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1. Introduction 

Increasing environmental and societal pressures in recent years has called for more responsi-
ble processing of end-of-life (EoL) waste electrical and electronic equipment (WEEE). To 
achieve the aim of a sustainable future and circular economy, development of technology to 
recycle and dispose of e-waste efficiently is urgently required. Waste printed circuit boards 
(WPCB) are one of the main components of WEEE, accounting for 40% of total metal recovery 
value, and due to their high content of key resources, especially precious metals, they have 
nowadays become important urban resources. Multiple methods and perspectives have to be 
applied in materials selection and recovery of this high-value secondary raw material. 
    Recently, numerous theoretical and practical studies have been investigating the most pref-
erable way to recycle WPCBs, including pyrolysis, electrochemical processes, bio-hydrometal-
lurgy and supercritical fluid technology etc. Among these, pyrometallurgical processing is the 
most widely used traditional recycling method for WPCBs. Pyrometallurgical processes, which 
are in the middle of a transition phase, have long played a major role in the production of met-
als from pure and constant raw materials to an increasingly complex raw material base. Con-
sidering the high copper content (20%) in WPCBs, they are treated as a potential secondary 
source in copper smelting processes and have now been implemented industrially. 
    The composition of WPCBs is rather complex and challenging to deal with. On the one hand, 
besides the major metals (Fe, Cu, Al, Zn etc.), WPCBs are rich in the precious metal elements 
(Au, Ag, Pt, Pd etc.) and also contain the rare earth elements (Nd, La etc.), as well as other 
valuable elements (In, Sn, Ge, Te etc.), holding a high monetary value. For example, only 10 kg 
of PCB scrap containing 500 ppm gold can replace 1000 kg primary ore having 5 ppm gold. On 
the other hand, WPCBs will bring with them many trace elements (such as As, Sb, Bi etc.) that 
may accumulate in the metallurgical processes and deteriorate the quality of the product met-
als. Additionally, hazardous materials, especially Non-metallic fractions (NMFs), and the most 
commonly used PCB substrate, brominated flame retardant, blended epoxy resin substrate 
(BERS), will also cause toxic emissions, if not managed and removed in a controlled manner.  

To obtain the optimal process parameters for WPCB smelting and valuable metals recovery, 
the thermodynamic and kinetic behaviour of these elements and their reaction mechanisms 
during the copper smelting process must be known. From the thermodynamic aspect, different 
elements have their own thermodynamic properties and will have a certain tendency to dis-
tribute between the matte, slag and gas/dust phase. Plenty of research has already been con-
ducted to find thermodynamic data on how these elements change in equilibrium conditions 
and the phase compositions in the processes. However, the chemical kinetics of the reactions 
and distribution behaviour of these elements in the processes, which reveal the time needed 
for the equilibrium state and the progress of the process, remained unclear. Both the thermo-
dynamic and kinetic data of these elements are important for optimizing the recovery process, 
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and the kinetic data is the novelty of this thesis. Furthermore, these data can be utilized to 
formulate user-defined sub-models, complementing CFD models to simulate flash smelting 
processes more precisely. 

1.1 Objective of the thesis 

In this thesis, the time-dependent distribution behaviour of WPCBs and their precious and 
impurity elements during copper flash smelting were investigated experimentally. Only a very 
limited number of studies are available that deal with WPCBs in the copper flash smelting pro-
cess, and no kinetic data were found from the literature concerning the kinetic behaviour of 
WPCBs in said process. Transient reactions in molten metals and slags are also a very chal-
lenging topic. In this thesis, the main objectives are to investigate experimentally, the following 
on laboratory scale and under flash smelting process conditions  

1.The basic matte-slag reactions mechanism and reaction kinetics of base metal elements. 
2.The time-dependent behaviour of real WPCB scrap, including physical and chemical be-

haviour. 
3.The reaction kinetics and time-dependent behaviour of impurity elements As, Sb and Bi 

between matte and FeOx-SiO2 slag. 
4.The time-dependent behaviour of precious metals Au, Ag, Pt and Pd between matte and 

FeOx-SiO2 slag. 
All the experimental conditions were set at a typical smelting temperature range of 1300 °C-

1350 °C in both air and argon atmospheres. Considering the short reaction times in our exper-
iments, air was choosen to simulate the reaction shaft, while the argon atmosphere was used 
for the reactions between matte and slag in the settler, where the oxygen partial pressure was 
low, typically around 10-8 to 10-7 atm at the slag-metal interface. 

1.2 New scientific contribution 

Transient reaction phenomena in molten metals and slags are a very challenging topic due to 
the high temperature involved. This study provides novel kinetic data on the behaviour of 
WPCBs and the distribution of their impurity and precious metal elements in the copper flash 
smelting process. The lab-scale macro- and micro-behaviour of WPCBs was investigated ex-
perimentally and kinetic data of its major and important elements were obtained for the first 
time with the high temperature furnace-quenching-direct phase analysis techniques employed. 
In addition to SEM-EDS and EPMA analyses, the highly sensitive LA-ICP-MS technique was 
also successfully utilized to measure precious elements in the metallurgical slag phase. 

1.3 Practical application  

Copper matte smelting is a traditional and efficient process that can be used to recycle valuable 
metals from WEEE, both from the economic and environmental perspectives. Even though it 
has already been applied industrially, the existing research and experimental data are far from 
sufficient to complete the theoretical study in this field, especially regarding the aspect of ki-
netic data in the process.  The need for a higher degree of automation, due to Industry 4.0 
requirements, makes it necessary to develop more accurate digital models to predict industrial 
process phenomena. On the one hand, it is important to deeply understand the behaviour of 
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WEEE recovery in copper flash smelting through the microstructure results from lab-scale ex-
periments. On the other hand, there is a growing need for real-time models that can predict 
and react to process conditions in order to have adjustable, flexible and eco-efficient processes 
that maximize yield, and minimize emissions and waste streams. The results of this thesis pro-
vide information for both industry and academic scientists about macro- to micro-phenomena, 
on the basis of highly accurate detection techniques. These experimental kinetic data are also 
necessary in databases to develop real-time models and provide a more precise simulation re-
garding WEEE recycling in the copper flash smelting process. 

1.4 Thesis outline 

The thesis consists of the compendium and four publications in peer-reviewed scientific jour-
nals. The compendium is constructed as follows: the first chapter is the introduction, and the 
second chapter introduces the research background. The third chapter presents the methods 
employed for experiments and analyses, and the fourth describes the main results with discus-
sions. The final conclusion chapter sums up the results and findings from this series of labor-
atory-scale experiments. 
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2. Background 

2.1 WEEE as a secondary resource 

With the rapid development of technology, electrical and electronic equipment (EEE) is one of 
the fastest growing business areas and plays an irreplaceable role in modern society. Concur-
rently, the increase of wealth, technological innovation and market expansion are accelerating 
the replacement of outdated EEE, and these obsolete items will become waste and cause envi-
ronmental challenges. WEEE, e-waste and e-scrap are often used interchangeably as common 
terms for EEE waste. However, in each area or nation, WEEE is described differently, by means 
of inclusive lists and legal definitions. Among them, the most widely accepted definition for 
WEEE is derived from the EU directive [1]: “Electrical or electronic equipment which is waste 
including all components, sub-assemblies and consumables, which are part of the product at 
the time of discarding”. 

The global generation of WEEE has accelerated swiftly during the recent past and the mo-
mentum seems to be increasing; in the past decade or so, the amount of global WEEE increased 
by 8.8% (2004–2011) and 17.6% (2011–2016) [2, 3]. In 2019, the global generation of e-waste 
was 53.6 Mt and is projected to grow to 74.7 Mt by 2030 and to 120 Mt by 2050, with an ex-
plosive growth rate [4-7]. However, the recycling rate of WEEE is poor and is lagging behind 
the waste amount that produced. The statistics show that only 17.4% of global total e-waste 
was suitably treated and recycled in 2019, and there were immense differences between differ-
ent regions: the recycling rate was 42.5% in Europe but only 0.9% in Africa [5]. Thus, govern-
ments and companies are all facing political, economic and technological challenges to achieve 
the objective of handling the huge amount and high potential value of WEEE as a secondary 
resource. 

The diverse range of materials found in WEEE makes it difficult to give an accurate material 
composition. In most studies, an average rough composition was composed of the following: 
60-70% metals (including 55- 65% ferrous metals and 30-35% non-ferrous metals), 5% glass, 
15-20% plastic and 5-20% other materials [4, 8-10]. Metals clearly account for the majority of 
WEEE, making the recycling of metals from WEEE economically attractive and valuable. 
Among the different components in WEEE, WPCBs (waste printed circuit boards) are an im-
portant resource that has drawn attention for its high recyclable economic value. Although only 
accounting for 3-10 wt.% of global WEEE [11], WPCBs contain a huge amount of valuable and 
critical metals, especially precious metals (PMs, PGMs); their content in WPCBs is much 
higher than in their primary minerals. A typical PCB consists of 30% plastics, 30% ceramics 
and a total of 40% metals, including copper (20%), iron (8%), tin (4%), nickel (2%), lead (2%), 
zinc (1%), antimony (1%), silver (0.2%), gold (0.1%) and other metals [12-14]. Due to the 
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increasing amount of WPCBs and their high economic benefits, they have nowadays become 
an important part of secondary resources and urban mining. 

2.2 Strategies of WPCB recycling 

A common recycling chain for e-waste includes the following four consecutive steps: collection 
and sorting, pretreatment (dismantling, size reduction for liberation, granulometric classifica-
tion), preprocessing (separation, upgrading, extraction) and end-processing (purification and 
refining) [15, 16]. Depending on the process and technology applied in recycling [17], the gen-
eral classifications for the recycling strategies of WPCBs can be summarized as mechanical or 
chemical, thermal or nonthermal, pyrometallurgical or hydrometallurgical, traditional or ad-
vanced, and indirect or direct methods.  

With increasing attention to environmental protection, stricter legislation has been created 
to reduce the toxic emissions (mainly heavy metals, chlorinated and brominated substances) 
released during WPCB recycling processes. Subsequently, some old recycling methods, such as 
landfilling and uncontrolled incineration, which convert the calorific value of WPCBs into en-
ergy and directly emit gases, have been gradually replaced by several new strategies. Recently, 
many research studies have been carried out in the following main directions to increase e-
waste recycling: physical or mechanical separation processes (gravity-magnetic-electrostatic) 
[18-24], hydrometallurgical processes [25-30], bio-based extraction processes (bioleaching + 
biosorption) [31-35], supercritical fluid processes [36-38], electrochemical processes [39-41], 
pyrometallurgical processes [3, 42-45], vacuum metallurgical processes [46-48] and several 
other novel technologies [49-51]. 

Of the methods mentioned above, pyrometallurgical processing is emerging as an economic, 
easy to adapt and efficient route for recycling WPCBs, especially for recovering precious metals 
[52, 53]. A traditional technology, pyrometallurgy relates to the use of incineration, a blast 
furnace, or converter smelting, a refining furnace, and other means to remove non-metallic 
materials in the circuit board; then the metal is enriched and collected for further processing. 
Nowadays, many research studies have applied lab-scale tests in different pyrometallurgical 
methods at different temperatures and atmospheres including advanced-controlled incinera-
tion, pyrolysis [54], molten slag [55], plasma [56], molten salt [3] and thermochemical pro-
cesses such as carbothermic and chlorination reactions [43], with the aim of optimizing valu-
able metal recycling, residual heat recovery, and eliminating environmental pollution during 
these high-temperature recycling processes. 

Smelting, integrated with converting and refining processes, has been the most widely indus-
trially utilized technology for recycling valuable metals from e-waste for years. Copper and lead 
smelters have been used successfully as e-waste recyclers for the recovery of copper, lead, zinc, 
and especially for PMs and some other critical metals. Usually, the concentration of a metal in 
WPCBs is about four orders of magnitude higher in comparison with its primary ore.  A com-
prehensive comparison is shown in Table 1. 

As mentioned above, both copper and lead smelters have been utilized industrially to recover 
valuable metals from e-waste. However, for WPCB scraps, the copper smelting process is the 
most dominant way to treat them. Besides considering the high copper content in these WPCB 
scraps, copper smelters produce fewer toxic fumes with corresponding fume treatment devices, 
which makes the recycling process more environmentally and socially acceptable. Further-
more, the metal recovery ratio, especially for PMs, makes the recovery rate in copper smelting, 
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when operated in conjunction with a subsequent converting and electronic refining process, 
much higher than with other methods. Lastly, feeding these WPCBs together with the primary 
concentrate into copper smelters can save on recycling costs, as not many new devices need to 
be added to the existing production equipment. 

Table 1. Concentration comparison between WPCBs and their primary ores [43, 57]. 

Metal Element 
symbol 

Average content 
in primary ore (wt. %) 

Average content 
in WPCBs (wt. %) 

Prices 
(US $ /tonne) a 

Copper Cu 0.5 15-35 7937 
Iron Fe 30 5-10 408 

Aluminium Al 30 2-6 2008 
Zinc Zn 4 1-5 2637 

Nickel Ni 1 0.1-2.5 17954 
Lead Pb 4 0.3-5 2031 
Tin Sn 0.5 1.5-8 23985 

Antimony Sb 3 0.2-1.8 8300 
Indium In 0.001 0.02–0.04 86000 
Gold Au 0.0001 0.002–0.03 58257153 
Silver Ag 0.01 0.03–0.3 866302 

Palladium Pd 0.0001 0.001–0.02 74525431 
a. The metal price data are from London Metal Exchange (LME) official prices for cash seller and settlement on the 4th of February 
2021. 

    Many companies, such as Metso Outotec in Finland [45], Boliden in Sweden [58], Umicore 
in Belgium [59], Dowa in Japan [60], Noranda in Canada [61] and Aurubis in Germany [43], 
have already employed the copper smelting process in their integrated industrial systems to 
recover various metals from WPCBs. It can be concluded that copper smelting is the most 
important process of all these integrated methods, as this process has been applied for years 
with pure ores. However, more impurity elements will increasingly be entering the smelting 
process, causing a demand for scientific investigations concerning their behaviour in the 
processes. Moreover, recycling of valuable metals, especially PMs from WPCBs, will start from 
the copper smelting process. In that case, more lab-scale studies should be carried out to 
understand this process more deeply and theoretically in order to optimize the industrial 
operations. 

2.2.1 Precious elements (Au, Ag, Pt, Pd) 

Precious metals are those elements that are scarce in the earth’s crust (ppm level or less) and 
have high economic value; the most traditional precious metals include gold, silver, palladium 
and platinum [62]. Due to the characteristics of high electrical conductivity, chemical stability 
and corrosion resistance, they are also increasingly being used in many electronic applications, 
especially for high precision instruments and devices. 

The total amount of these precious metals is limited, and usually the grade in the ores is quite 
low, in that a lot of gangue has to be removed or processed. These metals are often side prod-
ucts in base metals production. The current estimate of the world’s remaining gold is around 
51000 metric tons in mines; approximately 190000 tons of gold has been mined since 1950 
and the high-grade ores are gradually becoming depleted [63]. Gold mine production in 2017 
was approximately 3269 tons and around 265 tons (8%) of gold was used in electronics man-
ufacture [64]. In 2019, the global silver reserves were 560000 metric tons, the total demand 
for silver was 28117 metric tons and the demand from industrial manufacturing was 14484 
million metric tons (51.5%) [65, 66]. The platinum group of metals, including palladium and 
platinum, have similar physical and chemical characteristics, and the demand in electronic 
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industries in 2019 was 6.8 metric tons of platinum (3.1%) and 22.4 metric tons of palladium 
(7.3%) [67, 68]. 

With the more mature and developed trend towards electronic devices, more precious metals 
will be employed, especially in some specific electronic devices. As mentioned in Table 1, for 
precious metals, the average concentration in waste electrical and electronic equipment is 
about two to four orders of magnitude higher than that in the primary ores. Typical precious 
ores contain on average approximately 5-10 g of precious metals per ton of mined ore [10]. Due 
to the poor content in the primary ores and the stable characteristics of precious metals, the 
mining and production processes of these metals are complex, and are normally not only en-
ergy-consuming, but also produce significant amounts of wastewater, carbon dioxide and sul-
phur dioxide [69]. The depletion of the limited precious metal ores, high recycling economic 
value and environment pollution restrictions combine to create demand for strategies and 
methods for recovering precious metals from e-waste. 

2.2.2 Impurity elements (As, Sb, Bi) 

As high-grade mineral deposits become exhausted, the WPCBs fed to copper smelting will con-
tain increasing amounts of minor elements [70]. One inevitable group of elements existing in 
e-waste recycling through the copper production line are the impurity elements arsenic, anti-
mony and bismuth.  

The addition of these impurities from WPCBs will have a detrimental effect on the quality of 
the final copper produced. Typically, copper anodes with a purity of 98.5-99.5% Cu are elec-
trolytically refined to produce cathodes with a purity of >99.997% Cu [71]. During the electro-
lytic refining process, the impurity elements As, Sb and Bi usually dissolve extensively in the 
electrolyte under conditions where copper is electrochemically dissolved. They will easily build 
up excessively in the electrolyte and contaminate the cathodes, affecting anode passivation and 
cathode quality. 

Furthermore, As, Sb and Bi are often regarded as toxic and even carcinogenic elements which 
are harmful to occupational hygiene and the environment [72]; these impurity elements with 
similar chemistry and toxicity naturally occur together [73]. Recently, pollution has become a 
serious issue, existing mainly in metal mining and production processes. From both the eco-
nomic and environmental perspectives, it is essential to collect these impurity elements 
properly to reduce their content to below the international standard level in the e-waste recy-
cling process through copper production. 

In most smelters, dusts and vaporized materials are recycled to the smelting furnace, and 
the only true outlet from the smelting furnace is slag [74]. Therefore, the distribution behav-
iour of these impurity elements between matte and slag in the copper smelting process is sig-
nificant and has important implications for their collection and elimination before the electro-
lytic refining stage. To improve the efficiency of this process and treat these harmful impurity 
elements properly, more studies are needed to complete the theoretical basis as well as its in-
dustrial application. 

2.3 Copper production line to recycle WPCBs 

 

Feeding end-of-life WPCBs into different steps of the primary copper production process is 
now an attractive option in industry for recycling valuable metals. A copper production layout 
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with primary ores and WPCBs is compared in Table 2, indicating that WPCBs have a superior 
copper content which makes them a decent secondary copper resource. In the traditional cop-
per production process, chalcopyrite (CuFeS2), bornite (CuFeS4) and chalcocite (Cu2S) are the 
most common minerals for copper extraction. Flotation or other enrichment processes for pre-
treatment can help these low-copper content ores increase the copper concentration to satisfy 
the requirements for smelting. Due to the high copper concentration in WPCBs, these materi-
als can be directly fed to smelters together with copper concentrate and flux. Copper smelting 
is the dominating route for e-waste recycling where PMs are collected in the matte. After smelt-
ing, the matte grade can reach 35-70 wt.% and the majority of PMs deport to the matte phase. 
Then the matte is processed in a converter with oxygen; Zn, Pb, Sn for example are oxidized in 
the slag phase and blister copper is produced with a high copper content of approx. 98-99 wt.%. 
The process of fire-refining and casting of blister copper into anodes helps to remove dissolved 
gases and some metallic impurities. In the final electrolytic refining process, pure copper (Cu% 
>99.99) is yielded and the PMs and impurity elements are separated and collected in slimes, 
from which they will be further processed [75]. The aim of final electrolytic refining is to pro-
duce cathodes with a maximum of 65 ppm of metallic impurities (LME A-grade). The main 
procedures used to recover PMs and remove excess impurities are anode slime treatment and 
electrolyte purification. 
    However, before being fed into the smelter, the e-waste is pre-treated, including dismantling 
and shredding, and ground to liberate the components. A typical simplified copper smelting 
flow is shown in Figure 1. After magnetic, electrostatic and gravity separation processes, the 
ferrous metals, non-metallic fractions and aluminum are first physically separated, and then 
the non-ferrous metals fraction are fed with copper concentrate into the copper smelter to re-
cover the valuable metals. More comparative details of the copper grade between primary cop-
per ore and WPCBs during the subsequent converting and electrolytic refining processes are 
shown in Table 2. 

 

Figure 1. Simplified flowsheet for e-waste recycling process based on copper smelting line [76]. 
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Table 2. A comparison of copper smelting production layout for ores and WPCBs [17]. 

Producing Process Primary copper ore WPCBs 
Primary average grade 0.5–1.0% Cu 7.0–27.0% Cu 

Size reduction with without or with 
Enrichment Flotation (20.0–30.0% Cu) without upgrading 

Drying/roasting Oxidized Cu without roasting 
Copper smelting Cu mat (35.0–70.0% Cu) Cu mat (35.0–70.0% Cu) 

Copper conversion Blister Cu (99% Cu) Blister Cu (99% Cu) 
Fire refining Anode Cu (99.5% Cu) Anode Cu (99.5% Cu) 

Electro refining Cathode Cu (99.99% Cu) Cathode Cu (99.99% Cu) 
Casting Final product Final product 

2.3.1 Copper flash smelting process 

The copper matte smelting process is a critical part of the pyrometallurgical route for copper 
production. Beneficiation of primary copper ores produces concentrates consisting mostly of 
sulphide minerals and gangue. During the smelting process, the concentrate with flux (silica) 
and air or oxygen-rich air are fed into the furnace, at a typical smelting temperature of 1200-
1350 °C; two immiscible liquid phases of copper matte and iron-silicate slag will form based 
on the following reaction (1):  

Cu-Fe-S(s)+O2(g)+SiO2→(Cu2S-FeS) (l)matte+(FeOx-SiO2) (l)slag+SO2(g)             (1) 

During the smelting process, silica flux is often added to produce stable iron-silicate with the 
purpose of decreasing the activity of FeO, as too much FeO dissolution will not only influence 
the matte grade but also generate magnetite, which alters the slag fluidity and triggers difficul-
ties for the following separation process between the matte and slag phases [77]. Basic fluxes 
such as SiO2, CaO and MgO are often added to the system to break the silicate network poly-
mers and improve the slag viscosity to achieve better separation [78]. In such a case, different 
slag systems are formed, for example, FeOx-SiO2, FeOx-SiO2-CaO, FeOx-SiO2-MgO, FeOx-SiO2-
Al2O3, SiO2-FeOx-CaO-MgO and SiO2-FeOx-Al2O3-MgO-CaO. The most widely used type of slag 
during the smelting process is fayalite slag (FeOx-SiO2) in matte making, and ferrous calcium 
silicate slag (CaO-FeOx) in continuous converting [79]. 

According to the different production processes employed, the copper smelting process can 
be mainly classified into the following types: flash smelting and bath smelting [71]. Of these, 
flash smelting is the dominant technology, accounting for about 43% of global copper produc-
tion [80] and with the potential capacity to deal with a large amount of WEEE. Since the in-
troduction of the first Outokumpu Flash Smelting process in 1949, many academic and indus-
trial research groups have contributed to the increased understanding as well as continuous 
development of this process [81]. A schematic of FSF is shown in Figure 2 [82]. Five major 
features are included in the FSF: a concentrate burner where raw materials are fed, a reaction 
shaft where most of the reactions between oxygen and feed concentrate occur, a settler for the 
separation of matte and slag, water-cooled copper block tapholes for removing matte and slag, 
and an uptake used for SO2 gas removal. 

Recent studies on the reaction mechanisms in the FSF have mainly focused on the reaction 
shaft part, fluid dynamics and oxidation of the sulphide particles. Lab-scale experimental stud-
ies have been carried out to study the gas (oxygen) - solid (concentrate) reactions in the reac-
tion shaft using laminar flow and drop-tube furnaces [83-86]. Industrial and semi-industrial 
research work concentrating on the reaction shaft has also been carried out [87, 88]. Based on 
the micro-structure analyses of particles, a fragmentation mechanism of sulphidic particle has 
been proposed and modified [85, 87, 89, 90].  Studies related to the mechanism of the reaction 
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shaft have been widely applied during the past decades [91]. However, for the settler below the 
reaction shaft, where the generation and separation of the sulphide matte and iron silicate slag 
occur, only a few studies have been carried out. Some studies have been conducted in the settler 
about the physical phenomenon and the parameters that influence copper loss, such as droplet 
diameter, slag viscosity, position of the tapping hole, tapping rate etc. [92-94]. Only a few stud-
ies have been conducted to study the chemical reaction process during the settling process. 
 

 

Figure 2. Schematic of a typical flash smelting furnace [82]. 

Fundamentally, the chemical reactions in the FSF settler are in fact reactions between the 
matte and slag phase. For the purpose of efficiently recycling valuable metals by feeding 
WPCBs into the settler, more studies and experimental data on both the thermodynamic and 
kinetic aspects are needed to fully understand these reaction mechanisms and also the behav-
iour of the minor elements between the matte and slag phases. Subsequently, it will be theo-
retically possible to optimize the operating parameters in the industrial WPCB recycling pro-
cess based on copper smelting technology. 

2.3.2 Thermodynamics in matte-slag reaction and minor element distribution 

Thermodynamics is usually used to describe the equilibrium of a system. These data are cru-
cially important in optimizing and controlling the feed mixture preparation and operating pa-
rameters in a copper smelting process. Figure 3 a [95] is a phase diagram for the Fe-O-S-SiO2 
system at 1200 °C, with the addition of SiO2; the molten oxysulphide phase tends to separate 
into two immiscible phases, the sulfide-rich liquid is known as matte and the Fe-O-SiO2 liquid 
is the slag phase. In Figure 3 b [96], in the Cu-Fe-S system, the FeS can be fully miscible with 
Cu2S as a liquid at high temperatures above 1200 °C, and then forms the matte phase. In this 
case, the matte and slag phases are immiscible and can be separated by gravity. This is the 
thermodynamic basis of matte-slag phase formation process. 
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Figure 3. a. Simplified partial phase diagram for the Fe-O-S-SiO2 system showing liquid-liquid (slag-matte) immis-
cibility caused by SiO2 [71]; b. Liquidus line for Cu-Fe-S mattes as represented by the CuS-FeS quasi-binary [71]. 

During the smelting process, some addition of a flux such as CaO or MgO is used to improve 
the characteristics of the slag phase to achieve better matte-slag separation. Furthermore, a 
lower copper grade concentrate as well as the addition of WPCBs will inevitably introduce some 
minor elements into the Cu-Fe-S-O-SiO2-CaO-MgO matte-slag system. The equilibrium be-
haviour of these minor elements depends on their thermodynamic properties. Generally, the 
distribution reaction for a minor element M between metal/matte and slag can be described 
by the following oxidation equation [71]: 

[Me] + n/2 O2(g) = (MeOn)                                                     (2) 

    The distribution coefficient of element Me is an important thermodynamic index which de-
scribes the partition behaviour of minor elements between matte and slag phases during smelt-
ing. It can be calculated from experimental and industrial data, or from existing thermody-
namical data. The distribution coefficient is defined by the following equation (3), where [Me] 
and (Me) refer to the Me concentration in copper matte and in slag, respectively, in weight 
percentage. 

Lm/s (Me) = [Me]matte / (Me)slag                                                  (3) 

The distribution coefficient is independent of the system dimensions, which means it has no 
relation with external conditions like the utilized process technology, system scale and the con-
centration of minor elements. Only the system itself (matte grade, slag composition and fur-
nace atmosphere) can influence the distribution coefficient. In this case, it can be regarded as 
an appropriate tool to predict the behaviour of minor elements in specific smelting conditions, 
for the purpose of adjusting the industrial operating parameters and more efficient recovery of 
the valuable metals. 

Minor elements in primary copper smelting mainly include precious elements, impurity el-
ements and high-technology elements such as REEs. Steinhauser et al. [97] used a thermody-
namical calculation method to estimate the approximate thermodynamic distributions of mi-
nor elements Al, Ti, Ag, Au, Pt, Sb, As, Bi, Pb and Zn in a typical flash smelting process with a 
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matte grade of 55%. His group also pointed out that the distribution coefficients are correlated 
with furnace temperatures, matte grades and smelting processes. Shuva et al. [55] also re-
viewed the distribution coefficients of valuable elements (Sn, Ag, In, Se, Te, Pt, Pd, Au, Rh, Pb, 
Co, As, Bi, Sb) relevant to e-waste processing through primary and secondary copper produc-
tion from industrial or experimental data, and collected and compared other thermodynamic 
data of minor elements in copper smelting/converting processes. Tan et al. [98] and Wang et 
al. [99] built and used thermodynamical computer models to simulate the equilibrium distri-
bution coefficients of minor elements in copper smelting processes (Ni, Co, Sn, Pb, Zn, As, Sb, 
Bi, Au, Ag). 

Many studies have been conducted on the precious metals Au, Ag, Pt and Pd, and their dis-
tributions in the copper smelting process from thermodynamic aspects. Recent studies have 
concentrated on lab-scale experiments with accurate control of the experimental variables and 
more advanced analysis technologies for the samples. The distributions of Au and Ag between 
copper matte and FeOx-SiO2 slag at a smelting temperature of 1200 °C were studied experi-
mentally by Shishin et al. [100], showing that the distribution coefficient of Au and Ag is related 
to the matte grade. Avarmaa et al. [101] investigated the distributions of Au, Ag, Pt and Pd at 
various temperatures and matte grades using the LA-ICP-MS technique in iron silicate slags 
for the first time; distribution coefficients were accurately calculated using the experimental 
data and they described  tendencies that differed from a previous study [102]. Min et al. [103] 
conducted an experiment on the precious metals distribution between target grade matte and 
a different slag system, in comparison with previous studies on the slag system of FeOx-CaO 
[104], FeOx-SiO2 [105], FeOx-SiO2-MgO [106] and SiO2-CaO-FeOx-MgO [107]; the factors that 
may influence the distribution coefficients of precious metals between matte and slag have 
been reviewed and compared in different equilibrium systems [108]. 

For the impurity elements As, Sb and Bi, there have also been various studies, mainly on 
their thermodynamic distribution data. Itagaki et al. [109] used basic thermodynamic param-
eters and calculated the distribution coefficients of As between copper matte and slag. The es-
timated distribution data were well aligned with the real industry data. Chaubal et al. [110] 
developed and used mathematical models to predict the behaviour of As, Sb and Bi in the flash 
smelting process; different slag systems including silica slag and lime slag were taken into con-
sideration in this model.  Wang et al. [111] developed software named SKSSIM to simulate the 
distribution behaviour of these impurity elements based on thermodynamic considerations 
which has been used to optimize real industrial operations at the Dongying smelter in China. 
On the other hand, several studies [97, 112-114] have investigated the distribution coefficients 
based on the analysis data from industrial smelting samples, but the results varied because of 
the differences between each smelting process. These studies provided the references for the 
distribution of impurity elements in various smelting processes. Besides this thermodynamic 
modeling work, some data have also been collected from lab-scale experimental results [115]. 

2.3.3 Kinetics in matte-slag reaction and CFD models 

Kinetics is normally used to describe the process advancement and rate in which a system ap-
proaches equilibrium. Two main impacts must be taken into consideration in a kinetic study: 
the physical transport behaviour of the reactants and the chemical reactions. Combining pre-
vious studies, the process of matte smelting can be divided into chalcopyrite oxidation and 
matte-slag phase formation processes in the FSF, where gas diffusion is considered as the main 
rate limiting step. The main reactions have been described in the previous literature [116-119]. 
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During the past decades, most of the studies on the copper flash smelting process have been 
focused on the gas-solid or gas-droplet reactions and fragmentation phenomena that occur in 
the reaction shaft of the FSF [83-91]. However, studies on the reactions between the two mol-
ten phases (matte-slag system) are scarce. More studies are needed to fully understand the 
reactions and also the minor element distribution phenomena as a function of time in the set-
tler of an FSF. This will help improve the adaptability of industrial operations and establish 
more accurate CFD models to simulate and predict the copper smelting process with the feed 
of more complex secondary materials, like WPCBs. 

Commercial CFD software has been used for modelling the FSF since the early 1990s. The 
simulation initially concentrated on the physical phenomena in the reaction shaft [120] and 
the waste heat boiler [121]. Later, advanced models including chemical reactions of sulphide 
particles (gas-solid reactions) were developed and conducted on both the FSF and FCF reaction 
shaft [122-125]. Additionally, many studies have been carried out to optimize the concentrate 
burner design of the FSF [126, 127], as well as the operational parameters [128]. For the settler 
part of the FSF, most CFD simulation studies were applied with the focus on improving the 
matte droplet physical settling and separation behaviour with the slag phase [93, 94, 129], but 
these simulations were conducted under the premise of a steady-state system, and chemical 
reactions were not considered in these models. 

With the aim of more accurately simulating the flash smelting process and developing more 
advanced models, the chemical reactions between matte and slag phases (liquid-liquid reac-
tion) in the settler need to be taken into consideration, especially in transient cases. With the 
development of computing power, commercial CFD software has user-defined functions 
(UDF) which can be used for adding details of the chemical and physical phenomena to metal-
lurgical processes. Thus, more experimental data are needed to define and complete the UDF. 
For the FSF settler, the reaction sequence and kinetic data between the matte and slag phases 
are also indispensable for building more advanced models.  

Moreover, with the depletion of the primary ores, the feed mixtures to the smelting processes 
are more complex.  Feeding WPCBs together with the concentrates to the flash smelting pro-
cess will bring more variables to the system. As a critical tool to simulate and predict the real 
time metal-lurgical processes, CFD models need to use UDFs that contain more details of 
WPCBs and minor element behaviour during the flash smelting process. Although a lot of ther-
modynamic data were collected experimentally, kinetic data of the flash smelting process are 
rare, especially in the settler. With advanced models, CFD can be used to predict many cases 
in the FSF settler, and combined with the previously built advanced models of the reaction 
shaft, the whole flash smelting process can be predicted. This is in line with the development 
tendency of Industry 4.0, where industrial visualization and artificial intelligence can be pur-
sued further in the future.
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3. Experimental section 

In this chapter, the experimental materials, apparatus, procedures and analysis methods will 
be described in detail. Lab-scale experiments were designed and conducted to track the time-
dependent behaviour of WPCBs and their minor elements in the copper flash smelting process. 
Advanced technologies were applied to analyse the samples. Publications І-Ⅳ also present de-
tails of the methods for each experiment. 

3.1 Materials 

3.1.1 Copper concentrate 

Two batches of copper concentrate were used in this study. The first batch of chalcopyrite cop-
per concentrate powder with the addition of real WPCB pieces (Publications І-Ⅱ) was provided 
by Outotec Research Center in Pori, Finland, and its chemical composition is given in Table 3. 
The second batch of concentrate was provided by Boliden Harjavalta, Finland, and its chemical 
composition is shown in Table 4. and with a lower content of minor elements, this batch of 
concentrate was used in the experiments with the addition of pure minor elements (Publica-
tions Ⅲ-Ⅳ). Chemical analyses of the first concentrate were done by using ICP-OES (induc-
tively coupled plasma atomic emission spectroscopy) + titration (Cu) or ICP-MS (inductively 
coupled plasma mass spectrometry) (Ni, As, Cd, Sb, Pb, Bi). Sulphur was analysed by a com-
bustion method, and Au and Ag by fire assay. The rest of the elements were analysed by ICP-
OES. The second batch of copper concentrate was analysed by X-ray fluorescence (XRF) spec-
trometry (Malvern Panalytical B.V., Almelo, the Netherlands). Depending on the analysed el-
ements, an XRF voltage of 25, 50 or 60 kV, and corresponding current of 160, 80 or 66 mA 
were set for this analysis. 

Table 3. Chemical composition of the first sulphide concentrate (wt.%). 

Cu Fe Zn Mo Mn Si Co Ni As Sb 
27.0 27.2 0.18 0.27 0.008 3.69 0.014 <0.005 <0.005 <0.005 

S K Na Mg Al Ca Bi Pb Ag Au 
29.8 0.29 0.15 0.17 0.78 0.3 <0.005 <0.05 71ppm 2.24ppm 

Table 4. Chemical composition of the second sulphide concentrate (wt.%). 

Cu Fe S Zn Ca Cr Pb SiO2 Ag Au 
29.2 27.1 34.5 4.3 0.07 0.01 0.1 2.5 205 ppm 4 ppm 
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3.1.2 Slag 

An iron oxide-silica slag was prepared from hematite powder (Alfa Aesar, 99.99 wt.% purity 
Fe2O3, -5 μm) and silica powder (Umicore, 99.99 wt.% purity SiO2, -40 mesh). The two powders 
were first mixed with a mass ratio of 65 wt.% Fe2O3 and 35 wt.% SiO2. After grinding, the pow-
der mixture was heated in a furnace at 1300 °C for 8 hours in air to obtain a homogeneous 
mixture of solid iron oxide and silica grains (the XRD results of the prepared iron oxide-silica 
slag are shown in Figure 4 a). After mixing with the chalcopyrite concentrate at a high temper-
ature of 1300 °C, FeOX-SiO2 molten slag was formed with the addition of iron from the chalco-
pyrite. The phase diagrams calculated by MTDATA software with the Mtox database [130] are 
shown in Figure 4 b. 

The synthetic slag was a mixture of hematite, silica and metallic iron (Alfa Aesar, 99.5% pu-
rity) with mass ratios of 50% Fe2O3, 30% SiO2 and 20% Fe, respectively. Synthetic slag was 
used in Publication Ⅱ where no chalcopyrite concentrate was added into the system. As shown 
in the phase diagrams in Figure 4 c [130], metallic iron was added to form a FeOX-SiO2 molten 
slag system and the SiO2 concentrate was kept at around 30% at the experimental temperature 
of 1350 °C for the purpose of forming molten slag in the pure Fe2O3-SiO2 system. In other ex-
periments with the addition of chalcopyrite concentrate, the iron oxide-silica slag was used. 
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Figure 4. a) XRD patterns of slag powder prepared at 1300 °C in a total pressure of 0.21 atm O2 (g) (air atmos-
phere).  b) Ternary phase diagram of the FeO-Fe2O3-SiO2 system in a total pressure of 0.21 atm O2 (g) at 1300 °C; 
c) Binary phase diagram of the Fe3O4-SiO2 system in a fixed O2 (g) pressure of 10-7 atm. 

3.1.3 WPCB pieces 

The pieces of WPCB were cut from a disassembled mobile phone motherboard. They were 
firstly disassembled, and the top components A were removed (shown in Figure 5 a), leaving 
only the WPCB board. Then the pieces were crushed and cut into small pieces with a size of 
approximately 5 mm x 5 mm x 1 mm (as shown in Figure 5 b and 6 a). However, these pieces 
are not homogenous enough and they were firstly used to study the basic physical and smelting 
phenomenons of WPCBs in flash smelting process, pure powders of single elements were used 
to simulate these elements in WPCBs in the later experiments about the distribution ratios. 
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Figure 5. WPCB from mobile phone motherboard (a) and its crushed small pieces (b). 

As a reference experiment, a “synthetic PCB” was made of Cu-Ni-Al pieces; the pieces of cop-
per-nickel alloy (33% copper and 67% nickel) were wrapped in aluminium foil, and these ref-
erence pieces were cut into 5 mm x 5 mm x 1 mm sizes as well (shown in Figure 6 b). 

 

Figure 6. Crushed PCB piece (a) and synthetic PCB pieces (b). 

3.1.4 Minor elements 

Pure Sb2S3, As2S3 and Bi2S3 powders (Alfa Aesar, Kandel, Germany, 99.999%) were used as 
sources of impurity elements in Publication Ⅲ. Pure Ag, Au, Pt and Pd powders (Alfa Aesar, 
Kandel, Germany,  99.9% purity) were used as sources of precious metal elements in Publi-
cationⅣ. 

3.2 Apparatus  

The experimental apparatus used is shown in Figure 7. It consisted of a vertical tube furnace 
(Lenton LTF 16/450) equipped with four silicon carbide (SiC) heating elements. On top of the 
furnace, a water-cooled metallic flange was fitted to the alumina working tube with holes for 
gas inlet, thermocouple and Pt wires for sample suspension. Two tubes were connected to the 
flange: an alumina working tube with 35 mm I.D. (Friatec AL23, Germany) and a smaller alu-
mina tube for holding the sample crucible (22 mm I.D.), which was inside the working tube. 
The temperature was controlled with a Eurotherm 3216 PID controller. The temperature in the 
hot zone of the furnace was constantly monitored using a calibrated S-type Pt/Pt-10Rh ther-
mocouple (Johnson-Matthey Noble Metals, UK). The EMF of the thermocouple was measured 
and logged using a Keithley 2000 DMM multimeter (Keithley, USA). 
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A PT100 resistance thermometer (SKS-Group, Finland) was connected to the Keithley 2010 
DMM multimeter for cold junction compensation. Temperature data were logged with Lab-
VIEW software. A cone-shaped quartz crucible (Finnish Special Glass, Finland) was used for 
holding the slag-forming material and the sulphide concentrate. The diameter of the quartz 
crucible was slightly larger than the diameter of the inner tube. Thus, further upward move-
ment of the crucible was limited, placing it precisely in the hot zone when the crucible was 
lifted from the bottom of the working tube where it was initially placed. An ice-water mixture 
was used as a quenching medium at the lower end of the working tube, to cool the samples 
quickly. For the experiments in argon atmosphere, the working tube was sealed at the bottom and 
an argon flow rate of 400-500 mL/min (AgA Linde, 99.999% purity) was set and controlled with a 
rotameter (Aalborg 052-01-SA, USA). 

 

Figure 7. Experimental device and detailed design of the isothermal zone. 

3.3 Procedures 

Before the experiments, the temperature inside the working tube of the furnace was measured 
(shown in Figure 8) and the region with the highest constant temperature was defined as the 
hot zone. The temperature was set at a constant of 1300 °C or 1350 °C during these experi-
ments, and the samples were accurately lifted up into the hot zone. 
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Figure 8. Furnace hot zone temperature measurement curve. 

During the experiments in air atmosphere, the crucible containing the sample was quickly 
lifted up with the Pt suspension wire. The contact time started once the sample had reached 
the hot zone, and after a precise time interval the reactions were stopped by dropping the sam-
ple into the ice water in the quenching vessel. For the experiments in argon atmosphere, after 
introducing the crucible assembly into the cold zone of the furnace and sealing the lower end 
of the furnace work tube, the argon gas flow was turned on and 15 minutes were given to fill 
the tube to exclude oxygen. Then the crucible was lifted up into the hot zone with the Pt sus-
pension wire. When the experiments were nearly completed, the bottom plug of the furnace 
was opened carefully while keeping it immersed in the ice water, then the same quenching 
process was repeated. 

Several series of experiments were conducted in this study in both air and argon atmos-
pheres. For the experiments in Publication Ⅱ, to study the physical settling behaviour in the 
slag phase, synthetic slag alone was added and pre-smelted for 5 mins, then the WPCB and 
synthetic WPCB pieces were dropped into the crucible from the top of the furnace through an 
alumina inner tube. In the other experiments described in this thesis, the ratio of iron oxide-
silica slag to concentrate was set to 1.116 to ensure the system had a Fe/SiO2 flux ratio of 1.87 
(w/w), which corresponds well to practice in industrial operations [131]. Then different mate-
rials including WPCB pieces, impurity elements and precious elements were added to the 
matte-slag system. The powder mixtures, except for the WCPB pieces, were well ground to be 
homogeneous before each experiment; the mixture details for each experiment are shown in 
Table 5 and Figure 9 (the sizes of the mixture powder particles were measured with a Malvern 
Mastersizer 3000 laser particle size analyser).  

After specific time intervals, the reactions were stopped by dropping the sample into the 
quenching vessel, to ensure that the phase composition of the smelting samples was preserved 
and analysed. Every experiment was repeated at least twice, and more than 8 points or areas 
were analysed in the matte and slag phases of the quenched sample to ensure the reproduci-
bility and reliability of the results. 
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Table 5. Details of experimental mixture in each experiment. 

Experi-
ment 

Concen-
trate Slag Concen-

trate/slag 
Tempera-

ture 
Atmos-
phere Additive 

series (g) (g)  (°C)   

P І 0.236 0.264 1.116 1300 °C Air or 
Argon Null 

P Ⅱ 0 1.000 0 1350 °C Air or 
Argon 

WPCBs or synthetic WPCBs 
(0.2g) 

P [132] 0.236 0.264 1.116 1300 °C Air or 
Argon WPCBs (0.2g) 

P Ⅲ 0.473 0.527 1.116 1300 °C Air or  
Argon As or Sb or Bi (5%) 1# 

P Ⅳ 0.236 0.264 1.116 1300 °C Air or  
Argon Ag, Au, Pt and Pd (2.5%) 2# 

1#. The weight of each impurity element As, Sb and Bi in the sample was 5 wt.% of the amount of copper concentrate. Pure 
Sb2S3, As2S3 and Bi2S3 powders were used as sources of impurity elements in the experiments. The weights of sulphide powders 
were calculated correspondingly, and more details are shown in Publication Ⅲ. 
2#. The weight of each precious element Au, Ag, Pt and Pd in the sample was 2.5 wt.% of the amount of copper concentrate. 
Pure Ag, Au, Pt and Pd powders were used as sources of precious metals in the experiments. 

 

Figure 9. Particle size distribution of the ground mixture powder. 

3.4 Analyses 

The quenched samples were mounted in epoxy resin, polished by standard wet methods, 
coated with carbon and prepared with basic metallographic methods. Firstly, they were ana-
lysed with a Mira 3 scanning electron microscope, SEM (Tescan, Brno, Czech Republic) 
equipped with an UltraDry silicon drift energy dispersive X-ray spectrometer, EDS (Thermo 
Fisher Scientific, Waltham, MA, USA) coupled to NSS microanalysis software (Thermo Fisher 
Scientific, Waltham, MA, USA). The Astimex standards (Astimex, Ontario, Canada) were used 
in the EDS analysis to guarantee the precision of the basic element contents in the samples. 

In Publications Ⅲ and Ⅳ, due to the detection limits of EDS and more precise detection 
requirements for the target minor elements, electron probe micro-analysis (EPMA) and laser 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS, Nu Instruments Ltd., 
Wrexham, UK) analysis methods were utilized. The chemical composition of the matte and 
slag phases were both investigated by EPMA in Publication Ⅲ, while in Publication Ⅳ LA-ICP-
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MS was used for the slag phase analysis due to the very low concentrations of the PM elements. 
All of the EPMA and LA-ICP-MS analyses were carried out at the Geological Survey of Finland. 

The EPMA used in this work for analysis was a Cameca SX100 electron microprobe equipped 
with five wavelength dispersive spectrometers (Cameca SAS, Gennevilliers, France). The se-
lected accelerating voltage was 20 kV, beam current 60 nA and beam diameter 100 μm. The 
analysed lines and standards (Astimex) used were as follows: Fe Kα and O Kα (hematite), Mg 
Kα (diopside), S Kα (pentlandite), Cu Kα (Cu), Zn Kα (sphalerite), Pb Lα (galena), Pd Lα (Pd), 
Ag Lα (Ag), Pt Lα (Pt) Au Lα (Au), As Lα (As), Sb Lα (Sb) and Bi Lα (Bi).   

The LA-ICP-MS used for analysis was a Photon Machines Analyte Excite laser ablation sys-
tem with a 193 nm wavelength 4 ns ArF excimer laser (Teledyne CETAC Technologies, Omaha, 
USA) coupled to a NuAttoM single collector sector field ICP-MS (Nu Instruments Ltd., Wrex-
ham, UK). The laser spot size of 65 μm was selected for the air experiments, and 40 μm for the 
argon samples due to the very limited size of the slag areas available. The LA-ICP-MS is a rel-
atively new analytical technology for metallurgical samples employed for presenting results of 
minor element concentrations in slags of copper smelting processes. More detailed parameter 
settings can be found in the publications of the Metallurgy Research Group at Aalto University 
Department of Chemical Engineering and Metallurgy [10, 133]. The detection limits of EPMA 
and LA-ICP-MS obtained in this thesis are shown in Table 6.  

For the matte and slag phases in each sample, 8-10 analysis points or areas with specific sizes 
were chosen for detection in each phase and the average chemical composition of this phase 
was calculated with standard deviation. As mentioned above, each experiment was repeated at 
least twice to ensure the reliability of the results; all the results are compared and shown in the 
next chapter. 

Table 6. EPMA and LA-ICP-MS detection limits in ppmw (parts per million by weight). 

Elements O S Fe Cu As Sb Bi Si Zn Pd Ag Pt Pb Au 
EP
MA 

100 μm 
spot 

149
9 138 221 338 763 342 2241  397 248 448 797 1274 1196 

LA-
ICP

-
MS 

65 μm 
spot        3.8 0.3 0.03 0.005 0.002 0.002 0.001 

40 μm 
spot        8.6 0.6 0.09 0.01 0.003 0.004 0.002 
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4. Results and discussion 

In this chapter the main experimental results are presented, and the kinetics of the behaviour 
of the WPCBs is described in the copper flash smelting conditions. Firstly, the results of slag-
matte forming reactions between the industrial chalcopyrite concentrate and iron oxide-silica 
slag are shown. Secondly, experiments were conducted regarding the addition of the WPCBs 
and synthetic WPCB pieces to the slag-matte system to track their physical and chemical be-
haviour in the matte and slag phases as a function of time. Finally, two crucial groups of ele-
ments in WPCBs were added separately to the matte-slag system to investigate their time-de-
pendent distributions. 

4.1 Matte-slag reactions and rate equation in copper smelting  

The experiments were carried out on concentrate and slag at a typical smelting temperature of 
1300 °C in both air and argon atmospheres to identify the matte- and slag-forming processes 
and reaction mechanisms at a slag/concentrate ratio of 1.116. The chemical concentrations in 
the developing matte and slag phases as a function of contact time in air are presented in Figure 
10, and micrographs of selected samples are shown in Figure 11. The matte grade increased 
continuously, whereas its iron concentration was reduced. After 300 s, the matte grade reached 
a level of around 70 wt.% Cu, resembling white metal (Cu2S). Only small variations could be 
seen in the other element concentrations in the slag. The copper content of the slag increased 
slowly and steadily with increasing time (Figure 10 b) up to about 300 s, which clearly indicated 
copper transfer to the slag phase through oxidation of cuprous sulphide to copper oxide. 

          

Figure 10. Chemical assays of sulphide matte (a) and iron silicate slag (b) as a function of time in air. 
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As can be seen, the chalcopyrite reacted swiftly and a molten matte phase was clearly ob-
served in the samples after 10 seconds of contact time (Figure 11 a). A limited fraction of molten 
slag formed at 20 seconds of contact time (Figure 11 b) while solid magnetite and silica were 
dominant. At 20 s, the iron concentration was at the level of almost 60 wt.% in the slag phase 
(Figure 10 b) and then decreased with increasing time. Thus, it can be assumed that the slag 
formation process had started. With an increase in time, molten fayalite slag gradually formed 
and later separated from the sulphide matte, resulting in a clear silicate-sulphide interface 
(Figure 11 b-d). Copper veins (Figure 11 d) were observed in the samples after 300 s, associated 
with the enrichment of the sulphide matte beyond the Cu2S composition, towards copper-rich 
and sulphur-deficient mattes.  

       
                                     (a) t=10 s                                                                        (b) t=20 s 

       
                                     (c) t=60 s                                                                        (d) t=300 s 

Figure 11. Micrograph of selected samples treated in air after different reaction times, showing matte (A), fayalite 
slag (B), magnetite (C), silica (D) and a Cu-rich vein (E) in the matte. 

The phase compositions as a function of time in argon atmosphere are shown in Figure 12 
and the micrographs are shown in Figure 13. With increasing reaction time, copper content in 
the matte increased slowly while the iron and sulphur concentrations decreased. The reactions 
were practically completed after 20 min, which is in line with the literature observations [134]. 
The final matte grades achieved in these conditions were not as high as those in the experi-
ments conducted in air. The copper concentration in the molten slag did not vary with an in-
crease in reaction time. As shown in Figure 13 a, the matte and slag phases were already formed 
after 5 minutes, but the fraction of molten iron silicate slag found at that point was small. After 
10 minutes of reaction time, the molten matte and slag phases were clearly separated, as shown 
in the micrographs (Figure 13 b). 
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Figure 12. Chemical assays of matte (a) and slag (b) as a function of time in argon (wt.%). 

         
                                    (c) t=5 mins                                                                        (d) t=10 mins 

Figure 13. Micrographs of samples at different reaction times in argon atmosphere, showing matte (A), fayalite slag 
(B) and silica (C). 

From the results presented above, combining the phases and compounds found in the sam-
ples through SEM-EDS analysis, and by comparing with the previous mechanism studies [116-
119] as well as verification from thermodynamic data calculated from HSC 9.0 [135], the reac-
tion mechanism in the FSF was concluded, as summarized in Table 7 and Figure 14. Details of 
the reaction information are shown in Table 7. Figure 14 is a schematic of the reaction mecha-
nism of the copper flash smelting process. 

When the copper concentrates are introduced into the reaction shaft of the furnace, the par-
ticles heat up and ignite rapidly, releasing the reaction enthalpy to the gas phase, which makes 
continuous flash smelting possible. During the process, the thermal decomposition of the chal-
copyrite occurs first and then the decomposed products, mostly iron and sulphur, are oxidized. 
In the reaction shaft, the reacted and unreacted particles fall down into the settler, where the 
matte and slag phases continue to form and separate. With the addition of silica flux, further 
desulphurization and deironization continues. Fine sulphidic fractions oxidize further than 
coarse fractions, and cuprous oxide forms through the oxidation processes. The excessive cu-
prous oxide in the slag phase will react with matte, resulting in an increase of the matte grade 
and possible formation of metallic copper. At the same time, some particles may not react com-
pletely in the reaction shaft and their decomposition takes place in the settler area at a low 
oxygen pressure. The process proceeds further as the steps shown in process 2 of Figure 14.  
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Figure 14. Reaction mechanism of the flash smelting furnace. 

Table 7. Reaction equations and ΔGθ (kJ·mol−1) value at 1300 °C in FSF [135]. 

No. Reaction equations 
G0= A∙T+B 

KJ∙mol-1) 
G0 Tag 

  
A 

(KJ/mol∙°C) 
B 

(KJ/mol) 1300°C  

Decomposition and oxidation of chalcopyrite (mainly in the FSF reaction shaft) 
1# 5CuFeS2 = Cu5FeS4 + 2.85FeS + 1.15Fe + 3.15S -0.0653 235.68 152.07 R1 
2# S + O2(g) = SO2(g) 0.0164 -307.78 -286.52 R2 
3# 3Fe + 2O2(g) = Fe3O4 0.2985 -1007.1 -618.92 R3 
4# 3FeS + 5O2(g) = Fe3O4 + 3SO2(g) 0.3893 -1627.2 -1122.70 R4 
5# 2Cu5FeS4 + O2(g) = 5Cu2S + 2FeS + SO2(g) 0.0119 -174.48 -158.25 R5 
6# Cu2S + 1.5O2(g) = Cu2O + SO2(g) 0.1093 -362.62 -218.72 R6 
7# FeS + 1.5O2(g) = FeO + SO2(g) 0.0929 -451.21 - 330.52 R7 

Matte-slag phase formulation and separation (mainly in the FSF settler) 
8# 3Fe3O4 + FeS(matte) = 10FeO + SO2(g) -0.2393 369.42 62.95 R8 
9# Cu2S + O2(g) = 2Cu(metal) + SO2(g) 0.0394 -216.39 -165.243 R9 

10# 2Fe2O3 + S = 4FeO + SO2(g) -0.2292 197.53 -98.3866 R10 
11# 3Fe3O4 + FeS + SiO2 = 5Fe2SiO4(slag) + SO2(g) -0.088 241.46 127.2241 R11 
12# 2FeS+ 2Cu2O + SiO2 = 2Cu2S + Fe2SiO4(slag) -0.0025 -202.78 -210.745 R12 

13# 2FeS + 6Cu2O + SiO2 = 12Cu + Fe2SiO4(slag) + 
2SO2(g) -0.203 -50.613 -327.343 R13 

14# Cu2S(matte) + 2Cu2O = 6Cu + SO2(g) -0.1002 76.083 -58.2988 R14 

15# 
1.5Cu5FeS4 + 2.75S + Fe2O3 = 3.75Cu2S(matte) 

+ 3.5FeS(matte) + 1.5SO2(g) 
-0.2546 177.82 -151.521 R15 

16# Fe + 4Fe2O3 = 3Fe3O4 -0.0963 -54.514 -179.782 R16 
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17# FeS + 10Fe2O3 = 7Fe3O4 + SO2(g) -0.3598 160.55 -307.92 R17 
18# Cu2S(matte) + 2Fe2O3 = 2Cu + 4FeO + SO2(g) -0.2061 288.93 22.89162 R18 

The reactions between copper concentrates and slag in the settler are complex and multiple 
reactions occur simultaneously. Based on the experimental data in air and considering that the 
reaction rate may be limited by mass transfer, the kinetics of accumulating different elements 
in the matte phase can be described as follows: 

( )C f t                                                                        (4)                      
( ) ( )d C df t K
dt dt

                                                            (5) 

0' ( )concentrate tK k A C k C C                                                 (6) 

where C is the mass concentration of an element in the matte; Ct is the mass concentration 
of the element in the matte at time t; Co is the initial mass concentration of the element in the 
matte phase; t is time; K is the reaction rate; k’ is the mass transfer coefficient; A is the interfa-
cial contact area for the mass transfer; k is the apparent mass transfer coefficient (which incor-
porates interfacial area A).   

According to the experimental data and equations (4)- (6), the apparent mass transfer coef-
ficient k can be calculated by: 

/
( )t o

dC dtk
C C

                                                                    (7) 

The experimental data of element content in the matte phase as a function of time are shown 
in Figure 10 a and Figure 12 a. With the above equation (7), the apparent mass transfer coeffi-
cient k can be calculated in both air and argon conditions. In argon, the reactions progress 
slowly and are completed after 20 mins. Consequently, the reaction rate K was calculated only 
for the air atmosphere. 

From the experimental data of Figure 10 a and appendix, Table A1, the function ( )C t  was 

numerically fitted using exponential functions for copper, iron and sulphur in the matte phase. 
The R2 values for these were all higher than 0.99, indicating excellent fits. Thereafter, the ap-
parent mass transfer coefficients were derived using equations (5) to (7), resulting in equations 
(8) to (10) shown below. 

 

2( ) exp (8.864 0.521 0.004 )Cu t tk f C C C                                            (8) 

2( ) exp ( 6.286 0.029 0.003 )Fe t tk f C C C                                            (9) 

2( ) exp ( 2.937 0.591 0.02 )S t tk f C C C                                        (10) 

The k values for these three species in the matte phase through equations (8) to (10) were 
calculated as a function of time, then the k values were calculated as a function of their con-
centration, as shown in Figure 15, including the actual experimental data points.  The apparent 
mass transfer coefficient of Cu is higher than those of Fe and S, hence Cu is the most active 
element and S the least.  
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Figure 15. Kinetic data of different elements in matte phase as a function of concentration in the matte, Cu (a), Fe 
(b) and S (c). 

4.2 Feeding WPCBs into a copper smelting melt system 

The basic reactions in the FSF were experimentally studied and are summarized in the previous 
chapter.  The matte and slag phases separate from each other and form two layers in the settler: 
the upper layer is the slag phase, while matte will settle at the bottom due to the difference in 
density. Recently, feeding of WPCBs has been proposed either directly to the FSF settler or pre-
mixing with concentrate and flux and then feeding the mixture into the FSF reaction shaft 
[136]. In this chapter, the results of these two feeding options and the time-dependent behav-
iour of the WPCBs in the lab-scale experiments are presented.  

4.2.1 Settling of WPCBs in copper smelting slag 

Two different experimental series were conducted in argon atmosphere to simulate the FSF 
settler part. In the first series, actual PCB pieces were used, with contact times of 25, 60, 120 
and 300 seconds. In the second series, the behaviour of synthetic PCB (copper-nickel alloy 
wrapped in aluminium foil) pieces was studied with the same procedure. 

Figures 16 a-d show SEM micrographs of the samples and the structural changes of the 
WPCB pieces as a function of time in argon. From the overview of 25 seconds for the WPCB 
sample, a visible WPCB structure on top of the molten slag can be clearly observed. It can be 
concluded that 25 seconds of contact time is too short to melt the whole WPCB sample. With a 
contact time of 60 seconds, the WPCB piece had disintegrated to some extent, and the droplets 



Results and discussion 

37 

found in this sample were primarily copper mixed with minor fractions of trace metals such as 
nickel, lead and tin. However, 60 seconds was not enough to allow the copper alloy droplets to 
settle through the slag layer towards the bottom. 

After 120 seconds of melting, shown in Figure 16 c, the remainder of the WPCB structure 
with copper droplets can be found above the slag, and there are also multiple metal droplets 
inside the slag, which means that the melting and settling process has not finished. Since the 
plastic and ceramic structure of the WPCB is still visible after 120 seconds, it was most probably 
present in the 60-second sample as well; however, this is not shown in the cross-section in 
Figure 16 b. Figure 16 d shows an overview of the 300-second sample, where the WPCB struc-
ture has already entirely melted, and the small metal droplets have coalesced into larger size 
droplets. At that time, the melting process of the WPCB had finished, but the settling process 
of the metal droplets towards the bottom of the silica crucible was still ongoing. 

      
                               (a) t=25 s                                                                                 (b) t=60 s 

      
                               (c) t=120 s                                                                                 (d) t=300 s 

Figure 16. Micrographs of the WPCB samples at different melting times. The letters indicate metal droplets from 
the WPCB (A), unreacted iron from the slag mixture (B), liquid slag (C) and silica crucible (D). 

Micrographs of the synthetic PCB samples are shown in Figures 17 a-d. After 25 seconds, the 
synthetic sample remains on top of the molten slag and has melted more thoroughly than the 
WPCB sample at the same time. A large metal alloy droplet has already started to mix with the 
slag phase. After longer contact times, from 60 to 300 seconds, basically no further changes 
had taken place, but the molten and almost undivided metal droplet settled through the slag 
without considerable mixing into the slag or disintegration. Without the ceramic and plastic 
fraction of the WPCB samples, the synthetic PCB melted much faster and remained as one 
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metal lump settling through the slag. In the WPCB samples, the metallic fractions were scat-
tered throughout the plastic-ceramic support structure of the circuit board. Therefore, a larger 
metal droplet would most likely form only when all the individual droplets have settled through 
the slag layer to the bottom of the crucible. 

         
                                   (a) t=25 s                                                                               (b) t=60 s 

         
                                   (c) t=120 s                                                                               (d) t=300 s 

Figure 17. Micrographs of the synthetic PCB specimens after different melting times. The letters indicate alloy 
droplets from PCB (A), unreacted iron from the slag mixture (B), liquid slag (C) and silica crucible (D). 

During the melting of a WPCB, the complex material layers and their different properties 
make the melting process very non-uniform. Copper layers and lead-tin solders melt almost 
instantaneously, while the ceramic structures and plastic parts take more time to melt, which 
increases the total melting time. Furthermore, pyrolysis of plastics is also a factor influencing 
the melting behaviour. The ceramic fraction will dissolve into the slag phase, whereas the plas-
tic fraction was not found in the EDS analyses. Some black, charred residue was observed in 
the quenching vessel when the gas seal was opened for quenching, which suggests that the 
plastic fraction had pyrolysed and exited into the gas phase during the process. 

4.2.2 Chemical behaviour of WPCBs in a matte-slag system 

In this chapter, results are presented from experiments regarding the chemical behaviour of 
WPCBs in the matte-slag system at a typical smelting temperature of 1300 °C in both air and 
argon atmospheres. Each sample weight was 0.7 g, including a 0.2 g PCB piece and 0.5 g of 
copper concentrate-slag mixture powder (slag/concentrate=1.116). The contact times were 10, 
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20, 30, 60, 150 and 300 seconds for air and 5, 10, 20 and 40 mins for argon, respectively, to 
obtain the time-dependent information on WPCBs in the matte-slag system. 

Figure 18 shows the summary for the PCB in air atmosphere. After 10 s of contact time, a 
matte phase can be clearly observed in the sample, which indicates that the chalcopyrite re-
acted very quickly. With the increase in time (after 20 s), the fayalite slag phase was gradually 
formed and then separated from the matte phase. The metal droplets were mostly found within 
the matte phase; some single-element droplets such as Pb droplets were also seen and coa-
lesced into bigger droplets while travelling downwards together with the matte. After 60 s, 
small PCB droplets were arbitrarily dispersed throughout the matte and kept a relatively stable 
composition of Cu (40 wt.%), Sn (30 wt.%), Ni (15 wt.%), Fe (10 wt.%) and Pb (< 5 wt.%). An 
equivalent composition was also found for all the small PCB droplets. In the matte phase, after 
150 seconds or more contact time, the droplets contained small concentrations of PMs, which 
are attracted to heterogeneous alloys like these. At a contact time of 300 seconds, circular PCB 
droplets were dispersed throughout the matte phase. Large droplets were found at that time 
and the matte grade was over 50%, which may have had an effect on PCB dispersion. 

 

Figure 18. The time-dependent behaviour of PCB pieces during flash smelting process in air atmosphere. 

Figure 19 illustrates results on the progress of the formation of phases and PCB droplets as a 
function of time in argon. After 5 minutes of contact time, the concentrate matte and PCB dis-
persion had progressed extensively. Matte, slag and PCB droplets had already formed and sep-
arated from each other. The PCB droplet sizes varied a lot and smaller white metallic droplets 
could be found in the matte. For the larger metallic droplet, a diffusion layer indicated that the 
reaction was still progressing. After 10 mins of reaction, some metallic phases with distinct 
compositions formed separate areas together with the matte phase. After a contact time of 20 
mins, the small droplets combined into larger droplets while the composition and structure of 
the matte and metallic areas remained stable and unchanged. 
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Figure 19. The time-dependent behaviour of PCB pieces during flash smelting process in argon atmosphere. 

The average matte grade and the major element mass concentrations were calculated from 
the EDS analysis results and are shown in Figure 20. The matte grade increased continuously 
with increasing time until reaching a steady value and finally becoming stable in both air and 
argon atmospheres.  This trend is similar to the experimental results given in Chapter 4.1.  

In the air atmosphere, the matte grade increased continuously while the iron content in the 
matte reduced all the time. After 300 s, the matte grade eventually reached a stable level (at 
around 55%), which was slightly lower than the matte grade before adding the PCB material 
(around 65%). However, the matte formation reaction speed increased with the addition of 
PCB pieces: the matte grade was 45% at 30 s with PCB, which is much faster than the previous 
reacting rate (matte grade 45% after 100 s). In the argon atmosphere, the oxidizing reactions 
which are influenced by the oxygen mass content and transport efficiency were limited (due to 
the lack of oxygen). After 10 mins, the matte grade was already stable at around 45%, which is 
slightly higher than the results in the previous experiments without addition of PCB. However, 
the standard deviation of the chemical content is much higher than that in the previous exper-
iment, which indicates an uneven dissolution of copper into the matte phase, with more time 
required to reach equilibrium and a homogeneous situation. 

     

Figure 20. Chemical concentrations of matte as a function of time in air (a) and argon (b) atmosphere experiments. 

4.3 Minor element behaviour of WPCBs in a copper smelting melt system 

To investigate the kinetics of WPCBs in the matte-slag system more precisely, the elements in 
the WPCBs were separately added into the system by adding pure metals or metal sulphides in 
the same ratio. Their reaction mechanism and time-dependent behaviour was studied by the 
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same high-temperature contacting and quenching method described above. Experiments were 
carried out on the addition of two groups of elements (impurity group As, Sb Bi, and precious 
metals group Au, Ag, Pt, Pd) in this thesis. Additionally, the behaviour of some other minor 
elements in matte-slag systems reported in the literature are discussed for a comprehensive 
summary of minor element distribution in WPCBs. 

4.3.1 Time-dependent behaviour of impurity elements (Sb, As, Bi) 

In this chapter, experimental results at a temperature of 1300 °C in both air and argon atmos-
phere are presented and discussed to investigate the chemical behaviour of impurity elements 
(As, Sb, Bi) in the matte-slag system. The amount of impurity elements by weight in each ex-
periment was set as 5% of the concentrate mass. The concentrate, iron oxide silica slag and 
target impurity element powders were well mixed and ground before the experiment. Details 
of the mass compositions are shown in Table 8. Then, the same experimental process was used, 
and the samples were analysed by SEM-EDS and EPMA.  

Table 8. Mass contents of the raw materials in each experiment. 

Group Impurity 
element 

Chalcopyrite 
concentrate (g) 

Iron oxide-silica 
slag (g) 

Sulphide powders 
(g) 

A Sb 0.473 0.527 0.035 
B As 0.473 0.527 0.042 
C Bi 0.473 0.527 0.031 

The mass contents of the impurity elements in the matte and slag in the air experiments are 
shown in Figure 21. In the matte, the content of all three impurity elements decreased sharply 
and then evened out or continued to decrease slowly. The As content in the matte was clearly 
lower than that of the Sb and Bi. The same phenomenon occurred in the molten slag, but unlike 
the matte, the Bi concentration in the slag was constant and at quite a low concentration level. 

         

Figure 21. Chemical assays of impurity elements in matte (a) and slag (b) as a function of time in air (wt.%). 

Figure 22 shows the impurity concentrations of matte and slag in argon, indicating a similar 
trend in argon as that observed in air. However, the mass fraction content for all three impurity 
elements in argon was lower than in air, because the selected contact times in the argon atmos-
phere were longer. After 20 min, the impurity concentrations evened out without much fluc-
tuation, suggesting complete evaporation from the system. 
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Figure 22. Chemical assays of impurity elements in matte (a) and slag (b) as a function of time in argon (wt.%). 

In the equilibrium studies [101], the distribution coefficient of a precious metal Me between 
copper matte and slag was calculated by equation (3), as mentioned in section 2.3.2, where 
[Me] refers to the Me equilibrium concentration in the copper matte and (Me) to the equilib-
rium concentration in slag in weight percentage. In the present study, the distribution coeffi-
cients were determined to reveal the distribution coefficient values of precious metals at spe-
cific times by equation (11), where t refers to the time when the sample was quenched and the 
reactions stopped. 

Lm/s (Me)t = ([ Me]t / (Me)t)                                             (11)  

The distribution coefficients of the impurity elements between the matte and the slag phase 
during the reactions in air are shown in Figure 23. In air, the distribution ratio of Bi decreased 
first and then plateaued at around 5. For Sb and As, the ratio was below 1, except for that of Sb 
at 20 seconds. The distribution ratios of these two elements also first decreased and then sta-
bilized at a constant value. With time, all three impurity elements first transferred increasingly 
from the matte to the slag and then approached equilibrium. The distribution ratio of Bi was 
around 5 even after 500 s, indicating that Bi mainly deported to the matte phase; more Sb and 
As remained in the slag compared to the matte when the system approached equilibrium. 

   
Figure 23. Distribution coefficients of impurity elements between sulphide matte and iron silicate slag in air at 1300 
°C during matte and slag formation. 
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The distribution ratios between the matte and the slag phase in an argon atmosphere are 
shown in Figure 24. Unlike the trend in air, the distribution ratios of the impurity elements 
increased as a function of time. In the argon atmosphere, Sb, As and Bi had an increasing ten-
dency to transfer from slag to matte, and the Sb distribution ratio increased faster than that of 
the others. In summary, the impurity elements Sb, Bi and As tended to deport to the matte in 
the argon atmosphere. From the thermodynamic aspect, with lower oxygen partial in argon 
atmosphere, these impurity elements were harder to be oxidized and deported to slag phase. 

 

Figure 24. Distribution coefficients of impurity elements between sulphide matte and iron silicate slag in argon at 
1300 °C. 

4.3.2 Time-dependent behaviour of precious metals (Au, Ag, Pt, Pd) 

In this section, the precious metals distribution between slag and matte is discussed based on 
the experimental results. The precious metals (gold, silver, palladium and platinum) were 
mixed as powders in 2.5 wt.% of the amount of concentrate (details are shown in Table 9). 
Firstly, all the powders were ground together in a mortar to obtain a homogenous slag-concen-
trate-precious metal mixture, and then the experiments were initiated and stopped at specific 
times. In addition to the SEM-EDS and EPMA analyses, an LA-ICP-MS analysis was used due 
to the very low content of precious elements in the slag. 

Table 9. Mass content of the raw materials in each experiment. 

Material Chalcopyrite 
concentrate (g) 

Iron oxide-
silica 

slag (g) 

Au 
(g) 

Ag 
(g) 

Pt 
(g) 

Pd 
(g) 

total weight 
(g) 

Weight 0.2363 0.2637 0.0059 0.0059 0.0059 0.0059 0.5236 

    The concentrations of the precious metals in matte as a function of time are shown in Figure 
25. In the air atmosphere (Figure 25 a), the Au, Ag and Pd concentrations in the matte contin-
uously increased with longer contact times. However, the platinum concentration began to de-
crease after 150 seconds, which was caused by the formation of larger platinum-rich droplets 
in the matte phase. In the argon atmosphere (Figure 25 b), the precious metal concentrations 
remained relatively constant as a function of time. After the longest contact times, all of the 
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precious metal concentrations in matte were lower in argon than in the air atmosphere.  The 
concentration levels in both atmospheres were Ag > Pd > Au > Pt. 

     

Figure 25. Concentrations of precious metals in matte phase as a function of time: (a) air atmosphere, (b) argon 
atmosphere. 

The concentrations of the precious metals in slag as a function of time are shown in Figure 
26. The slag chemistry plays an important role in the elimination of impurity elements and 
recovery of precious metals in copper smelting. In the FeOx-SiO2 slag used in this study, all of 
the precious metal concentrations decreased firstly as a function of time and then stabilized at 
a certain level. The sequence of precious metal concentrations in the slag was Ag > Au > Pd > 
Pt in both air (Figure 26 a) and argon (Figure 26 b) atmospheres. However, in the air atmos-
phere, the concentrations of precious metals after reaching stable levels were higher than in 
the argon atmosphere. 

     

Figure 26. Concentrations of precious metals in FeOx-SiO2 slag as a function of time: (a) air atmosphere, (b) argon 
atmosphere. 

The logarithmic values of distribution coefficients Lm/s (Me) between matte and slag during 
the reactions in air are shown in Figure 27. All the precious metals were found to deport 
strongly to the matte phase rather than to the slag phase. With an increasing contact time, the 
distribution coefficients of Au, Ag, Pt and Pd followed a similar increasing tendency until 300 
s, after which the values stabilized. At 20 s of contact time, the average distribution coefficient 
values for Au, Ag, Pt and Pd were 80, 70, 230, 200, surging to 600, 100, 1300 and 1200 at 300 
s, respectively. During this time period, the matte grade also gradually increased. An increasing 
matte grade also helps improve the migration of precious metals into the matte phase [100]. 
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The tags a, b and c on the x-axis of Figure 27 refer to precious metals distribution results from 
equilibration studies between matte and iron-silicate slag where the temperature and matte 
grade were closest to the parameters of this work (a [101]; b [103]; c [100]). The equilibration 
times in those studies were 3 h, 4 h and 24 h, respectively. After 300-600 s, the precious metal 
distribution ratios obtained in this work agreed well with the recent equilibrium studies re-
ferred to above. Therefore, it seems that the equilibrium distribution coefficients for PMs can 
be reached in relatively short contact times. The distribution ratios of the precious metals in 
air followed the order of Pd > Pt > Au > Ag. 

 

Figure 27. Logarithmic distribution coefficients of Au, Ag, Pt and Pd between matte and FeOx-SiO2 slag as a func-
tion of time in air atmosphere. 

The distribution ratios of the precious metals in argon atmosphere are shown in Figure 28. 
The values are lower than those in air, but they still follow the same order of Pd > Pt > Au > 
Ag.  

 

Figure 28. Logarithmic distribution coefficients of Au, Ag, Pt and Pd between matte and FeOx-SiO2 slag as a func-
tion of time in argon atmosphere. 
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The matte grade was relatively constant in the argon atmosphere, but the distribution ratios 
continued to increase as a function of time. This means that sufficient time is needed for the 
precious metals to migrate to the matte phase in low oxygen partial pressures. 

In the air atmosphere, the distribution ratios stabilized after 300 seconds, while the values 
in argon were still slightly increasing until the longest contact time investigated of 40 mins. 
The average distribution ratio after 40 mins for Au, Ag, Pt and Pd was approximately 200, 90, 
710 and 750, respectively; this is somewhat lower than the results in air. 

4.3.3 Overview of the time-dependent behaviour of the WPCB minor elements 

In this section, a quantitative study of the behaviour of both impurity elements and precious 
elements is described, and their distribution coefficients Lm/s (Me) and corresponding matte 
grade are concluded as a function of time in both air and argon atmospheres. The results are 
summarized in Figure 29 as a function of time and matte grade, and these data can be used to 
build up more advanced CFD models with UDF modules, to simulate the behaviour of minor 
elements during the FS process more precisely as well as providing an optimized operations 
scheme for the industrial recovery of WPCBs through the copper smelting process.  

 

 

Figure 29. Logarithmic distribution coefficients of the impurity and precious metals between matte and FeOx-SiO2 
slag as a function of time and matte grade at 1300 °C in air atmosphere (a, b) and argon atmosphere (c, d). 

Moreover, combining the findings with other investigations in the Metallurgy Research 
group [136, 137], more minor elements (high-technology and REE elements) are discussed be-
low. Their time-dependent distribution coefficients in the matte-FeOx-SiO2 slag system are 
presented in Figure 30 together with the results of this study, depicting the distribution of mi-
nor elements in the copper smelting process as a function of time. As a summarizing 
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illustration, a schematic diagram is presented in Figure 31. Me is defined as favourably deport-
ing to matte if Lm/s(Me) >1, while it is more likely to be collected in the slag phase if Lm/s(Me) 
<1. The distribution behaviour of the minor elements of WPCBs during the copper flash smelt-
ing process is illustrated in Figure 31: the precious metals Au, Ag, Pt, Pd and high technology 
elements In, Sn, Te prefer to deport to the matte phase, whereas the REE elements La, Nd and 
the high technology element Ge are more likely to transfer to the slag phase in both air and 
argon atmospheres. For the impurity elements, As, Sb, Bi, the distribution coefficients vary 
with different atmospheres and times.  

 

 

Figure 30. Logarithmic time-dependent distribution coefficients of WPCB minor elements in a matte slag system at 
1300 °C in air (a) and argon atmosphere (b). 



Results and discussion 

48 

 

Figure 31. A schematic process of recycling WPCBs through the flash smelting process and their minor element 
distribution tendency in a matte-slag system.
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5. Conclusions 

In this study, a series of experiments were conducted to investigate the time-dependent behav-
iour of pieces of WPCB in the copper flash smelting process by employing an advanced heating-
rapid quenching technique, followed by direct phase analyses with SEM-EDS and EPMA and 
highly sensitive LA-ICP-MS detection. No previous data on the kinetic behaviour of minor el-
ements in the copper flash smelting process had been found in the literature.  

The industrial copper flash smelting process was firstly investigated in this study by smelting 
industrial copper concentrate and FeOx-SiO2 slag at 1300 °C in both air and argon atmos-
pheres. Secondly, pieces of WPCB were added to the system to track their physical and chem-
ical time-dependent behaviour in the copper smelting process. Moreover, in order to further 
study the recyclability of the WPCB in quantitative terms, two groups of WPCB elements (Ag, 
Au, Pt, Pd, and As, Sb,Bi) were separately added to the matte-slag system, and their time-de-
pendent behaviour in different phases and distribution coefficients was calculated and sum-
marized in both air and argon atmospheres. 

The fundamental matte-slag forming reactions in the FSF were concluded to be mass transfer 
controlled, and a description of the reaction mechanism and kinetic behaviour of the major 
elements (Cu, Fe, S) in the flash smelting process was proposed. The apparent mass transfer 
coefficient of Cu is higher than those of Fe and S and, hence, Cu is the most active element 
while S is the least active. Rate equations of these major elements were also concluded for the 
purpose of building up more advanced CFD models to simulate the FS process. 

The most abundant metal in the WPCB scrap was Cu, followed by the base metals Pb, Sn and 
Ni, all of which were found in the metal droplets. These metallic droplets formed from the 
WPCBs tended to settle towards the bottom and coexist with the matte phase due to the density 
difference between the metals and slag. This study also experimentally supported the addition 
of large quantities of WPCBs to the flash smelting process from a kinetic point of view; espe-
cially in relation to the behaviour of metallic elements in the matte-slag system. However, the 
ceramic and plastic fractions of WPCBs should be removed in pre-treatment because the py-
rolysis products of the plastic fraction would change the composition of the flue gas, compli-
cating the production of sulphuric acid. 

The time-dependent behaviour of the impurity elements (Sb, As, Bi) and precious elements 
(Au, Ag, Pt, Pd) in the FS process conditions was also investigated and concluded experimen-
tally. According to the results, As seems to be removed faster from the matte phase than Sb 
and Bi. This suggests that, in parallel with matte formation and increasing the matte grade, As 
will transfer to the slag or gas phase, whereas only longer reaction times will lead to the removal 
of Sb and Bi. From these distribution ratios in air, the Lm/s (Me) values decreased as a function 
of time, but the opposite tendency was found in argon, indicating that the reaction atmosphere 
affects the distribution between matte and slag. A higher oxygen partial pressure was helpful 



Conclusions 

50 

for more efficient removal of the impurity elements from matte to slag because they exist as 
oxides in the slag. The calculated distribution ratios Lm/s (Me), based on experimentally meas-
ured element concentrations, followed the order of Bi > Sb > As at each time interval in air, 
whereas the order in argon was Sb > As > Bi. 

All the precious metals (Au, Ag, Pt, Pd) also strongly preferred to deport to the matte over 
the slag phase in this kinetic study, in accordance with the reported equilibrium studies. Most 
of the precious metals appeared to migrate to the matte phase almost instantly when the mol-
ten matte and slag began to form. The precious metals approached their reported equilibrium 
distribution ratios after only 300 s contact time in air atmosphere. In the argon atmosphere, 
the distribution coefficient values continued to slightly increase until the longest contact time 
of 40 mins. The distribution ratios of the precious metals in air were higher than the results in 
argon, and their concentrations in the matte increased with a longer contact time and higher 
matte grade. The oxygen potential has an impact on the precious metal transmission rates and 
distribution ratios. The calculated distribution ratios Lm/s (Me), based on experimentally meas-
ured element concentrations, followed the order of Pd > Pt > Au > Ag at each time interval in 
both air and argon. 

Finally, the behaviour of WPCBs in the copper flash smelting process was generally con-
cluded by separating the composition into individual elements. In addition to the basic metal 
elements (Cu, Fe) in the matte and slag phases, other major elements (Ni, Pb) were found in 
the form of metal droplets. The minor elements, precious metals, i.e. Au, Ag, Pt, Pd and the 
high technology elements In, Sn and Te prefer to deport to the matte, whereas the REE ele-
ments La, Nd and high technology element Ge are more likely to transfer to the slag phase in 
both air and argon atmospheres. The kinetics of these reactions and transfers were found to be 
very fast, suggesting that short residence times may be enough to reach equilibrium state. On 
industrial scale, however, the vessel dimensions with thicker slag layers necessitate longer dif-
fusion and settling times. For the impurity elements As, Sb and Bi, their distribution coeffi-
cients vary with different reaction times and oxygen potential, and the volatile characteristics 
of these elements will extend the reaction times for reaching equilibrium status.  

In the future, more works related to this topic can be continued. Firstly, more experimental 
atmospheres with different oxygen partial pressure can be utilized in this series of experiments 
like oxygen-enriched atmosphere. Secondly, different slag types can be utilized to check the 
distribution ratios of WPCBs’ elements in copper smelting. Thirdly, well-treated homogeneous 
WPCBs can be used in these experiments instead of pure metal powders. Moreover, the gas 
phase should be considered and analyzed in future research works especially for these volatile 
elements. 
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Appendix 

Table 1. Average chemical assays of matte phase as a function of time in basic matte-slag reaction system in air 
(analysed by EDS, wt.%). 

Matte phase, Averages, Air atmosphere 
EDS, wt. % 

Time (s) S Deviation_S Fe Deviation_Fe Cu Deviation_Cu 
0 29.8 0.0 43.2 0.0 27.0 0.1 

10 28.0 0.3 39.1 2.7 28.9 2.8 
20 28.1 0.4 36.5 2.2 31.5 2.6 
30 26.9 0.7 37.7 0.3 31.1 0.7 
40 25.6 0.4 34.3 3.5 34.8 3.0 
50 24.5 2.7 30.9 1.7 38.8 1.6 
60 24.0 1.3 30.9 1.9 39.2 2.5 
100 26.0 1.2 27.9 1.5 42.8 1.4 
125 25.1 0.0 31.2 0.0 39.3 0.0 
150 25.8 1.2 23.6 2.8 47.8 2.8 
175 25.1 0.0 25.6 0.0 45.3 0.0 
200 23.6 0.0 16.0 4.3 58.1 4.3 
300 21.5 0.4 8.1 2.3 68.5 3.1 
400 21.5 0.2 5.4 0.1 71.8 0.2 
500 20.5 0.1 3.2 0.2 75.1 0.0 

 

 

Table 2. Average chemical assays of slag phase as a function of time in basic matte-slag reaction system in air 
(analysed by EDS, wt.%). 

Slag phase, Averages, Air atmosphere 
EDS, wt. % 

Time (s) O Deviation_O Si Deviation_Si Fe Deviation_Fe Cu Deviation_Cu 
10 30.9 1.1 10.6 2.0 56.6 1.9 0.5 0.7 
20 31.0 0.4 10.4 2.6 56.9 2.5 0.3 0.4 
30 31.4 0.4 14.0 1.4 51.9 0.8 0.4 0.0 
40 32.0 1.6 14.8 1.8 50.5 3.5 0.5 0.3 
50 32.6 1.2 15.4 0.3 49.9 0.1 0.3 0.4 
60 32.2 0.3 15.4 1.2 50.0 1.3 0.5 0.0 
100 33.5 0.6 14.8 0.4 50.2 0.5 0.2 0.2 
125 31.6 0.0 14.3 0.0 50.8 0.0 1.4 0.0 
150 34.6 1.2 15.7 0.0 48.3 1.4 0.7 0.1 
175 32.8 0.0 14.5 0.0 51.4 0.0 0.7 0.0 
200 34.7 2.2 15.0 1.0 49.7 2.7 0.3 0.2 
300 34.7 1.8 15.2 0.6 46.8 1.7 2.9 0.3 
400 36.1 1.1 15.1 0.1 46.0 3.3 2.6 2.4 
500 32.8 1.3 14.0 0.1 51.7 0.5 2.6 0.4 
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Table 3. Average chemical assays of matte phase as a function of time in basic matte-slag reaction system in ar-
gon (analysed by EDS, wt.%). 

Matte phase, Averages, Argon atmosphere 
EDS, wt. % 

Time (mins) S Deviation_S Fe Deviation_Fe Cu Deviation_Cu 
0 29.8 0.0 43.2 0.0 27.0 0.0 
5 25.5 1.4 38.7 0.4 30.9 0.9 
10 26.0 0.5 38.5 4.0 30.9 0.5 
20 30.0 0.1 32.0 0.2 38.0 0.1 
40 27.0 0.2 33.0 0.2 40.0 0.1 

 

Table 4. Average chemical assays of matte phase as a function of time in basic matte-slag reaction system in ar-
gon (analysed by EDS, wt.%).  

Slag phase, Averages, Argon atmosphere 
EDS, wt. % 

Time (mins) O Deviation_O Si Deviation_Si Fe Deviation_Fe Cu Deviation_Cu 
0 33.9 0.0 7.8 0.0 58.2 0.0 0.0 0.0 
5 31.9 0.0 16.9 0.3 48.1 0.7 0.7 0.0 
10 32.7 3.3 16.4 0.4 47.2 3.4 1.7 1.2 
20 32.9 1.0 17.0 0.4 47.1 0.4 1.7 1.0 
40 33.1 1.3 16.7 0.4 47.2 0.4 1.8 1.2 

 

Table 5. Average chemical assays of matte phase as a function of time in PCB-added matte-slag system in air (an-
alysed by EDS, wt.%). 

 

Table 6. Average chemical assays of matte phase as a function of time in PCB-added matte-slag system in argon 
(analysed by EDS, wt.%). 

Matte phase, Averages, Argon atmosphere 
EDS, wt. % 

Time (mins) S Deviation_S Fe Deviation_Fe Cu Deviation_Cu 
0 29.8 0.0 43.2 0.0 27.0 0.0 
5 28.3 1.4 31.8 3.5 39.9 4.9 

10 25.8 3.6 29.4 5.3 44.8 5.9 
20 25.7 1.3 27.3 1.6 47.0 1.4 
40 26.0 0.1 27.0 0.1 47.0 0.0 

 

Table 7. Average chemical assays of impurity elements (Sb, As, Bi) in matte phase as a function of time in air (an-
alysed by EPMA, wt.%). 

Matte phase, Averages, Air atmosphere 
EPMA, wt. % 

Time (s) Sb Deviation_Sb As Deviation_As Bi Deviation_Bi 
20 4.107 0.224 0.818 0.061 3.406 0.404 
30 3.046 0.583 0.518 0.060 3.103 0.254 
45 1.979 0.372 0.450 0.026 1.952 0.633 
60 2.228 0.615 0.385 0.036 0.964 0.353 
120 2.064 0.289 0.229 0.027 1.009 0.337 
180 1.959 0.382 0.149 0.021 0.648 0.139 
300 1.721 0.353 0.131 0.013 0.301 0.124 
500 0.571 0.230 0.131 0.025 0.350 0.078 

 

 

Matte phase, Averages, Air atmosphere 
EDS, wt. % 

Time (s) S Deviation_S Fe Deviation_Fe Cu Deviation_Cu 
0 29.8 0.0 43.2 0.0 27.0 0.0 

10 30.5 1.2 36.8 6.8 32.7 6.7 
20 26.9 0.8 27.8 8.5 45.4 5.2 
30 26.5 0.8 29.1 4.8 44.4 5.1 
60 26.0 0.8 28.2 5.1 45.9 5.5 
150 26.4 1.7 23.8 5.8 49.8 4.2 
300 25.5 1.5 19.9 2.3 54.7 3.8 
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Table 8. Average chemical assays of impurity elements (Sb, As, Bi) in slag phase as a function of time in air (ana-
lysed by EPMA, wt.%). 

Slag phase, Averages, Air atmosphere 
EPMA, wt. % 

Time (s) Sb Deviation_Sb As Deviation_As Bi Deviation_Bi 
20 3.671 0.289 1.506 0.052 0.096 0.066 
30 3.610 0.331 0.623 0.414 0.208 0.063 
45 3.429 0.028 0.893 0.115 0.229 0.088 
60 3.192 0.184 0.588 0.218 0.161 0.091 
120 2.903 0.317 0.352 0.144 0.064 0.075 
180 2.967 0.201 0.322 0.075 0.111 0.124 
300 2.355 0.071 0.293 0.087 0.066 0.061 
500 2.416 0.035 0.180 0.021 0.080 0.069 

 

 

Table 9. Average chemical assays of impurity elements (Sb, As, Bi) in matte phase as a function of time in argon 
(analysed by EPMA, wt.%). 

 

 

Table 10. Average chemical assays of impurity elements (Sb, As, Bi) in slag phase as a function of time in argon 
(analysed by EPMA, wt.%). 

 

 

Table 11. Average chemical assays of precious elements (Au, Ag, Pt, Pd) in matte phase as a function of time in 
air (analysed by EPMA, wt.%). 

Matte phase, Averages, Air atmosphere 
EPMA, wt. % 

Time (s) Au Deviation_Au Ag Deviation_Ag Pt Deviation_Pt Pd Deviation_Pd 
20 1.129 0.250 3.415 0.139 1.221 0.368 2.311 0.159 
20 1.283 0.229 2.483 0.344 1.364 0.338 2.156 0.127 
30 0.994 0.136 3.168 0.227 0.835 0.209 2.358 0.193 
30 1.363 0.149 2.855 0.098 1.138 0.239 2.394 0.144 
60 1.117 0.258 2.736 0.125 1.216 0.412 2.150 0.231 
60 1.116 0.235 3.207 0.114 0.817 0.483 2.318 0.206 
150 1.196 0.205 3.028 0.203 1.538 0.287 2.038 0.164 
150 1.156 0.216 3.968 0.207 1.775 0.853 2.341 0.136 
300 1.206 0.204 3.208 0.139 1.469 0.357 2.405 0.290 
300 1.613 0.187 4.397 0.479 1.017 0.189 2.968 0.462 
600 2.080 0.422 4.255 0.369 0.860 0.422 2.908 0.323 

 

 

 

 

 

Matte phase, Averages, Argon atmosphere 
EPMA, wt. % 

Time (mins) Sb Deviation_Sb As Deviation_As Bi Deviation_Bi 
1 1.892 0.391 0.400 0.026 0.478 0.224 
5 1.358 0.217 0.162 0.032 0.290 0.196 

10 0.470 0.183 0.104 0.022 0.080 0.001 
20 0.423 0.211 0.058 0.018 0.066 0.025 
40 0.153 0.024 0.097 0.034 0.042 0.032 

Slag phase, Averages, Argon atmosphere 
EPMA, wt. % 

Time (mins) Sb Deviation_Sb As Deviation_As Bi Deviation_Bi 
1 2.268 0.353 0.367 0.124 0.124 0.068 
5 1.174 0.088 0.025 0.038 0.082 0.078 

10 0.169 0.053 0.013 0.013 0.023 0.051 
20 0.059 0.008 0.010 0.013 0.010 0.056 
40 0.003 0.007 0.004 0.009 0.005 0.021 
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Table 12. Average chemical assays of precious elements (Au, Ag, Pt, Pd) in slag phase as a function of time in air 
(analysed by LA-ICP-MS, ppmw). 

 

 

Table 13. Average chemical assays of precious elements (Au, Ag, Pt, Pd) in matte phase as a function of time in 
argon (analysed by EPMA, wt.%). 

Matte phase, Averages, Argon atmosphere 
EPMA, wt. % 

Time (mins) Au Deviation_Au Ag Deviation_Ag Pt Deviation_Pt Pd Deviation_Pd 
5 0.711 0.207 3.020 0.141 0.278 0.077 2.016 0.150 
5 0.606 0.267 2.864 0.187 0.306 0.099 1.718 0.248 

10 0.670 0.230 2.712 0.163 0.205 0.126 1.969 0.172 
10 0.775 0.201 3.195 0.166 0.227 0.111 2.065 0.099 
20 0.663 0.309 2.841 0.425 0.504 0.167 1.179 0.559 
20 0.889 0.415 2.657 0.391 0.289 0.143 2.107 0.204 
40 0.919 0.357 2.893 0.118 0.264 0.109 1.920 0.116 
40 0.723 0.466 2.906 0.072 0.223 0.132 1.678 0.150 

 

 

Table 14. Average chemical assays of precious elements (Au, Ag, Pt, Pd) in slag phase as a function of time in 
argon (analysed by LA-ICP-MS, ppmw). 

Slag phase, Averages, Argon atmosphere 
LA-ICP-MS, ppmw 

Time (mins) Au Deviation_Au Ag Deviation_Ag Pt Deviation_Pt Pd Deviation_Pd 
5 115.194 13.678 526.788 54.373 20.576 3.466 51.723 4.741 
5 111.207 14.267 515.658 68.498 19.989 4.075 54.511 7.125 

10 78.924 11.054 378.194 46.484 11.833 1.976 31.160 5.520 
10 83.686 7.964 478.674 31.386 12.650 1.823 40.692 3.948 
20 53.653 9.722 349.509 76.736 6.500 1.287 29.418 12.366 
40 41.959 6.799 346.399 46.773 3.800 0.528 24.176 4.249 
40 34.723 2.299 321.308 30.426 3.053 0.179 23.823 7.299 

 
 
 
 
 

Slag phase, Averages, Air atmosphere 
LA-ICP-MS, ppmw 

Time (s) Au Deviation_Au Ag Deviation_Ag Pt Deviation_Pt Pd Deviation_Pd 
20 145.145 20.166 513.707 192.274 52.721 13.584 111.275 39.436 
20 209.676 29.013 294.196 115.987 100.444 33.851 237.821 89.354 
30 157.021 21.620 445.567 38.659 48.390 11.128 91.710 14.426 
30 188.172 20.746 429.086 57.766 53.911 10.368 102.345 17.024 
60 155.522 23.160 434.292 81.592 44.399 14.421 84.318 13.389 
60 171.351 25.288 512.486 44.132 45.191 10.074 85.325 17.598 

150 122.718 32.464 529.999 87.813 37.096 14.909 59.688 16.491 
150 120.006 25.975 650.719 106.217 36.259 11.673 58.067 11.378 
300 23.801 10.341 540.394 80.554 8.320 4.980 23.218 6.689 
300 32.804 13.577 423.968 58.071 9.823 4.747 22.223 6.060 
600 27.127 17.476 408.619 97.854 9.052 6.753 17.614 7.701 
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