. In the left figure, the trend line is drawn for the pure iron-silicate slag at 
silica-saturation (IS). In the right figure, closed symbols refer to oxygen partial pressure of 10-5 atm (---) and open 
symbols to 10-6 atm (—). 
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The distribution coefficient of gold (Figure 13) was at minimum 105, indicating that in all pro-
cess conditions the chemical of gold in slag is extremely small (in maximum ~45 ppb), and 
thus gold can be very efficiently recovered in copper. Results also indicate that alumina and 
lime additions increased further the distribution coefficient at 2 10-5 atm and 10-6 atm, ex-
cept at Al-Fe spinel-saturation and 2 10-5 atm, the coefficients remain lower than at the sil-
ica-saturation with the alumina and alumina-lime containing slags. In the oxidising condi-
tions, the slopes varied between 0.5–1 indicating from AuO to AuO2 oxide forms in slags. 
 
Palladium concentrations in slags were re-calculated using a correction formula described in 
Publication V. The distribution coefficient of palladium was at minimum 4x104, and increased 
with decreasing oxygen partial pressure, see Figure 14. Thus, also palladium distributed greatly 
in copper and can be recovered efficiently in copper phase and further via electric refining and 
anode slime treatment. The distribution coefficient of palladium seemed to increase as basic 
or amphoteric oxides were added to the slags, improving further recovery possibilities of pal-
ladium in copper. 
 

 

Figure 14. Distribution coefficient of palladium as a function of oxygen partial pressure at 1300 °C. Trend line was  
drawn for pure iron-silicate slag at silica-saturation (IS). 

The distribution coefficient of platinum (Figure 15) presents limiting coefficient throughout 
the entire experimental window, L  being at minimum 105. Contrary to other precious met-
als, the distribution coefficient between copper and pure iron-silicate slag at silica-saturation 
was the highest and basic/amphoteric oxide addition seemed to have a decreasing influence 
on the distribution coefficient. 
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Figure 15.  Distribution coefficient of platinum as a function of oxygen partial pressure at 1300 °C. Trend line is 
drawn for pure iron-silicate slags at silica-saturation (IS). 

4.2.1 Flash smelting versus black copper smelting 

Figures 16 and 17 show the distribution coefficient of precious metals in flash smelting condi-
tions (L ) and black copper smelting/converting conditions (L ), respectively.  The target 
matte grades 55–75 wt% Cu corresponded to oxygen partial pressure range of 10-8.4–10-7.3 atm. 
The precious metals were noticed to replace copper in the matte matrix, and thus lowered the 
matte grade approximately 5 % from the targeted ones. 
 

 

Figure 16. Distribution coefficients of precious metals between matte and slag as a function of matte grade at 1250-
1350 °C.   
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Figure 17. Distribution coefficients of precious metals between copper and ISA+C slag as a function of oxygen 
partial pressure at 1300 °C. Au, Pd and Pt concentrations in slags are measured with LA-ICP-MS spot size of 155 
μm and Ag with spot size of 40 μm.  

The distribution coefficients of Au, Pd and Pt in matte-slag system exhibited different trends 
compared to previous investigation by Henao l. [84] and the presented metal-slag results 
here: the distribution coefficients, L , increased as the matte grade increased. This can be 
explained by the properties of the matte, as described in Publication I. The temperature de-
pendencies of the distribution coefficients L  were generally relatively small, but it seems that 
low temperature favours distribution of the precious metals into the matte phase (see Publica-
tion I). The distribution coefficients of Au, Pd and Pt were approximately thousandfold in cop-
per-slag system when compared to matte-slag system. Thus, as a recycling process of precious 
metals, black copper smelting or converting performs better compared to flash smelting pro-
cess. Nevertheless, the precious metals were distributed and recovered very efficiently in cop-
per matte and metallic copper in all process conditions investigated. The determined distribu-
tion coefficient values are significantly higher than previously presented in metallurgical liter-
ature for matte-slag [70, 84] and copper-slag [84–86] systems. Couple of very recent studies 
for Au, Pd and Pt [88, 89] employing the same experimental and analytical techniques had 
results close to the findings presented here. 
 
Also silver distributed greatly, L>10, in the copper matte and metallic copper. The distribution 
coefficients of silver were in the same range in both investigated systems (matte-slag and cop-
per-slag). Silver evaporated increasingly as temperature was increased in matte-slag study, and 
notable evaporation was also noticed in the silica-saturated copper-slag system. Silver vapori-
sation has shown in couple of industrial studies [90, 91] providing support for the evaporation 
phenomena. The presented silver distribution coefficients are relatively close to the results ob-
tained in previous studies [76, 88, 92, 93]. 

4.3 Behaviour of high-tech metals in smelting processes 

High-tech metals Ga, Ge, In and Sn were investigated in wide oxygen partial pressure range 
from oxidising 10-5 to reducing 10-10 atm conditions at typical secondary copper smelting and 
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converting temperature of 1300 °C. The following diagrams are collected and presented in di-
verse manners in order to evaluate the behaviour and recovery possibilities from multiple di-
rections. Tin concentration in copper and slag as a function of oxygen partial pressure is pre-
sented in Figure 18. Similarly to silver, more tin was evaporated in the experiments executed 
in silica crucibles, especially at high oxygen partial pressures. Tin is know to be vaporised easily 
in copper smelting conditions and its vapour pressures have been investigated to some extent 
[94–96]. 

 

Figure 18. Tin concentrations in copper and slags as a function of oxygen partial pressure at 1300 °C. 

The distribution coefficient of tin with the uncertainties as a function of oxygen partial pressure 
and wt% Al2O3+CaO in slag are presented parallel in Figure 19. The distribution coefficients at 
Al-Fe spinel-saturation were calculated from EPMA results, whereas at silica-saturation em-
ploying EPMA results for copper and LA-ICP-MS for slags. 

  
 
 
 
 
 
 
 
 
 
 

 

Figure 19. Tin distribution coefficient as a function of pO2 (left) and wt% Al2O3+CaO in slag (right) at 1300 °C. 
Closed symbols ( , ,▲) refer to the silica-saturated samples, whereas open ones ( ,Δ) refer to the Al-Fe spinel-
saturated samples. 
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The distribution coefficient of tin was highly dependent on the partial pressure of oxygen; at 
<10-7 atm tin distributed more in the copper alloy, whereas at >10-6 atm more in the slag. Es-
pecially at highly reducing conditions tin can be relatively efficiently recovered in copper (L  

 100). As shown in Figure 19, alumina addition did not influence the distribution coefficient 
of tin, but instead lime improved the recovery in copper. Most of the slopes in the plot (Figure 
19 left side) indicated to di-valent oxide, SnO in slag, although in the reducing conditions at Al-
Fe spinel-saturation, the slopes were closer to 0.75, thus, indicating to SnO1.5 (Sn3+) form. Cou-
ple of studies have suggested higher valence SnO2 at >10-8 atm oxygen partial pressure [97, 
98]. In general, tin distribution coefficient results are in the same range as shown in most of 
the previous investigations and they suggested predominantly SnO oxide form in slag [97, 99–
101]. 
 
The behaviour of indium was similar to tin, as shown in Figures 20 and 21. Indium concentra-
tions in copper and slags as a function of oxygen partial pressure are presented in Figure 20, 
and the distribution coefficient of indium with uncertainties as a function of oxygen partial 
pressure and wt% of Al2O3+CaO in slag in Figure 21. Indium was also vaporised more from the 
silica crucibles than from the alumina ones. Indium is categorized volatile chalcophile element 
[102], and its vaporisation into dusts is recognized in copper smelting [103–105]. 
 

 

Figure 20. Indium concentrations in copper and slag as a function of oxygen partial pressure at 1300 °C. 

The distribution coefficient of indium was highly dependent on the partial pressure of oxygen; 
-7 atm indium was equally distributed between copper and slag or slightly more in slag, 

depending on the slag composition. Similarly as with the case of tin, alumina did not influence 
the distribution coefficient of indium whereas lime slightly increased it, i.e. improved the re-
coveries in copper. Distribution coefficient of indium is close to the ones measured by Anindya 

 [106]. The slopes of the plot (Figure 21 left side) indicate di- and/or tri-valent oxide forms 
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of indium (InO, InO1.5). At Al-Fe spinel-saturation, the slope may refer to change in oxidation 
form similarly as with tin. Previous investigations [106–108] in copper and lead smelting con-
ditions suggest oxidation forms of InO and InO1.5. 

The distribution coefficient of gallium with the uncertainties as a function of oxygen partial 
pressure is presented in Figure 22. Gallium concentrations in copper were below the detection 
limit of EPMA above 2 10-8 atm, causing the notable uncertainties visible in Figure 22. Gal-
lium was also dissolved to great extent in to the formed Al-Fe spinel phase (see Publication 
III). Ga concentration in Al-Fe spinel was high between 1–2 wt% and compared to concentra-
tions in slags ~0.5 wt%, the distribution coefficients of L  were 3–4. 

 

 

Figure 22. Gallium distribution coefficient as a function of oxygen partial pressure at 1300 °C. 

The slag composition did not visibly influence the distribution coefficient of gallium. The slope 
of the plot in reducing conditions was close to 0.75 indicating strongly on the tri-valent oxide 
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Figure 21. Indium distribution coefficient as a function of pO2 (left) and wt% Al2O3+CaO in slag (right) at 1300 °C.
Closed symbols ( , ,▲) refer to the silica-saturated samples, whereas open ones ( ,Δ) refer to the Al-Fe spinel-
saturated samples. 
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(Ga3+) form, GaO1.5. Similarly when examining the gallium oxide dissolution form in Al-Fe spi-
nel phase, GaO1.5 was determined from the slopes. In geological literature [109, 110], the dis-
tribution coefficient results between Ni-Fe alloys and silicate glasses fit surprisingly well to 
L  results here and suggest as well GaO1.5 form in glass/slag [109, 110]. 
 
Germanium concentrations in slags with their standard deviations are presented in Figure 23. 
These results are based on LA-ICP-MS analyses, as the concentrations in slags were mainly 
below the detection limit of EPMA (excluding the ISA and ISA+C slags). The concentrations of 
germanium in copper at silica-saturation were below the detection limit of EPMA, whereas at 
Al-Fe spinel-saturation the values were between 600–1200 ppmw, providing distribution co-
efficients in the range of 1–1000. Overall, germanium was vaporised almost entirely in all con-
ditions investigated, and it should be recovered from the flue dust and/or fume. The vaporising 
nature of germanium is acknowledged also in geology and industry [111, 112]. 
 

 

Figure 23. Germanium concentration in slags as a function of oxygen partial pressure at 1300 °C. 

4.4 Metal vaporisation and dissolution in refractory lining 

Some estimations on the vaporisation of the minor elements can be done from the measured 
concentration results of condensed phases, as were done for Ag, In, Sn and Ge. Nevertheless, 
precise vaporisation percentages would need comprehensive mass balance calculations, which 
are not possible to execute without large number of assumptions (e.g. phase masses) when 
employing this experimental-analytical technique. Moreover, in general, the vaporisations of 
elements are highly dependent on the used process technology, whereas the distribution coef-
ficients between condensed phases are independent on the used technology. Our results and 
industrial data has shown vaporisation tendencies of multiple precious and high-tech metals, 
and there even exist old patents for recovering Ga, Ge and In employing their vaporisation 
nature [113–115]. In a smelting process, minor elements can also dissolve in the refractory lin-
ings wherefrom they should be recovered. According to this study, high-tech metals (especially 
Ga) had tendencies to dissolve in the Al-Fe spinel. The dissolutions of minor elements in more 
typical copper smelting refractory material, magnesia-chrome, should be investigated. 
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5. Conclusions 

Precious and high-tech metal equilibria in primary and secondary copper smelting conditions 
were investigated employing advanced equilibration-rapid quenching technique followed by 
direct phase analyses with EPMA and highly sensitive LA-ICP-MS. The industrial conditions 
were reproduced in flash smelting conditions at temperature range 1250–1350 °C and matte 
grade 55-75 wt% ( 2 10-8.4–10-7.3 atm) and in secondary copper smelting/converting condi-
tions at 1300 °C and 2 10-10–10-5 atm. Moreover, the influence of slag composition, addition 
of alumina and lime into the iron silicate slag, on the minor element distribution coefficients 
L  were evaluated. This thesis approached the recoveries and behaviour of minor elements 
mainly from the measured concentrations and calculated distribution coefficients in con-
densed phases.   
 
The use of LA-ICP-MS enabled  measurements of minor elements even below 1 ppbw 
concentrations in slags. This can be seen as big leap in minor element research and analysis of 
metallurgical samples, providing more accurate distribution coefficients based on true concen-
trations dissolved in each phase. The distribution coefficients of precious metals - Au, Pd and 
Pt - were shown to have higher distribution coefficients, L  >102 and L  >104 in all condi-
tions, than previously shown in the literature. Thus, their recoveries via copper smelting pro-
cesses in matte/copper is even more efficient than previously thought, and the process devel-
opment should focus on phase separation and settling to decrease mechanical entrainment of 
copper/matte droplets in slags. Silver distribution coefficient was highly dependent on the ox-
ygen partial pressure, although it always distributed more in copper/matte, in oxidising/con-
verting conditions minimum L  was ~10 and in reducing/slag cleaning conditions ~103. 
Basic and amphoteric oxide additives in iron-silicate slags mainly increased the distribution 
coefficients of precious metals, improving the recovery possibilities further. However, some 
exceptions were noticed for silver and platinum. Recoveries of Au, Pd and Pt into copper phase 
under secondary copper smelting and converting conditions were more efficient than recover-
ies in copper sulphide matte under flash smelting conditions.  
 
High-tech metals had a different type of behaviour in the investigated black copper smelt-
ing/converting conditions between each other and when compared to precious metal behav-
iour. Distribution coefficients of indium and tin were greatly dependent on the oxygen partial 
pressure, where in reducing conditions L  increased up to 60 and 100, respectively, and in 
oxidising conditions decreased down to 0.02 and 0.2, respectively. Lime addition increased 
the distribution coefficients, whereas alumina seemed not to have an influence on the distri-
bution coefficients. Tin was also noticed to evaporate greatly, especially at high oxygen partial 
pressures. Gallium distributed mostly in the slag, at highest the distribution coefficient was 0.6 
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in reducing conditions. Gallium was also dissolved greatly in Al-Fe spinel, indicating interac-
tions with the present Al-Fe spinel phase. Germanium was noticed to evaporate almost entirely 
in the investigated secondary copper smelting process conditions. Vaporisation tendencies ex-
ist for all high-tech metals investigated, but in process environment vaporisation is highly de-
pendent on the used technology. According to our distribution (L ) results indium, gallium 
and tin should be recovered from the converting slags.  
 
The experimental data obtained during this thesis work is highly valuable for science and in-
dustry. The presented data (minor element and overall phase compositions) should be further 
employed in the development of existing databases of different modelling and simulation pro-
grams, as well as used for evaluating the efficiency and correct process parameters of industrial 
smelting operations. This research project has started broader investigation direction, in the 
field of thermodynamic properties of minor elements in smelting conditions, at the research 
group of Metallurgical Thermodynamics and Modelling in 2014. The experimental and analyt-
ical technique employed have been shown to be applicable in multiple smelting conditions, and 
a systematic studying of multiple equilibrium systems and minor elements in different non-
ferrous processing conditions, including copper [88, 116, 117], nickel [68, 75] and doré smelt-
ing [118, 119], have been conducted during and parallel to this thesis. 
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