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Abstract

Metals have historically played an important role in modern societies and the industrial revolution.
Nowadays, however, they are mainly derived from primary ore resources and secondary materials,
such as waste electrical and electronic equipment (WEEE). WEEE contains a variety of products
that no longer serve their initial purpose and their metal concentrations are significantly higher
than that in primary ores. In the face of a strong demand for a circular economy model, the
recovery of metal values from WEEE has attracted increasing attention. Base metals like copper,
lead, and nickel are good collector metals for precious/high-tech metals. Therefore, the smelting
technologies of base metals are potential and effective methods for recycling metals from secondary
materials. To have a better understanding of the favorable conditions for the recoveries of valuable
metals from secondary materials through copper smelting, it is critical to determine the behavior
of various metals in copper smelting systems.

In this study, the phase equilibria of matte/copper and silica/spinel/wiistite-saturated iron silicate
slags as well as the distribution equilibria of precious (Au, Ag, Pt, and Pd) and high-tech (Ni, Co,
and Sn) metals in the equilibrium systems were investigated using an advanced high-temperature
isothermal equilibration/quenching technique, followed by direct phase composition analyses
using electron probe X-ray microanalysis (EPMA) and laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS). The experimental parameters and conditions were selected to
simulate primary and secondary copper smelting processes. An investigation was made of the
effects of pSO,, the slag modifiers Al,O, and CaO, the temperature, and the saturation phase on
the equilibrium phase relations of copper/matte and slag, as well as on the equilibrium
distributions of the aforementioned precious/high-tech metals.

The equilibrium compositions of matte/metal, slag, and spinel/wiistite were displayed as a function
of matte grade or oxygen partial pressure. The distribution coefficients of precious/high-tech
metals between matte/metal and spinel/wiistite/slag were calculated based on experimentally
determined metal concentrations in matte, slag, and spinel/wiistite. The novel experimental data
obtained in this study provide insights for improving the performance of copper smelters and
increasing the recovery of valuable metals from primary and secondary materials by adjusting the
temperature and oxygen partial pressure, and by adding fluxes like Al,O, and CaO. Moreover, the
present results are useful for thermodynamic database development and for the modeling of the
phase relations of major components and precious/high-tech metals distributions in copper
smelting systems.
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1. Introduction

Copper, the third most produced metal in the world, is mainly processed in pyrometallurgical
primary and secondary copper smelters [1-3]. Due to the depletion of primary metal resources
and tighter environmental protection requirements [4, 5], secondary materials, such as metal-
lurgical wastes and waste electrical and electronic equipment (WEEE), have been introduced
into copper smelters as a feedstock [6-13]. Recycling secondary materials has important eco-
nomic and environmental significance in securing the availability of metals [9, 14, 15].

WEEE contains metallic and non-metallic materials, including plastics, ceramics, common
metals (Fe, Cu. Al), precious metals (Au, Ag, Pt, and Pd), heavy metals (Pb, Hg, Cr, and As,
etc.), and other high-tech metals (Ni, Co, and Sn) [1, 2, 15-18]. The concentrations of precious
and high-tech metals in WEEE vary typically from ppmw to a few percent but many of them
are several orders of magnitude higher in WEEE in comparison to their concentrations in nat-
ural ores [15, 19-21]. Precious and high-tech metals are widely used by the electronics industry
as a hybrid paste to improve the electrical conductivity of joints [22, 23]. Therefore, the main
economic value for WEEE recycling currently lies in the recovery of precious and other rare,
critical metals.

The copper smelting technologies are regarded as promising methods for recycling valuable
metals from secondary materials due to the strong affinities of precious and high-tech metals
to metallic copper/copper matte [24-37]. Furthermore, compared with other recycling routes,
pyrometallurgical WEEE processing through copper smelting has the advantages of large-scale
production, strong adaptability for many types of WEEE, and easy handling of gas emissions
and dust without additional investment in an existing plant. Typically, the pyrometallurgical
WEEE recycling route starts with collection, dismantling/crushing, and physical separation
[38]. Subsequently, the separated copper-rich scraps are fed into primary/secondary copper
smelters. During smelting, metals report to different phases, i.e., metal/matte, slag, spi-
nel/wiistite, and a gas stream, depending on their thermodynamic properties [2, 35]. There-
fore, the study of the distributions of valuable metals in copper smelting systems under differ-
ent conditions can provide guidance for improving their recovery from WEEE. Furthermore,
the slag volume produced and the concentrations of Al,O;, CaO, and MgO in slag are increasing
due to the depletion of mineral ores and the addition of secondary materials [39-41]. To im-
prove the performance of copper smelters, it is important to obtain an accurate fundamental
thermodynamic phase equilibrium and slag chemistry knowledge of the copper smelting sys-
tems.

Over the past few decades, the phase equilibria and trace element distributions have been
mainly investigated concerning the FeO.-SiO, slag system and copper or matte at silica/MgO
saturation [42-52]. The conventional chemical bulk analysis method for physically separated
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phases has been used in most of the previous studies for characterizing the phase composi-
tions. However, the possibly incomplete separation of metal/matte and slag has led to difficul-
ties in deriving accurate results for the phase relations and metal distributions. The direct
phase analysis technique electron probe X-ray microanalysis (EPMA) has been used with
higher accuracy in phase equilibrium studies to measure phase composition on polished cross-
sections of samples. However, the sensitivity of EPMA is still limited and not adequate when
determining the concentrations of minor elements in certain phases. To obtain results for mi-
nor elements at very low concentrations (on ppmw level) in metallurgical samples, the LA-ICP-
MS technique, which has been widely used in the geological sciences, has been used for the
first time by researchers from Aalto University [53]. Subsequently, extensive research on trace
metal distributions has been carried out using the EPMA and LA-ICP-MS analytical techniques
[25-36, 54-68]. Nevertheless, accurate data on many minor/trace elements are still lacking
under various conditions (temperature, gas atmosphere, saturation phase, slag composition,
etc.) related to different pyrometallurgical copper processes.

1.1 Objective of the thesis

Theoretically, it is possible to recover all valuable metals from secondary materials provided
that their distribution mechanism is determined. With the purpose of enriching the experi-
mental thermodynamic data on minor element distributions, the phase equilibria of cop-
per/matte and silica/spinel /wiistite-saturated iron silicate slags, as well as the distribution be-
haviors of selected precious/high-tech metals (Au, Ag, Pt, Pd, Ni, Co, and Sn) in copper smelt-
ing systems, were investigated in this thesis. The precious/high-tech metals were selected due
to their high commercial value compared with other minor elements. The conditions were se-
lected to simulate primary and secondary copper smelting processes. The objectives of this
thesis are listed based on the timeline of the research:

1. The distribution behaviors of precious metals Au, Ag, Pt, and Pd between copper matte and
silica-saturated FeOx-Si0,, FeOx-Si0,-Al,03, and FeOx-Si0,-Al,05-CaO slags at 1300 °C and
pSO; of 0.1 atm.

2. The distribution behaviors of Au, Ag, Pt, and Pd between copper matte and silica-saturated
FeO,-Si0., FeOy-Si0.-Al:05, FeO,-Si0.-Al,0;-CaO slags at high pSO..

3. The distributions of Ag, Ni, Co, and Sn between copper alloy and spinel/wiistite-saturated
FeO,-SiO:; slag related to secondary copper smelting.

4. The distributions of Ag, Ni, Co, and Sn between matte and spinel-saturated FeOy-SiO.,
FeO,-Si0,-Al.0;, and FeO,-SiO,-CaO slags.

5. The equilibrium phase relations of matte/metal-slag systems.

The matte-slag-tridymite-gas equilibrium experiments were conducted at 1300 °C and a
PSO: of 0.1-0.5 atm associated with primary copper smelting with air and oxygen-enriched air
blowing. The matte-slag-spinel-gas equilibrium experiments were carried out at 1250 °C and a
pSO: of 0.25 atm. For the copper-slag-spinel/wiistite-gas equilibrium systems, the experi-
mental constraints of 1200-1300 °C and a pO; of 101°-10-65 atm were selected, which are asso-
ciated with the secondary copper smelting process. To have a better understanding of the be-
haviors of trace metals in copper smelting processes, the high-temperature isothermal equili-
bration/quenching/EPMA/LA-ICP-MS technique was used in this work to determine the dis-
tributions of various trace metals in different copper smelting systems corresponding to pri-
mary and secondary copper smelting processes.

14



Introduction

1.2 New scientific contribution

Accurate fundamental thermodynamic data on the phase equilibria and distributions of trace
metals in the metal/matte-slag equilibrium systems measured for the first time are useful for
understanding and improving the recoveries of metal values from secondary materials through
the current existing copper smelting processes. No studies have previously been carried out on
the distributions of Ag, Ni, Co, and Sn between the copper alloy and spinel/wiistite saturated
slag, nor on the dissolution of trace metals in solid spinel/wiistite phases, using the quench-
ing/EPMA/LA-ICP-MS technique. Additionally, this is the first study reporting the effects of
PpSO; and the slag modifiers Al.O; and CaO on precious metal distributions between matte and
slag. The equilibrium data on matte/copper and slag at spinel/wiistite saturation are very lim-
ited. Therefore, the novel phase equilibrium information between copper/matte and silica/spi-
nel/wiistite-saturated iron silicate slags enriches the fundamental experimental thermody-
namic data for adjusting the fluxing chemistry and lowering the slag-to-copper ratio in smelt-
ing, for example.

1.3 Practical applications

Pyrometallurgical WEEE recycling routes have been adopted in many non-ferrous smelters for
recycling valuable metals. Nevertheless, a significant gap in the knowledge of the behavior of
different metals in smelting processes has existed and there are both technical and scientific
challenges for the efficient use of secondary resources. It is possible to recover valuable metals
to a great extent by collector copper metal/matte if the smelting conditions are favorable for
their distribution to the matte/metal phase. The obtained data for the phase equilibria of cop-
per/matte-slag-tridymite/spinel /wiistite-gas and the distributions of metals in the systems
contribute to the determination of cost-effective ways for improving the recoveries of valuable
trace metals from secondary materials through copper smelting processes and provided insight
into improving smelting capability by adjusting the temperature, gas atmosphere, and flux.
The present results are also useful for developing databases for simulating copper smelting
processes and calculating the distributions of minor elements in copper smelting systems.

1.4 Thesis outline

The thesis consists of this compendium and six peer-reviewed scientific journal articles, at-
tached as appendices at the end of the thesis. The compendium gives a brief introduction to
the topic in the first chapter and to its research background in the second chapter, including a
short description of the current industrial practices of pyrometallurgical WEEE recycling
through copper smelting as well as a literature review on the phase equilibria of copper/matte
and slag and prior studies on trace metal distributions. The third chapter presents the experi-
mental procedures and analytical techniques used in this work. The final chapter provides a
summary of the most important results regarding phase equilibria and trace metal distribu-
tions in various copper smelting system.
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2. Background

2.1 Copper flash smelting

Copper mainly exists in the Earth’s crust as sulfide minerals, such as chalcopyrite (CuFeS.) and
chalcocite (Cu.S) [69]. The Cu-Fe-S sulfide minerals are difficult to treat via hydrometallurgi-
cal processes. Therefore, the extraction of copper from copper sulfide minerals is mainly ac-
complished through pyrometallurgical smelting technologies, including bath and flash smelt-
ing technologies.

The flash smelting technology developed by Outokumpu in 1949 in Harjavalta, Finland, for
smelting copper sulfide concentrates was one of the most important innovations in pyromet-
allurgy [70]. Currently, around half of all copper matte smelting around the world is produced
through Metso Outotec flash smelting, as it is known today. The advantages of flash smelting
technology include: (1) the utilization of the exothermic reactions of the sulfide minerals with
oxygen; (2) high concentrate throughput rates; (3) recovery and efficient use of off-gas heat
with a heat recovery boiler; (4) dry dust recycling [69]. Because of these distinct advantages,
flash smelting technology has also been adopted to a significant extent for nickel sulfide con-
centrate smelting. In copper flash smelting, the dried copper sulfide concentrates combined
with fluxes and recycled materials are introduced into the flash smelting furnace (FSF), as
shown in Figure 1. The copper sulfide concentrates are blown together with air/oxygen-en-
riched air into the reaction shaft, resulting in the rapid oxidation of Fe and S in the sulfide
mineral at a typical smelting temperature of 1200-1350 °C, subsequently producing Cu-Fe-S
matte with a typical copper concentration of 45-75 wt%. Silica is used to produce a fayalite slag
and simultaneously decrease the activity of FeO in slag [72]. Two immiscible layers of molten
matte and slag are formed in the settler of the FSF. The sulfur dioxide-rich off-gases are re-
moved from the furnace through the uptake shaft and directed to the heat recovery boiler. The
formation of matte and slag can be described using the following overall reactions:

CuFeS,(s) + 0. —~ (Cu-Fe-S)matte + (FeO)siqg + SO- (1)
FeO(s) + SiO(s) — (FeO-Si0s)siag (2)

In the current situation of copper ores of decreasing grade, more complex minerals and re-
cycled materials are being introduced into flash smelting, leading to an increased slag volume
containing more metals with high economic value and other new elements coming from recy-
cled materials.
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Concentrate, flux, and secondary material

Figure 1. Schematic of the Metso Outotec flash smelting furnace [71].

2.2 Secondary copper smelting

The composition of WEEE varies from one product to another. Generally, the major materials
in WEEE are metals and plastics, accounting for around 75-80% of the overall mass of the
waste material, as shown in Figure 2. Table 1 shows a comparison of metal concentrations be-
tween different types of WEEE and primary ore. Copper, nickel, and precious metals occur in
higher concentrations in WEEE than in primary ores. Among all the metals contained in
WEEE, copper and precious/critical, rare metals are the main drivers for recycling, due to their
high economic value. The copper-rich scrap contained in WEEE or from other secondary ma-
terials can be fed into a secondary copper smelter to remove impurities such as Fe and Sb by
oxidation and recover many precious metals into the matte/copper alloy.
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Figure 2. Material fractions in WEEE (Reproduced using data from the literature [73]).

Table 1. Concentrations of metals in typical WEEE and primary ore [1, 65].

Concentration/wt% Concentration/ppmw
Type Fe Cu Al Pb Ni Ag Au Pd
Printed circuit boards 5.3 26.8 1.9 - 0.47 3300 80 -
TV board scrap 28 10 10 1 0.3 280 20 10
Mobile phone scrap 5 13 1 0.3 0.1 1380 350 210
Portable audio scrap 23 21 1 0.14 0.03 150 10 4
DVD player scrap 62 5 2 0.3 0.05 115 15 4
Calculator scrap 4 3 5 0.1 0.5 260 50 5
PC mainboard scrap 45 14.3 2.8 2.2 1.1 639 566 124
Printed circuit boards scrap 12 10 7 1.2 0.85 280 110 -
TV scrap (CRTs removed) - 34 1.2 0.2 0.038 20 <10 <10
Average content in primary ore/wt% 30 0.5 30 4 1 0.01 0.0001  0.0001
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Compared with primary copper smelters, a wider variety of scrap can be incorporated into
secondary copper smelters and subsequently produce refined copper as well as valuable side
products of multiple precious and critical elements [74]. Furthermore, the transportation costs
of WEEE to a secondary copper smelter can be much less than those for a primary copper
smelter (generally located close to a mine) since secondary copper smelters can be located near
the scrap generation and collection site, e.g., close to cities with a large population. Among
these secondary copper smelting routes, the processing of WEEE in TSL (top submerged lance)
furnaces [75], such as the Ausmelt® and ISASMELT® technologies, is commonly used [76].
Secondary materials like WEEE, containing precious and trace elements, are introduced into
the TSL furnace and the elements distribute in smelting into matte/black metal, slag, and gas
phases. The following converting and refining operations, especially when conducted in the
same furnace, can be energy-saving and effective recovery routes for extracting metal values
from the valuable metals enriched in copper. Figure 3 shows one route for WEEE recycling that
employs secondary copper smelting processes.

WEEE

!

l Shredded scraps

1 Fume .

Metal scraps l

I Fume
e homaens | —
in TSL furnaces Slag cleaning

l Molten copper

l Cast crude copper

Electrorefining

1 Sludge

‘ Precious metal refining ‘

Figure 3. Schematic of WEEE recycling through secondary copper smelting.

2.3 WEEE recycling through copper smelting - industrial practice

2.3.1 Umicore’s integrated metal smelter and refinery

Umicore’s Hoboken plant recycles various kinds of metals from e-waste via a secondary copper
smelting route. It is one of the world’s largest precious metals recycling facilities with a pro-
duction capacity of over 50 t platinum group metals (PGMs), over 100 t of gold, and 2400 t of
silver [77]. The annual average capacity of feed materials at Umicore is more than 250,000 t
[77], including industrial wastes, by-products from other non-ferrous smelters, printed circuit
boards, and electronic components. Figure 4 shows the flowsheet for Umicore’s integrated
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metals smelter and refinery, consisting of pyrometallurgical, hydrometallurgical, and elec-
trowinning processes. Generally speaking, the recycling operations at Umicore can be divided
into two processes, i.e., Precious Metals Operation (PMO) and Base Metals Operation (BMO).
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Figure 4. Schematic of the flowsheet for Umicore’s integrated metals smelter and refinery [77].

The Precious Metals Operation (PMO) aims to recycle precious metals (PMs) from a wide
range of complex secondary materials, including WEEE and other industrial wastes, that are
processed in an ISASMELT furnace. Oxygen-enriched air and fuel are injected into the molten
bath to oxidize the impurities, and coke is subsequently added to reduce the valuable metals.
The combustion of plastic and other organic components supplies energy for smelting and par-
tially replaces coke as the reducing agent. The energy supplied from WEEE plastics has been
estimated to be >33000 MJ/t, and the concentrations of chlorinated dioxins/furans after off-
gas cleaning are below the legal emission limit of 0.1 ngTEQ/Nms3 [78], indicating a low impact
on the environment. PMs are concentrated in the copper bullion and other impurities report
to the lead slag. The PMs-rich copper bullion is subsequently treated by leaching and elec-
trowinning. The PMs are collected in the leaching residue and then recovered by refining at the
precious metals refinery.

The Base Metals Operation (BMO) aims to process the by-product from the PMO in a lead
blast furnace, lead refinery, and special metals plant. The oxidized lead slag from the copper
smelter and third-party materials with high lead concentration are fed into the lead blast fur-
nace, producing lead bullion, nickel speiss, copper matte, and slag. The minor elements that
follow the lead collector, such as In, Sn, and Te, are distributed into the impure lead bullion
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and further treated in the lead refinery, producing pure lead, sodium antimonate, and residues
containing special metals (selenium, tellurium, indium). The recovery of special metals from
the residue is accomplished in the special metals refinery.

2.3.2 Boliden’s Ronnskir plant

Boliden’s Ronnskir plant treats copper and lead concentrates from its own mines and external
mines as well as recycled copper scrap, e-waste, and other complex secondary raw materials.
The annual recycling capacity for WEEE at the Ronnskir plant is more than 100,000 t [79].
Figure 5 shows the flowsheet of the plant with its copper and lead production lines. Copper
mattes with matte grades of 65 wt% and 55 wt% Cu are produced in the FSF and electric smelt-
ing furnace (EF), respectively. The smelting of electronic scrap is carried out in the Kaldo fur-
naces (E-Kaldo plant and Kaldo plant). The copper matte from the FSF and the EF as well as
the black copper from the Kaldo furnaces are further treated in a Peirce-Smith (PS) converter,
which produces blister copper. The blister copper is subsequently refined in an anode furnace
and cast as anode copper. Cathode copper (99.99% Cu) and anode slimes including precious
metals are produced after electrorefining the anode copper in the electrolytic refinery. The re-
covery of PMs from anode slimes is carried out in the precious metals plant, where Ag granules,
Au bars, palladium/platinum (Pd/Pt) concentrate, selenium (Se), and copper telluride (Cu.Te)
are produced after several processing steps.
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Figure 5. Flowsheet of Boliden’s Rénnskar plant [79].

2.4 Phase equilibria in copper smelting

The Cu-Fe-0-Si0,-(S-Al,05-MgO-CaO) system plays an important role in pyrometallurgical
copper smelting processes as it forms the basis for fayalite slags, copper alloys, and iron/cop-
per-sulfide based mattes [43, 80, 81]. Accurate phase equilibrium information on the
matte/metal-slag-tridymite/spinel/wiistite-gas systems as well as optimal control of slag
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chemistry are of great interest for improving the industrial operation and performance of cop-
per smelters.

Table 2 summarizes the details of the most recent experimental studies on matte/metal-slag
equilibrium systems with/without minor elements under different experimental conditions. It
can be seen that much effort has been devoted to the phase equilibria of metal/matte and FeO-
SiO; slag at silica saturation and a low pSO. of 0.1-0.25 atm. Only a few experimental studies
have been carried out at spinel (magnetite) saturation and to investigate the effects of basic
oxides on the equilibrium systems. However, iron spinel is a common phase formed in copper
smelting processes [68, 111-113], and the basic oxides of Al.O3;, MgO, and CaO are introduced
into fayalite-based copper smelting slags through their presence in the concentrate feed, flux,
or secondary materials, such as WEEE [114]. Therefore, it is important to determine the phase
compositions and relations of metal/matte-slag equilibrium systems under different process
conditions (such as T, pO.), saturation conditions, and the effects of slag modifiers (Al.Os,
MgO, and CaO) on the system. Moreover, the pSO., generated by the slag and matte formation
reactions, in the horizontal settler of the FSF is equal to the prevailing total pressure [115, 116].
Since the late 1970s, the smelting capacity of the FSF has been increased by 100-200% since
technical oxygen (> 95% O.) was adopted in copper smelting [3, 117], resulting in an increased
SO. content of the off-gas to > 50 vol% SO.. Therefore, accurate phase equilibrium information
of the copper matte and slag under a pSO. higher than 0.1 atm is essential for stable and opti-
mized operation.

During copper flash smelting, the behaviors of impurity/valuable metals have a strong rela-
tion to their thermodynamic properties. A good understanding of the thermodynamics of trace
metals in copper smelting will provide insight for improving the recoveries of valuable metals
in the feed materials. The process and experimental conditions, including temperature, gas
atmosphere (pO., pSO.), slag composition, saturation phase, etc. have an influence on the mi-
nor element behavior that must be understood in order to efficiently recover valuable elements
and remove impurities. Generally, the high-temperature equilibrium reaction of a trace ele-
ment Me between molten metal/matte and slag in copper smelting can be described using the
following oxidation equation:

[Me] + v/20. = (MeO,), (3)

where the valence of a trace element Me in slag equals 2v, and the trace element in

matte/metal and slag were designated as [Me] and (MeO,), respectively. The equilibrium re-

action constant K for Reaction (4) can be defined as:
_a(MeOy)
- a[Me]P‘(’)/Zz’ (4)
where a[Me] and a(MeO,) refer to the activities of Me and MeO, in metallic solution/matte

and slag. The distribution coefficient of Me between phase A and phase B can be defined as:
1A/B _ [wt pct Me]in o
Me ™ (wtpctMe)inp’ (5)

where [wt pct Me] and (wt pct Me) denote the concentrations of the trace element in phase
A and B, respectively. As suggested by Takeda et al. [118], the distribution coefficient can be
expressed further as:

L‘:,[/f _ [nTLin A(YMeOV?PB‘;/Z ()
[ymel(nT)in B

where K represents the equilibrium constant of Equation (4) and nr represents the total mole
number of mono-cationic constituents in different phases. [yMe] and (yMeO,) refer to the ac-
tivity coefficients of Me in phase A and B, respectively. By reorganizing Equation (6), the loga-
rithmic distribution coefficient can be represented as:

22



Background

(Ymeoy)[07]ina _ v
Koomslmel 22081080, (7)

The concentration of Me in different phases is quite low, thus obeying Henry’s law,
(YMeo,)[nTlin A
K(n1)in B [YMel
phases stay constant. Subsequently, Equation (77) can be further expressed as:

A/B
L0810LM/e = Logyo

Logqo can be regarded as a constant C at a fixed temperature and when nr of both

A/B
L0810LM/e =C-—- ;LOglopoz, (8)
where — % is the slope of the linearly fitted relationship between Log, L‘:,[/f and Log;,Py,. For
the trace metal distributions between metal and slag, the slope —% can be used to determine

the oxidation state of trace element Me in slag.

Much work has been done on investigating the distributions of selected minor elements (Au,
Ag, Pt, Pd, Ni, Co, and Sn) in pyrometallurgical copper smelting processes [25-36, 42-52, 54-
68]. However, most of the previous studies were carried out either at a low pSO. or at Al-Fe
spinel/silica saturation in slags. Only limited studies on trace metal distributions between
metal/matte and spinel/wiistite-saturated slags can be found. Little effort has been devoted to
the effects of pSO., temperature, saturation, and flux additions on the distributions of minor
elements. Further, the large samples used in previous studies led to difficulties in reaching
equilibrium, and the use of chemical analysis in previous studies after the physical separation
of different phases contributed to the existence of discrepancies among the data obtained.
Therefore, the present study was initiated with the purpose of closing the gap between the pre-
vious studies and enriching the experimental thermodynamic data on trace metal distributions
in copper smelting systems. The use of the direct phase analysis techniques, EPMA and LA-
ICP-MS, in the present study for measuring the concentrations of trace metals in the equili-
brated assemblages ensured the accurate acquisition of the chemically dissolved elements in
each phase.

23



Background

Table 2. A summary table of most recent experimental studies on matte/metal-slag equilibria with/without the minor

elements investigated in the same way as in the present study.

Investigators and Ref. Type of slag Minor elements  Conditions T/°C Analytics
Matte-slag equilibrium system
Sukhomlinov et al. [35] Silica-saturated FeOx-SiO2-(Al203, CaO) Sn pSO2 =0.1 atm 1300 EPMA
Tavera et al. [42] Silica-saturated FeO-SiO; / pSOz = 011 41501300 cAr
Kho et al. [48] Magnesia-saturated FeOx-SiO2 Co Not reported 1250 ICP-AES
Louey et al. [49] Magnesia-saturated FeOx-SiO2 Ag, Sn Not reported 1250 ICP-AES
‘Yamaguchi [52] Magnesia-saturated FeOx-SiO2 Pt, Pd pSO2 =0.1 atm 1300 ICP
Avarmaa et al. [37, 53] Silica-saturated FeOx-SiO2 Ag, Au, Pt, Pd pSO2=0.1 atm 1250-1350 EPMA and LA-ICP-MS
Abdeyazdan et al. [82] Silica-saturated FeOx-SiO2-MgO / pSO2=0.25atm  1200-1300
Fallah etal. [51,83-86]  Silica-saturated FeO-SiOz-(CaO) / POz = 0106 4200-1300 EPMA
Shimpo et al. [87] Silica-saturated FeOx-SiO2-(Al203, CaO) ! Not reported 1200 CA*
Sineva et al. [88] “S,;gg")'samrated FeO«-Si0z-(Al20s, CaO, / pS0O;=025atm  1200-1300 EPMA
Hidayat et al. [89] Silica-saturated FeOx-SiO2-(Al203) / pSO2=0.25atm 1200 EPMA
Takeda [90] Magnesia-saturated FeOx-SiO2 / pSO2=0.1 atm 1300 CA*
Roghani et al. [91-93] Magnesia-saturated FeO,-SiO»-(Ca0) Ag ’a’fn?z = 011 4200-1300 cAr
Hidayat et al. [94-96] Spinel-saturated FeOx-SiO2 Ag pSO2=0.25atm  1200-1250 EPMA
ch]en and Sun et al. [97- g/ ih0 aturated FeOx-SiO: / POz = 0306 41801250 EPMA
Sineva et al. [100, 101] g‘;g‘;"sa‘”'ated FeOs-Si0z-(Alz0s, MgO, / pSO,;=0.1-06 1200 EPMA
Copper-slag equilibrium system
Anindya et al. [21, 74] Spinel-saturated FeOx-SiO2-CaO Sn pO2 =107 atm 1300 ICP-AES
Klemettinen et al. [25] Spinel-saturated FeOx-SiO2-(K20) Sn pO2 = 1010-10° 1300 EPMA and LA-ICP-MS
Avarmaa et al. [28, 29] g‘;'ga)’ spinel-saturated FeOxSiO=(A20s, o, ag Pt Pd  pO,=1071-105 1300 EPMA and LA-ICP-MS
Avarmaa et al. [31] Spinel-saturated FeOx-SiO2-(Al203, CaO) Sn pO2 = 100-10° 1300 EPMA and LA-ICP-MS
Danczak et al. [32, 33] Spinel-saturated FeOx-SiO2-Al203-(MgO) Co, Ni, Sn pOz2=10"1-10 1300 EPMA and LA-ICP-MS
Sukhomlinov et al. [34] Silica-saturated FeOx-SiO2 Co, Ni pO2=108-10 1250-1350 EPMA and LA-ICP-MS
Henao et al. [39] iﬁg‘:_'&”gdg_mc';% saturated - FeQ,-Si0z- / pOz=10%5atm  1150-1350 EPMA
Hellstén et al. [61] FeOx-SiO2 slag in Fe crucible Au, Ag Not reported 1200-1300 EPMA and LA-ICP-MS
llyushechkin et al. [102] gzgel/dlcaluum ferrite-saturated FeOx- / &Oezr—el-iz atmos- 1150-1250 EPMA
- _ Spinel/pseudo-wollastonite/dicalcium fer- pO2 = 1050-10° _
Nikolic et al. [81, 103-105] fite-saturated FeOy.Si0s-Ca0 / 65 atm 1200-1300 EPMA
Hidayat et al. [106-108] ~ SPineltridymite/cuprite/delafossite/FeOx- / o i:erlo-;-; gta 1100-1400 EPMA
v : Si02-(Al203, MgO, Ca0, ZnO) mosphereg
Spinel/tridymite/pseudo-wollaston- Ar:_eCr(e) s:moisr;
Shishin et al. [109] ite/wustite/olivine/lime-saturated ~ FeOx- / gealed silica 1080-1250 EPMA
Si02-CaO ampoules
Klemettinen etal. [110] ~ ~\-Fe spinel-saturated FeO-Si0z-Al20s- / p02= 100105 1300 EPMA

(Ca0)

CA*: Chemical analysis.

24



3. Experimental

The lab-scale experiments were conducted in the following order: sample preparation, high-
temperature isothermal equilibration, drop quenching in an ice-water mixture, and direct
phase composition analysis using EPMA and LA-ICP-MS. The materials, apparatus, experi-
mental procedures, and analytical methods used for all experiments are described in detail in
this chapter.

3.1 Raw materials

Three different kinds of equilibrium systems have been investigated in this thesis, i.e., matte-
slag-tridymite-gas, matte-slag-spinel-gas, and copper-slag-spinel/wiistite-gas systems. High
purity powders were used to synthesize the copper matte, copper alloy, and slags. Detailed in-
formation regarding the chemicals used for all experiments is given in Table 3. The copper
matte was prepared using Cu.S and FeS, including 1 wt% of each trace metal. The copper alloy
was prepared using metallic copper powder including 1 wt% of each trace metal, Ag, Ni, Co,
and Sn. Oxide powders of Fe.03, SiO,, Al.O3, and CaO were used to prepare the initial slag
mixtures. The trace metals contained in each equilibrium system investigated and the experi-
mental conditions are shown in Table 4.

For the matte-slag equilibrium experiments, the gas atmosphere was controlled using a gas
mixture of CO (99.99 vol%), CO: (99.999 vol%), SO, (99.99 vol%), and Ar (99.999 vol%), all
from AGA-Linde or Woikoski Oy, Finland. Argon was used for increasing the total gas flow rate
in the matte-slag systems and flushing the furnace after the experiments. The pO. and pS: of
the gas phase were calculated based on the equilibrium constants of reactions (9)-(10).

2C0(g) + Oz(g) = 2C02(g) (9)

02(g) + 1/2S.(g) = SO.(g) (10)

For the copper-slag equilibrium experiments, the gas atmosphere was controlled using a mix-
ture of CO and CO: so that the CO/CO. ratio corresponded to a certain pO, at 1200-1300 °C.
The gas atmospheres calculated with HSC [119] or MTDATA using the SGTE database [120,
121] for different target pO. and pS. values are listed in Table 5. Figure 6 shows an example of
the comparison between the initial pSO. and the calculated equilibrium pSO. at 1250 °C based
on the gas flows used (Table 5) in the matte-slag-spinel-gas equilibrium experiments. The cal-
culated equilibrium pSO, was slightly lower than the initial pSO. in the feed gas mixture and
the difference decreased with increasing oxygen partial pressure.

Three kinds of crucibles, i.e., silica, spinel, and wiistite, were used for supporting the samples.
The silica crucibles (Finnish SpecialGlass Oy, Espoo, Finland) with a purity of > 99.98 wt%
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were used for the matte-slag equilibrium experiments at silica saturation. For the cop-
per/matte-slag equilibrium experiments at spinel/wiistite saturation, synthesized spi-
nel/wiistite crucibles were used as the substrates. The spinel and wiistite crucibles were made
of iron foil (thickness 0.25 mm, 99.5 wt%) which was folded into a crucible shape; the bottom
was punched into a bowl shape using a hemispherical stamping rod and subsequently oxidized
at 1250 °C and a pO. of 107 and 10° atm for 4 h, respectively. The compositions of the crucibles
were verified by XRD and SEM-EDS, as well as by EPMA after the equilibrium experiments.
The wiistite and magnetite phases were distinguished by using the atomic ratio of iron to oxy-
gen measured by EPMA. It was regarded as wiistite (FeO) if the atomic ratio of iron to oxygen
was close to 1, and with a lower ratio as magnetite (Fe;0,4). The use of spinel or wiistite cruci-
bles was determined based on the phase boundaries of the Cu-Fe-O-SiO. system at a certain
temperature and pQO.. The use of primary phase material crucibles ensured the silica/spi-
nel/wiistite saturation of the slags without introducing contaminants into the equilibrium sys-
tems.

Table 3. Materials used for synthesizing the copper matte and slag.

Material Supplier Purity/wt%

Fe, 03 Alfa Aesar 99.998 wt%

SiO, Alfa Aesar -40 mesh, -99.995 wt%
CaO Sigma-Aldrich 99.90 wt%

Al,O3 Sigma-Aldrich 99.99 wt%

FeS Alfa Aesar -100 mesh, 99.9 wt%
CuzS Alfa Aesar -200 mesh, 99.5 wt%
Cu Alfa Aesar -625 mesh, 99.9 wt%
Au Alfa Aesar 99.96 wt%

Ag Alfa Aesar 99.95 wt%

Pt Alfa Aesar 99.99 wt%

Pd Alfa Aesar 99.9 wt%

Ni Alfa Aesar -120 mesh, 99.996 wt%
Co Alfa Aesar -1.6 micron, 99.8 wt%
Sn Alfa Aesar -325 mesh, 99.8 wt%

Table 4. Detailed information for each investigated equilibrium system.

Equilibrium system Trace metals included Slag Crucible
FeO,-SiO,
Matte-slag-tridymite-gas Au, Ag, Pt, and Pd FeO,-SiO,-Al,03 Silica

FeO,-Si0,-Al,0;-Ca0

Copper-slag-spinel/wiistite-gas Ag, Ni, Co, and Sn FeO,-SiO, Spinel/wistite
FeO,-SiO,
Matte-slag-spinel-gas Ag, Ni, Co, and Sn FeO,-SiO,-Al,03 Spinel

FeO,-Si0,-Ca0
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Table 5. Calculated gas flow rates under different conditions for varying target pO2 and pSa.

Experimental

Equilibrium system  Temperature/°C

Gas flow rates/(mL-min’")

LogiopOz/atm  LogiopSa/atm  pSO,/atm

CO, CcO SO, Ar
15 12 40 300 -8.07 -2.28
35 12 40 300 -8.00 -2.45
1300 55 12 40 300 -7.92 -2.63 0.1
55 9 40 300 -7.79 -2.86
Matte-slag-tridymite- 55 6 40 300 7.58 3.07
9 25 25 200 160 -7.56 -1.95
25 15.5 200 140 -7.42 -2.15
1300 0.5
30 12 193 148 -7.36 -2.30
100 8.5 200 90 -7.09 -2.83
98.6 4.8 100 200 -7.50 -3.41
96.8 5.9 100 200 -7.62 -3.17
Matte-slag-spinel-gas 1250 94.1 7.5 100 200 -7.75 -2.91 0.25
91 9 100 200 -7.84 -2.73
91.5 10.5 100 200 -7.9 -2.62
226.3 73.7 -10.0
1200 272 28 -9.0
290.5 9.5 -8.0
177.5 122.5 -10.0
. 246.3 53.7 -9.0
Copper-slag P 1250 2806 194 8.0
293.6 6.4 -7.0
296.4 3.6 -6.5
263.3 36.7 -8.0
1300 287.3 12.7 -7.0
292.7 7.3 -6.5
Equilbria in Ar-CO-CO,-S0; at 1250 °C
0.30
LEGEND:
0.29 Gas Red 200 mL Ar-10.5 mL CO-91.5 mL CO,-100 mL S0,
Gas Ox 200 mL Ar-4.8 mL CO-98.6 mL CO,-100 mL SO,
0.28+
0.27-

p(species)/atm
o
n
o

50_;(9. in) -
SOxg.ea) — ——— —
0.24 féz?gieq )
0.23
0.22+
0.21
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Figure 6. Comparison of the initial pSO2 and the actual equilibrium pSO2 at 1250 °C.

Logyo[pO,, atm]
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For the matte-slag-tridymite-gas equilibrium system, the experiments followed the molten
slag-solid tridymite phase boundary in the FeO,-SiO., FeO,-Si0.-Al:03, and FeO-SiO.-Al:O5-
CaO systems in a controlled gas atmosphere. The phase diagrams of the FeO.-SiO.-Al.O3, and
FeOx-Si0,-Al,03-CaO systems at 1300 °C and a pO, of 10 to 105 and 1078 to 10, are shown
in Figures 7 and 8, respectively. Based on the predictions of the phase boundaries calculated
by MTDATA using the MTOX database [120, 121], the composition of each slag was selected as
FeOy/SiO, = 70/30, FeOy/Si0./Al,O; = 47/47/10, and FeOx/Si0,/Al,0;/Ca0O= 24/56/10/10.

75Si0,

Phase Boundaries - Triangular Section
75A1,05-758i0,-75FeOx
1300 °C (1573.15 K)

0.35 10-5-107-10-1% atm

LEGEND:

MUL = mullite (A,04)* (AL, Si)O,
SP = spinel (FeO)*(Al Fe),04
TRI = tridymite SiO,

0.65

0.45 W(FeOx)

Slag + SP

Slag + SP + MUL

N
50Al,04 04 0.3 0.2 0.1 75FeOx

. ‘ <— W(AI;03)

Figure 7. The isothermal sections of the FeOx-SiO2-Al203 system at pO2 = 107'° to 10" atm. SLAG-molten slag;
FeOx-FeO, FeO1.333, or FeO1.5; red line-pO2 = 10-5 atm; green line-pO2 = 107 atm; black line-pO2 = 10-1° atm.
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SiO,+10C
TRI = tridymite
MUL = mullite Slag + PS_WOL + TRI
SP = spinel
FSP = feldspar
ALPHA_PR_C2S = o' dicalcium silicate
PS_WOL = pseudo wollastonite 0.8

Phase Boundaries - Triangular Section
50A_508-Si0,-FeOx + 10 CaO
1300 °C (1573.15 K)

02 106-107-108 atm

Slag + Slag + TRI

0.4 W(FeOx+10C)
Slag + TRI

SP +
ALPHA_PR_C2S

Slag + SP

50A_50S+10C 0.8 06 0.4 o2 FeOx+10C
Slag+FSP+5P+MUL  <—— w(50A_50S+10C)

Figure 8. Isothermal section of FeOx-SiO2-AlO1.5-10 wt% CaO system at pO2 = 108 to 10-6 atm: OX_LIQ refers to
molten slag; 10C refers to 10 wt% CaO; 50A_50S refers to (50 wt% AlO1.5):(50 wt% SiO2); FeOx-FeO, FeO1.333 or
FeO15; green line-pO2 = 108 atm; red line-pO2 = 107 atm; black line-pO2 = 106 atm.

For the copper/matte-slag-spinel /wiistite-gas equilibrium system, the experiments followed
the molten slag-solid spinel/wiistite phase boundary in the FeO.-SiO., FeOx-Si0,-Al,O3, and
FeOx-SiO.-CaO0 systems in equilibrium with a controlled gas atmosphere. The phase diagrams
of the Cu-Fe-0-SiO, and FeO«-SiO.-CaO systems are shown in Figures 9 and 10, respectively,
under varying conditions. Three FeO-SiO. slags with different initial compositions were used
for the copper-slag-spinel/wiistite-gas equilibrium system, i.e., FeO,/SiO. = 80/20, 85/15, and
90/10. The initial composition for each type of slag used for the matte-slag-spinel-gas equilib-
rium was Fe.03/Si0. = 80/20, Fe.0,/Si0./Al.O; = 62/28/10, and Fe.03/Si0./Ca0 =
62/28/10, respectively.
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Figure 9. Cu-Fe-O-SiO2 system calculated by MTDATA: blue line pO2 = 10-° atm; green line pO2 = 10 atm; red

line pO2 = 107 atm; black line pO2 = 10 atm.
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Figure 10. Phase diagram of the FeOx-SiO2-CaO system at 1250 °C and pO: of 108 to 107 atm: black line pO2 =

108 atm; red line pO2 = 107 atm.

3.2 Apparatus and methodology

The high-temperature isothermal equilibration experiments were conducted in vertical imper-
vious alumina tube furnaces. A Lenton (PTF, 15/45/450) furnace equipped with SiC heating
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elements was used for the matte-slag equilibrium experiments. Eurotherm 3216 PID control-
lers with three-zone temperature control were employed to regulate the temperature of the hot
zone. The copper-slag equilibrium experiments were conducted in a Nabertherm furnace (Li-
lienthal, Germany, RHTV 120-150/1) fitted with MoSi. heating elements and a Naberthern
P310 temperature controller. The temperature of the sample was measured using a calibrated
S-type Pt/Pt-10 wt% Rh thermocouple (Johnson-Matthey Noble Metals, UK) located next to
the sample and connected to a 2010 DMM multimeter (Keithley, USA). The cold junction was
measured using a PT100 resistance thermometer (SKS Group, Finland) connected to a 2000
DMM multimeter (Keithley, USA). The temperature data were collected using an NI LabVIEW
data logging program. DFC26 digital mass flow controllers (Aalborg, USA) were used to regu-
late the flow rates of all gases. Figure 11 shows a schematic diagram of the equilibrium furnace
and the sample holding technique in the hot zone.

For each experiment, approximately 0.1-0.2 g of matte/copper mixture with an equal amount
of slag was pressed into a sample pellet using a hydraulic press. The sample pellets were then
placed in crucibles held by a platinum basket and lifted up into the cold zone of the furnace.
The CO-CO,-SO,-Ar/CO-CO. gas mixtures were introduced into the furnace for 30 minutes to
stabilize the gas atmosphere before equilibration. Subsequently, the sample was lifted up into
the hot zone for equilibration using a platinum wire from the top of the furnace. After the sam-
ple reached equilibrium, the lower end of the working tube was immersed in an ice-water mix-
ture and the rubber plug was removed. The samples were quenched into the ice-water mixture
by pulling up the platinum wire from the top of the working tube so that the phase assemblages
generated at high temperatures were retained at room temperature. The quenched samples
were dried and mounted in epoxy. Cross-sections of the samples were prepared by grinding
with abrasive sandpaper and polishing using a polishing cloth with a diamond spray. The pol-
ished sample surfaces were carbon coated using a carbon sputtering device. Two identical se-
ries were conducted to ensure the reproducibility of experiments.

Ptwire  Adhesive-tack sealing

Measuring ‘
thermocouple Alumina
sheath covers
Gas inlet

—Cooling water outlet
Cooling water inlet

Alumina tube

Heating elements i 3 \

N/
& \y‘
Uniform a
temperature : } S ‘ Pt wire
hot zone I
!

( 0

Crucible
N & Sample pellet

=

Alumina tube

) ) Cooling water outlet
Cooling water inlet

Rubber stopper—" Gas outlet

Figure 11. Equilibrium furnace used for the experiments (left) and the sample holding technique (right).
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To determine the appropriate time for reaching homogeneous liquid and solid compositions,
time series experiments were conducted for the different systems. The equilibration time was
determined based on the stabilization of the matte/copper and slag compositions. For the
matte-slag equilibrium system at silica/spinel saturation, the equilibration time was defined
to be 4 h, whereas the copper-slag system reached equilibrium in 16 hours [29, 32, 33]. How-
ever, to ensure homogeneous concentrations of trace metals in all phases under all the condi-
tions investigated, all samples were annealed for 24 h at the experimental temperature.

3.3 Analytical methods

3.3.1 SEM-EDS

The microstructure and phase compositions were pre-examined and photographed using a
Tescan Mira 3 scanning electron microscope (SEM, Tescan, Brno, Czech Republic) equipped
with an UltraDry silicon drift energy dispersive X-ray spectrometer (EDS, Thermo Fisher Sci-
entific, Waltham, MA, USA) and NSS microanalysis software. The SEM-EDS analyses were
executed with the following settings: working distance of 20 mm, accelerating voltage of 15 kV,
beam current of 20 nA. Natural occurring minerals or synthetic metallic standards were used
to calibrate the X-ray lines of different elements.

3.3.2 EPMA

The concentrations of major elements in all phases and the concentrations of trace metals in
copper and matte were determined using a Cameca SX100 EPMA (Cameca SAS, Genevilliers,
France) equipped with five wavelength dispersive spectrometers (WDS). For the matte-slag
equilibrium systems at silica saturation, at least eight analysis points were selected from the
well-quenched areas of each phase. Beam diameters of 100 um and 50-100 um were employed
for the matte and slag phases, respectively. For the matte/copper-slag equilibrium at spi-
nel/wiistite saturation, a three-spot analysis technique was used. A defocused beam diameter
of 20 um was used for the spinel/wiistite phase and a diameter of 50 um for the copper and
matte phase. Figure 12 gives an example showing the principle of selecting the individual ana-
lyzing spots from matte and slag phases. The results for point 1 from the slag phase are the
average concentration measured from three spots: a, b, and c. Similarly, the reported value for
point 1 in the matte phase was obtained by calculating the average concentration of spots A, B,
and C. The standard deviation was calculated among all eight points from each phase. The use
of the three-spot analysis technique decreased the standard deviations of the data and ensured
the accurate determination of the chemically dissolved elements in all phases. The standard
materials used in EPMA analyses were natural minerals or synthetic metals, as listed in Publi-
cations 1-6. The analytical parameters for EPMA analyses were an accelerating voltage of 20
kV and beam current of 60 nA. The typical totals of EPMA analyses were between 98 and 100.7.
The detection limits of EPMA for trace metals in all phases were between 100 and 700 ppmw.
However, the concentrations of some trace metals in matte/slag/spinel/wiistite were lower
than the detection limits of EPMA, so they were subsequently measured by LA-ICP-MS. The
PAP-ZAF online matrix correction program was used for the raw data processing [122].
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Point 1 for slag

Crucible

Figure 12. A schematic of the three-spot analysis technique used in EPMA analyses on the matte and slag phases.

3.3.3 LA-ICP-MS

The concentrations of trace metals in all slags and solid spinel/wiistite were measured by LA-
ICP-MS housed at the Geological Survey of Finland (GTK). In the matte-slag-spinel-gas equi-
librium system, the concentrations of cobalt and tin in matte were also measured using LA-
ICP-MS. The setup used for the LA-ICP-MS analyses consisted of a Photon Machines Analyte
Excite 193 nm ArF laser ablation device (Teledyne CETAC Technologies, USA) and a Nu AttoM
single-collector ICP-MS system (Nu Instruments Ltd, UK). The laser ablation analyses were
carried out at a pulse frequency of 10 Hz and pulse energy of 5 mJ to form an energy flux of
2.17-2.5 J/cm?2 on the sample surface. The laser beam spot size was chosen to be 40-65 pm,
depending on the system and the size of the analyzed phases. The LA-ICP-MS analyses started
with a 20 s baseline measurement followed by switching on the laser for 40 s with 350-400
ablation pulses for signal acquisition. The time-resolved analysis (TRA) signals were collected
using the fast-scanning mode at low resolution (AM/M =300). GSE glass and NIST 612 SRM
were used as the primary external standards for spinel/wiistite and slag, respectively. NIST
610, GSD, BHVO-2G, and USGS BCR-2G glasses were used as reference materials to monitor
the equipment condition and data accuracy. The isotope 57Fe was used as the internal standard
for magnetite/wiistite and 29Si was used for slag by employing the EPMA measurement results
for Fe and Si, respectively. GLITTER™ [123] software, which allows for baseline subtraction,
signal integration over a selected time window, and quantification using known concentrations
of the external and internal standards, was used for time-resolved analysis signal processing.
The isotopes used and the detection limits of LA-ICP-MS for all trace metals investigated in
different equilibrium systems are listed in Table 6.
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Table 6. Detection limits of LA-ICP-MS for the minor elements contained in different equilibrium systems/ppmw.

Isotope
System Phase
197Au 107Ag 109Ag 194Pt 195Pt 196Pt 104Pd
Matte-slag-tridymite-gas at pSO, of 0.1 atm Slag 0.0007 0.0042 0.004 0.0015 0.0013 0.0018 0.0238
Matte-slag-tridymite-gas at pSO; of 0.5 atm Slag 0.0009 0.003 0.003 0.0017 0.0017 0.0024 0.026
107Ag SONi 5900 1ZOSn
Matte 0.0094 0.1746 0.0142 0.0326
Matte-slag-spinel-gas at pSO, of 0.25 atm Slag 0.0052 0.1669 0.0126 0.039
Spinel 0.0066 0.1876 0.0148 0.0434
109Ag GONi 5900 1208n
Slag 0.004 0.08 0.01 0.02
Copper-slag-spinel-gas
Spinel/Wistite  0.004  0.09 0.01 0.03
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4. Results and Discussion

The main results for the phase equilibria of copper/matte and slag under different saturation
conditions as well as the equilibrium distributions of both precious and high-tech metals in the
copper smelting systems were acquired using the high-temperature isothermal equilibra-
tion/quenching/EPMA/LA-ICP-MS technique. High-temperature equilibrium experiments
were conducted regarding different primary phase fields. In this chapter, the findings on the
phase equilibria of copper/matte and slag corresponding to primary and secondary copper
smelting processes are presented first, followed by a discussion of the distributions of precious
and high-tech metals in the equilibrium systems.

4.1 Matte-slag-tridymite-gas equilibrium system

4.1.1 Phase equilibria of matte and silica-saturated iron silicate slags at pSO. of 0.1-0.5
atm

The phase equilibria of matte and silica-saturated iron silicate slags were investigated at 1300
°C and a pSO, of 0.1-0.5 atm. The typical microstructure of the matte-slag system in equilib-
rium with tridymite is shown in Figure 13. A large fraction of recrystallized silica crystals, i.e.,
tridymite (> 99 wt% SiO.), was precipitated in the slags, attributed to the silica saturation
caused by the silica crucible. All phases were homogeneous after rapid quenching, except for
the matte, where copper-rich veins (90-97 wt% Cu) were found. The copper-rich veins were
formed due to the insufficient quenching rate of the sulfur-deficient matte, as reported earlier
[37, 55, 88].

Tridymite

=
)
o
&
&
O

Figure 13. Back-scattered electron (BSE) image of the matte-slag-tridymite equilibrium system obtained at 1300
°C and pSO2 of 0.1 atm.
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The compositions of matte and slag obtained at 1300 °C and a pSO, of 0.1-0.5 atm are shown
in Figure 14. The copper concentration in the matte increased with increasing oxygen partial
pressure at a pSO, of 0.1 and 0.5 atm. Generally, the prevailing pO. increased with increasing
PpSO:. at a given matte grade. Additions of Al.O; and CaO into silica-saturated iron silicate slags
led to an increase of copper concentration in the matte at a given pO,. The Al.O; and CaO
additions decreased the activity of FeO in the slag at silica saturation, thus leading to an in-
crease in the copper concentration in the matte. The concentrations of iron and sulfur in the
matte displayed a similar decreasing trend with increasing matte grade, independent of slag
modifiers. The sulfur concentration in the matte seems to be unaffected by the pSO., whereas
a higher pSO. led to a small decrease of iron in the matte. The oxygen exhibited the lowest
concentration in the matte, decreasing with an increasing copper content in the matte, which
was probably independent of the partial pressure of SO, and the slag modifiers Al.O5 and CaO.
The present results of iron concentration in the matte fitted well with the observations by
Avarmaa et al. [37] but were approximately 4 wt% lower than the data in Fallah et al. [83]. The
sulfur concentration in the matte obtained in this study agreed well with the results by
Avarmaa et al. [37] but was around 2 wt% lower than the observations by Sukhomlinov et al.
[35]. The different concentrations of trace metals in the matte contributed to the difference
between the present study and the literature [35, 83].
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Figure 14. Matte and slag compositions at silica saturation as a function of matte grade or silica concentration in
slag at 1300 °C and pSO:2 of 0.1-0.5 atm: (a)-(d) matte composition; (e)-(k) slag composition.

The copper concentration in all silica-saturated iron silicate slags increased with increasing
matte grade, as reported in many other studies [35, 51, 67, 82-89]. The increase of the pSO.
from 0.1 to 0.5 atm had no obvious impact on the copper loss in slags. However, the copper
concentration in slags decreased with the addition of Al.O; and CaO. The simultaneous addi-
tion of Al,O; and CaO decreased the copper in the slag by 40-60% over the entire matte grade
range investigated. The concentration of the chemically dissolved copper in the slag decreased
due to the replacement of copper cations by Al3* and Ca2+. The sulfur concentration in all slags
decreased with increasing matte grade, as reported in the literature [35, 51, 67, 82-89, 94-101].
Additions of Al,O; and CaO into the silica-saturated slags decreased the sulfur concentration
in the slag dramatically. It seems that the sulfur concentration in the slag was not affected by
the prevailing pSO. of the equilibrium system. The “FeO” concentration in all silica-saturated
iron silicate slags remained almost constant within the matte grade range studied, independent
of the pSO.. The silica concentration in the FeO,-SiO. slag displayed a slightly increasing trend
with increasing matte grade, but the results for the Al,O5- and CaO-containing slags had no
significant changes over the matte grade. The increase of pSO- from 0.1 to 0.5 atm resulted in
an increase in silica concentration in all silica-saturated slags at a fixed matte grade. The
Fe/Si0, ratio in the FeO-SiO, slag showed a slightly downward trend with increasing matte
grade, whereas the results for the Al.O;- and CaO-containing slag showed no obvious changes.
The equilibrium concentrations of Al,O5 and CaO in the silica-saturated slags increased with
the increasing silica concentration in the slags, suggesting that more silica is needed to attain
a fully molten slag when increasing the concentrations of Al.O; and CaO in the slags.

4.1.2 Precious metals distributions between matte and silica-saturated iron silicate slags
at pSO. of 0.1-0.5 atm

The distributions of the precious metals Au, Ag, Pt, and Pd between the copper matte and sil-
ica-saturated iron silicate slag were investigated over a wide matte grade range of 55-75 wt%
Cu from 0.1 to 0.5 atm pSO. at 1300 °C. The concentrations of all precious metals in the matte
and slag were accurately measured by EPMA and LA-ICP-MS, respectively. The concentration
of precious metals in matte and slag is shown in Figure 15 as a function of matte grade at 1300
°C and a pSO, of 0.1-0.5 atm.
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The concentrations of all precious metals in the matte had no significant changes over the
matte grade, and the slag modifiers had little effect on the precious metal concentrations in the
matte. The increase of the pSO. from 0.1 to 0.5 atm had no significant impact on the concen-
tration of Pd in the matte, whereas the concentration of Au, Ag, and Pt in the matte increased
by approximately 0.1, 0.1, and 0.2 wt%, respectively, with increasing pSO..

Generally, the concentrations of all precious metals in the slags were extremely low, with the
highest concentrations being for Ag, which varied between 25 and 100 ppmw. The concentra-
tions of all precious metals in the slags were independent of the pSO.. The concentrations of
Au, Pt, and Pd in silica-saturated FeO,-SiO. slag displayed similar downward trends with in-
creasing matte grade. Additions of Al,O; and CaO into silica-saturated iron silicate slags effec-
tively decreased the dissolution of Au, Pt, and Pd in slags, down to as little as 0.5 ppmw. Ag
had the highest concentration in the present silica-saturated iron silicate slags compared with
the other precious metals investigated. The Ag concentration in the present FeO-SiO. slag re-
mained nearly constant at around 60 ppmw over the entire matte grade range studied, whereas
the results for Ag in the FeO-SiO.-Al.O5 and FeOx-SiO.-Al.O;-CaO slags displayed increasing
trends with increasing matte grade. The simultaneous addition of CaO and Al.O; into the silica-
saturated iron silicate slag decreased the Ag concentration in slag; however, the impact of a
sole Al,O; addition was not evident.
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Figure 15. Concentrations of precious metals in matte and silica-saturated iron silicate slags vs. matte grade: (a)-

(d) precious metals in matte; (e)-(h) precious metals in slag.

The logarithmic distribution coefficients of precious metals between matte and silica-satu-
rated iron silicate slags calculated based on the experimental results are shown in Figure 16.
The majority of all precious metals reported to the matte, with L™/s > 102 in all cases, and the
matte grade had different impacts on their distribution. The prevailing partial pressure of sul-
fur dioxide was found to have no significant impact on the distribution of precious metals be-
tween matte and silica-saturated iron silicate slags. The transfer of Au into the matte in equi-
librium with all the types of slags investigated was favored by increasing matte grade, similarly
to the results by Avarmaa et al. [53]. The logarithmic distribution coefficients of Pt and Pd
between matte and FeO-SiO./FeO-Si0.-Al.O; slag displayed similar increasing trends with
increasing matte grade. However, the distributions of Pt and Pd between matte and CaO-con-
taining slag showed no significant changes as a function of matte grade. Additions of Al,O5; and
CaO into silica-saturated iron silicate slags favored the transfer of Au, Pt, and Pd into the matte.

Ag exhibited different distribution behavior from the other precious metals investigated in
this study. The logarithmic distribution coefficient of Ag between matte and FeOy-SiO, slag
stayed almost constant at 2.2 over the whole matte grade range studied. However, the distri-
bution results for Ag between matte and Al.O5-/CaO-containing slags decreased with increas-
ing matte grade. The addition of Al,O; into silica-saturated iron silicate slag was observed to
have no evident impact on the transfer of Ag into the matte, whereas CaO somehow improved
the distribution of Ag into the matte. The present logarithmic distribution coefficient results
for Ag were close to the data of Avarmaa et al. [53] but lower than the observations by Rogani
et al. [92, 93]. The logarithmic distribution coefficients of Pt and Pd reported by Yamaguchi
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[52] remained almost constant at approximately 3 over the matte grade range of 40-65 wt%
Cu, after which they started to decrease with increasing matte grade.

4.8 3.0
(a (b)
44 28 1
A
A AD oA 2.6
— 4.0 Ay A L] —
= R //x /r =
< A < 24
g o 27 = *
£ 36 n °c_8 H — ¢ AL
= B =] = AN,
E .,l/ S22
& ° @ = R — 5® —e
3 ° 3 *o v - ——
32 - [
O 0.1 atm/FeOx-Si0, 2.0 ° -
o O 0.1 atm/FeOx-Si0,-Al
M A 0.1 atm/FeOx-Si ,04-Ca
2.8 ./‘/6 ® 0.5 atm/FeOx-Si N
52 1.8
A 0.5 am/FeOx-Si0,-ALO;-Ca0
24 L 1.6
55 60 65 70 75 55 60 65 70 75
Matte grade/wt% Cu Matte grade/wt% Cu
5.2 52
(c) (d)
4.8
48 By A
a fa | A e —a 44 ° 4 2a o2
A . = =
__ 44 A —
= = 40
& . . I
E "o —"n s &
% 40 ° S 36
5 =
o0 )
S o/ EER
36 o =
@ [ O 01amFeOxSi0, 28
/g'./ O 0.1 am/FeOx-SiO. -
32 L4 A 0.1 atm/FeOx. (|
- ./-9'0 .5 x 24
28 2.0 I
55 60 65 70 75 55 60 65 70 75
Matte grade/wt% Cu Matte grade/wt% Cu

Figure 16. Logarithmic distribution coefficients of precious metals between matte and silica-saturated iron silicate
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4.2 Copper-slag-spinel/wiistite-gas equilibrium system

4.2.1 Phase equilibria of copper and FeOx-saturated iron silicate slag

The equilibrium phase relations between metallic copper alloys and spinel/wiistite-saturated
iron silicate slags, which are related to the secondary copper smelting process, were studied at
1200-1300 °C. All experiments were conducted using synthesized spinel/wiistite crucibles.
Figure 17 shows the typical microstructures of copper-slag-spinel/wiistite-gas equilibria at
1200-1300 °C. The copper alloy was homogeneous, whereas entrained copper droplets were
observed in the slag, which were aggregated to the edges of the spinel/wiistite crystals, as
shown in Figure 17(a). Figures 17(b) and (c) represent the well- and poor-quenched slag, re-
spectively. The primary solid crystals, including the bulk continuous layer and discrete crystals,
were stable at high temperatures. The discrete primary crystals had a euhedral shape with typ-
ical sizes ranging from 10 to 100 pm. In contrast, the secondary spinel/wiistite crystals, formed
during quenching, displayed dendritic structures with a size of less than 10 um, as shown in
Fig. 17(c).
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Figure 17. Typical BSE images of copper-slag-spinel/wistite equilibrium at 1200-1300 °C.

The compositions of copper alloy and spinel/wiistite-saturated iron silicate slag at 1200-1300
°C as a function of oxygen partial pressure are shown in Figure 18. The copper concentration
in the molten alloy phase increased with increasing pO. at all the temperatures investigated,
mostly due to the oxidation of impurities into the slag. The temperature had no evident effect
on the copper concentration in the metal alloy phase. The iron concentration in the metal de-
creased with increasing pO., due to its oxidation to the slag phase, and the influence of pO. on
the iron concentration in the metal decreased at higher pO.. The iron concentration in the
metal increased with increasing temperature at a given pO..

The copper concentration in the slag at all temperatures investigated increased with increas-
ing pO.. At a given pO,, the copper concentration in the slag decreased with increasing tem-
perature. The effect of temperature on decreasing the copper concentration in the slag in-
creased with increasing pO.. Both the “FeO” and SiO. concentrations in the slag were greatly
influenced by the pO. and temperature. The “FeO” concentration in the present spinel/wiistite-
saturated iron silicate slag decreased with increasing pO.. The increase in temperature resulted
in an increase of the “FeO” concentration in the slag at the fixed pO.. The SiO. concentration
in the slag showed an upward trend with increasing pO. and decreased with increasing tem-
perature at a given pO.. The Fe/SiO. ratio in the present spinel/wiistite-saturated iron silicate
slag increased with decreasing pO. at all the temperatures investigated.
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Figure 18. Equilibrium compositions of copper alloy and spinel/wistite-saturated iron silicate slags at 1200-1300

°C: (a)-(b) copper alloy composition; (c)-(f) slag composition.

4.2.2 Precious/high-tech metal distributions between copper and spinel/wiistite-satu-
rated iron silicate slag

The distribution behavior of Ag, Ni, Co, and Sn between the copper alloy and spinel /wiistite-
saturated iron silicate slags was studied at 1200-1300 °C and a pO, of 10° to 1065 atm, simu-
lating the secondary copper smelting process. The dissolution of precious/high-tech metals in
the solid spinel/wiistite primary phases was investigated by LA-ICP-MS for the first time in
this study. The concentrations of precious/high-tech metals in copper, slag, and solid spi-
nel/wiistite phases are shown in Figure 19.

The concentrations of Ag in the copper alloy were scattered compared with the high-tech
metals investigated in this study. The increase of temperature from 1200 °C to 1300 °C led to
a decrease of Ag in the copper alloy of approximately 0.8 wt%, indicating that the vaporization
of Ag intensified at higher temperatures, as also reported in recent studies [28, 29, 34, 37, 53].
The Ni concentrations in the copper alloy displayed linearly decreasing trends with increasing
PpO.. The increase in temperature from 1250 °C to 1300 °C resulted in an increase in Ni con-
centration in the copper alloy of around 0.1 wt%. The concentrations of Co in the copper alloy
were significantly lower than those of the other metals investigated, with a decreasing trend
against increasing pO.. The increase in temperature favored the transfer of Co to the copper
alloy. The results for Sn in the copper alloy displayed similar decreasing trends as Co, although
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the effect of temperature on the transfer of Sn to the copper alloy was not as significant as for
the other metals in this study.

Ag displayed the lowest concentration in all the spinel/wiistite-saturated slags in equilibrium
with a copper alloy. The Ag concentration in the slag decreased with increasing temperature at
a given pO.. The effect of temperature on the concentration of Ag in the slag became stronger
at higher pO. values. The Ni concentration in the slag displayed similar increasing trends as
Ag. The present results for Ni in the slag decreased with increasing temperature at a fixed pO,.
The concentration of Co in the slag displayed a non-linear but increasing trend with increasing
PpO.. The influence of higher temperature on decreasing the Co concentration in the slag was
more significant in the lower pO. range of 10° to 108 atm. The concentration of Sn in the slag
increased significantly with increasing pO. at 1200 °C. At 1250 °C, the concentration of Sn in
the slag in the most oxidizing conditions was twice as high as that in the reducing conditions.
However, the results obtained at 1300 °C showed no significant changes over the entire pO.
range studied. The increase of temperature from 1200 °C to 1250 °C reduced the Sn concen-
tration in the slag substantially at pO. values higher than 101° atm, owing to its stronger volat-
ilization in more oxidizing conditions, whereas the temperature had much less effect on the Sn
concentration between 1250 °C and 1300 °C.

The Ag concentration in the solid spinel/wiistite phase was extremely low (< 1 ppmw) when
compared with the high-tech metals. The results for Ni, Co, and Sn displayed similar increasing
trends with increasing pO., although the losses of Ni and Co in the spinel/wiistite phase were
higher than that of Sn. The effect of higher temperature on decreasing the concentration of
high-tech metals in spinel/wiistite was evident for all the minor elements, although less clear
for Ag between 1250 °C and 1300 °C.
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Figure 19. Concentrations of trace metals in metal, slag, and solid phases at 1200-1300 °C: (a)-(d) trace metals in
metal; (e)-(h) trace metals in slag; (i)-(I) trace metals in solids.
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The logarithmic distribution coefficients of precious/high-tech metals between copper alloy
(Cu) and slag (S), Log:cL%/S[Me], as a function of logarithmic pO. are displayed in Figures
20(a)-(d). Figures 20(e)-(h) present the logarithmic distribution coefficients of precious/high-
tech metals between solid spinel/wiistite and slag, Log,,LSd/S[Me].
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Figure 20. Logarithmic distribution coefficients of precious/high-tech metals between copper alloy/solids and slag
at 1200-1300 °C: (a)-(d) logarithmic distribution coefficients of precious/high-tech metals between copper alloy and

slag; (e)-(h) logarithmic distribution coefficients of precious/high-tech metals between spinel/wistite and slag.

The logarithmic distribution coefficient of Ag between copper alloy and slag varied between
1.6 and 3.4 at 1200-1300 °C, indicating that Ag reported significantly to the copper alloy. The
present distribution coefficient values for Ag at 1200-1250 °C decreased with increasing pO.;
however, the results determined at 1300 °C stayed almost constant, at around 2.6. The loga-
rithmic distribution coefficient of Ag increased by approximately 0.2 log units with increasing
temperature from 1200 °C to 1250 °C. The slopes of the trend lines at 1200 °C and 1250 °C in
this study were -0.40 and -0.39, respectively, indicating that Ag oxide dissolves in the slag with
a combination valence of 1+ and 2+, which is similar to the observations by Avarmaa et al. [29],
since the species of AgO,; and AgO would have slopes of -0.25 and -0.5, respectively.

The logarithmic distribution coefficients of Ni, Co, and Sn displayed similar decreasing
trends with increasing pO.. The distribution coefficient values for Ni and Sn were above zero,
indicating that Ni and Sn preferred the copper alloy over the slag phase. However, Co displayed
the opposite distribution tendency of accumulating in the slag phase. The slope of the trend
lines for Ni at 1200-1300 °C was approximately -0.5, indicating that Ni dissolved into the slag
as divalent oxide NiO, which is in good agreement with the observations in the literature [34,
118]. The slope of the trend lines for Co at 1200-1300 °C was around -0.60. This indicated that
the cobalt in the slag existed as a combination of Co2* and Co3+, as reported by Takeda et al.
[118], since the species CoO and Co.05 would have slopes of -0.5 and -0.75, respectively. As for
Sn, the slopes of the trend lines at 1200-1300 °C were from -0.6 to -0.7, which suggested that
the tin in the slags had a mixed valence of 2+ and 4+ since the species SnO and SnO. would
have slopes of -0.5 and -1, respectively.

Figure 20(e) indicates that Ag preferred the slag phase over the solid spinel/wiistite and the
distribution coefficients at 1250-1300 °C displayed decreasing trends with increasing pO.. The
logarithmic distribution coefficient results at 1200 °C fluctuated around -2. The increase in
temperature from 1250 °C to 1300 °C resulted in an increase in the distribution coefficient of
Ag between solids and slag by approximately 0.6 log units. Ni was distributed two to four times
more in the solid spinel/wiistite phase than in the molten slag. The distribution coefficient of
Ni between spinel/wiistite and slag at all temperatures investigated decreased first and then
increased with increasing pO,. Co displayed similar trends as Ni; however, Co was distributed
more into the slag phase at a given pO. and the increase of temperature favored the transfer of
Co to the slag over the solid spinel/wiistite phases.
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The negative slope of the trend line for the logarithmic distribution coefficient of Ag between
solid spinel/wiistite and slag suggested that Ag reduced to a lower valence state in spi-
nel/wiistite from the molten slag, independently of the slag saturation phase. In contrast, Sn
was oxidized to higher valence states from the molten slag phase to spinel/wiistite, i.e., pre-
dominantly divalent in wiistite (FeO) and tetravalent in spinel (Fe;O,). Both Ni and Co in the
solid phases were reduced to lower valent oxide species (MeO) from the molten slag when the
slag was saturated with wiistite. However, they were oxidized further to higher valent species
when the slag was saturated with spinel. A higher temperature favored the transfer of Ni and
Co to wiistite but depressed their distribution into spinel.

4.3 Matte-slag-spinel-gas equilibrium system

Nowadays, the production of copper slag is increasing dramatically, due to the increased
productivity of copper smelters as well as the depletion of primary copper ores. Currently, cop-
per slag is mainly disposed of in landfills which occupy plenty of land and pose big threats to
the environment and biodiversity due to the release of hazardous elements into the soil and
groundwater. By lowering the silica concentration in the slag, i.e., adjusting the slag saturation
to spinel saturation, the increasing slag-to-metal ratio of about 3 (w/w) in copper smelting can
be effectively reduced.

4.3.1 Phase equilibria of matte and spinel-saturated iron silicate slag

The phase equilibria of matte and Fe-spinel-saturated iron silicate slags (FeOy-SiO., FeOx-
Si0,-Al,05, and FeO-Si0.-Ca0) were investigated at 1250 °C and a pSO. of 0.25 atm. The
typical microstructure of the matte-slag system in equilibrium with spinel is shown in Figure
21. Copper-rich veins were observed in matte, similar to the observations made for silica satu-
ration. Both primary and secondary spinel crystals were found in the slag phase. The copper-
rich veins in the matte and the secondary spinel crystals were formed during quenching.

Figure 21. Typical microstructures of the matte-slag-spinel equilibrium system obtained at 1250 °C and pSO2 of
0.25 atm.
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Figure 22 shows the equilibrium compositions of matte, slag, and spinel as a function of ox-
ygen partial pressure or matte grade. The copper concentration in the matte equilibrated with
all types of slags increased with an increase in the prevailing oxygen partial pressure. Similar
increasing trends have also been reported in the literature [94-101] due to the stronger oxida-
tion of iron into the slag phase at higher pO., but the influence of oxygen partial pressure on
the matte grade gradually decreased at higher pO.. The addition of Al,O; into spinel-saturated
iron silicate slag led to an increase of copper concentration in the matte at a fixed pO,, whereas
the effect of CaO on the matte grade was not evident. Similarly to the results obtained for silica
saturation, the concentrations of iron, sulfur, and oxygen in the matte displayed linear decreas-
ing trends with increasing matte grade, as observed in previous studies [94-101], independent
of the corresponding equilibrated type of slag. Compared with iron and sulfur, the concentra-
tion of oxygen in the matte was much lower, decreasing from approximately 2.0 wt% to 0.5
wt%.

The copper concentration in spinel-saturated iron silicate slag decreased from approximately
2.5 wt% to 0.5 wt% over the matte grade range of 60-70 wt% Cu, after which it started to in-
crease at higher matte grades. Similar trends have also been observed by Hidayat et al. [95,
96]. Additions of Al,O;or CaO to spinel-saturated iron silicate slag resulted in a decrease of
copper concentration in the slag at matte grades lower than 70 wt% Cu. The concentrations of
sulfur in the slag displayed decreasing trends with increasing matte grade, as reported in the
literature [94-101]. Additions of Al,O; and CaO into spinel-saturated iron silicate slag had de-
creasing impacts on the sulfur concentration in the slag. The concentrations of “FeO” and SiO.
in all the spinel-saturated iron silicate slags displayed decreasing and increasing trends with
increasing matte grade, respectively. Subsequently, the Fe/SiO. ratio in the present spinel-sat-
urated iron silicate slag decreased over the entire matte grade range studied. The concentra-
tions of Al,O4 and CaO in the slag increased from approximately 2.5-4 wt% and 4-7 wt%, re-
spectively, with increasing matte grade, whereas the concentration of Al.O; in the slag was
approximately 3 wt% lower than that of CaO due to its dissolution in the spinel phase, as shown
in Figure 22(k). The slag modifiers had a significant influence on the “FeQ”, SiO., and Fe/SiO.
in the slags. The logarithmic distribution coefficient of Al.O; between spinel and slag indicates
its preference to be distributed into the spinel phase over the molten slag and its transfer to
the spinel was favored by decreasing the prevailing oxygen partial pressure.
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Figure 22. Equilibrium compositions of matte, slag, and spinel as a function of matte grade or oxygen partial pres-

sure at 1250 °C and pSO2 of 0.25 atm: (a)-(d) matte composition; (e)-(i) slag composition; (j)-(k) spinel composition.

4.3.2 Precious/high-tech metal distributions between matte and spinel-saturated iron sil-
icate slag

The distributions of the precious/high-tech metals Ag, Ni, Co, and Sn between the copper
matte and spinel-saturated iron silicate slag were investigated over the matte grade range of
60-76 wt% Cu at 1300 °C and a pSO. of 0.25 atm. The concentrations of the metals in the matte,
slag, and spinel phases are shown in Figure 23.

Figure 23(a) indicates that Ag displayed the highest concentration in the matte when com-
pared with the high-tech metals investigated in this study, fluctuating around 1 wt%. It was
found that the slag modifiers Al.O; and CaO had no impact on the concentrations of Ag, Ni,
and Co in the matte, as shown in Figures 23(a)-(c). The Ni concentration in the matte remained
almost constant at 0.8 wt% within the matte grade range of 60-70 wt% Cu, after which it
started to decrease with increasing matte grade. The concentration of Co in the matte de-
creased from approximately 0.2 to 0.05 wt% with increasing matte grade. Sn exhibited the
lowest concentration in the matte, varying between 2 and 8 ppmw, as shown in Figure 23(d).
Unlike Ag, Ni, and Co, the addition of CaO into the spinel-saturated iron silicate slag resulted
in a small increase of Sn concentration in the matte; however, the effect of Al,O; was not evi-
dent.

The concentration of Ag in the slags shown in Figure 23(e) decreased with increasing matte
grade from 60 wt% Cu to approximately 70 wt% Cu, after which it started to increase at higher
matte grades. The effects of the slag modifiers Al,O; and CaO on this particular spinel-satu-
rated iron silicate slag were not evident. The Ni concentration in the spinel-saturated iron sil-
icate slags fluctuated around 0.06 wt% over the matte grade range of 60-70 wt% Cu and then
displayed an increasing trend with increasing matte grade, regardless of the slag modifiers.
The concentration of Co in all the slags exhibited slightly increasing trends with increasing
matte grade. The slag modifiers Al,O; and CaO had minor decreasing impacts on the Co con-
centration in the spinel-saturated slags. The concentration of Sn in the spinel-saturated FeOy-
Si0. slag displayed an increasing trend with increasing matte grade. However, the concentra-
tion of Sn in this particular Al.O;/CaO-containing slag remained almost constant at 10 ppmw
when the matte grade was lower than 70 wt% Cu, after which it tended to increase with in-
creasing matte grade.
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The results for the dissolution of the precious/high-tech metals in spinel, as shown in Figures
23(i)-(1), suggest that varying concentrations of the metals dissolved into the spinel phase. The
concentration of Ag in the spinel was extremely low (< 1 ppmw) and showed significant changes
against the matte grade, similar to the results obtained from the Fe-spinel in equilibrium with
metallic copper and slag. The results for Ni and Co in the spinel displayed a similar increasing
trend with increasing matte grade, although the Co concentration in the spinel was approxi-
mately 0.05 wt% higher than that of Ni over the matte grade range of 62-70 wt% Cu. The con-
centration of Sn in the spinel varied between zero and approximately 300 ppmw without a

clear trend and with a large standard deviation when compared to the other metals in the sys-
tem investigated.
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Figure 23. Concentrations of the precious/high-tech metals in matte, slag, and spinel as a function of matte grade

at 1250 °C and pSO:2 of 0.25 atm: (a)-(d) precious/high-tech metals in matte; (e)-(h) precious/high-tech metals in
slag; (i)-() precious/high-tech metals in spinel.

The logarithmic distribution coefficients of the precious/high-tech metals between
matte/spinel and slag at 1250 °C and a pSO. of 0.25 atm are shown in Figure 24. The distribu-
tion results for Ag shown in Figure 24(a) indicate that Ag significantly favored the matte phase
over the slag and the transfer of Ag to the matte can be improved by increasing the matte grade,
as also reported by Roghani et al. [92] at magnesia saturation. The distribution of Ag between
matte and spinel-saturated iron silicate slag was not affected by slag modifiers, which differs
from the observations obtained at silica saturation in slags [92, 93]. Similarly to Ag, Ni pre-
ferred the matte phase over the slag in the entire matte grade range studied. The distribution
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coefficients of Ni between the matte and spinel-saturated iron silicate slag displayed a slightly
increasing trend over the matte grade range from 60 wt% Cu to approximately 66 wt% Cu, after
which it started to decrease at higher matte grades. The logarithmic distribution coefficients of
Co and Sn between matte and spinel-saturated slag displayed similar decreasing trends with
increasing matte grade. The distribution results for Co and Sn were below zero, indicating that
both Co and Sn preferentially distributed into slag over matte, as reported by Sukhomlinov et
al. [35].

The logarithmic distribution coefficients of precious/high-tech metals between spinel and
slag, as shown in Figures 24(e)-(h), give a better understanding of the distribution mechanism
of trace metals in matte-slag-spinel equilibrium systems. Figure 24(e) indicates that Ag favored
the molten slag more than the spinel and that the distribution coefficient increased with in-
creasing matte grade. The slag modifiers Al,O; and CaO into the spinel-saturated iron silicate
slag studied had no evident impact on the distribution of Ag between spinel and slag, similarly
to nickel, cobalt, and tin. The spinel-slag distribution coefficients for Ni and Sn indicated their
preference for spinel over molten slag. The results for Ni exhibited an increasing trend with
increasing matte grade, whereas the logarithmic distribution coefficient of Sn between spinel
and slag remained at almost 0.5 over the whole matte grade range investigated. Co was slightly
enriched in the molten slag as a function of matte grade, and the distribution results for Co
showed no significant changes over the matte grade.
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Figure 24. Logarithmic distribution coefficients of precious/high-tech metals between matte/spinel and slag at 1250
°C and pSOz2: (a)-(d) logarithmic distribution coefficients of precious/high-tech metals between matte and slag; (e)-

(h) logarithmic distribution coefficients of precious/high-tech metals between spinel and slag.
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5. Conclusions

The phase equilibria and distributions of precious/high-tech metals between copper/matte
and slag/spinel/wiistite at different slag saturations were investigated using the high-temper-
ature isothermal equilibration technique followed by drop quenching and direct phase compo-
sition analyses using EPMA and LA-ICP-MS. The experimental conditions were selected to
simulate the primary and secondary copper smelting processes. The effects of slag modifiers
(Al,O5 and CaO), pSO,, saturation phase, and temperature on the phase equilibria of cop-
per/matte and slag and on the precious/high-tech metals distributions in the equilibrium sys-
tems were studied. The direct phase analyses using EPMA and LA-ICP-MS eliminated poten-
tial uncertainties and errors in the phase assays due to the entrainment of another phase.

The phase equilibria and distributions of precious metals (Au, Ag, Pt, and Pd) between cop-
per matte and silica-saturated FeOx-SiO,, FeOx-SiO.-Al,O3, and FeOy-Si0O,-Al.05-CaO slags
were investigated at 1300 °C and a pSO. of 0.1-0.5 atm over a wide matte grade range from 55
wt% Cu to approximately 75 wt% Cu, which is related to the primary copper smelting process.
The industrial secondary copper smelting/converting process was investigated by equilibrating
the spinel/wiistite-saturated FeOy-SiO. slag and metallic copper with precious/high-tech met-
als (Ag, Ni, Co, and Sn) at 1200-1300 °C and a pO, of 10°-10-65 atm. Moreover, a novel fluxing
strategy for copper matte smelting and precious/high-tech metals recycling was studied by
smelting copper matte with precious/high-tech metals and spinel-saturated FeO,-SiO., FeO-
Si0,-Al,03, and FeO,-Si0,-CaO slags at 1250 °C and a pSO. of 0.25 atm.

The results for the phase equilibria of matte and silica/spinel/wiistite-saturated iron silicate
slag indicated that the copper concentration in matte was highly dependent on the oxygen par-
tial pressure and was affected by both the prevailing sulfur dioxide partial pressure and the
slag saturation. The concentrations of iron, sulfur, and oxygen in the matte decreased with
increasing matte grade, irrespective of the pSO. and slag modifiers. The copper concentration
in the silica-saturated slag decreased with decreasing matte grade and by adding Al.O; and
CaO, regardless of the pSO., whereas the sulfur concentration in the slag was not affected by
the pSO, and slag fluxes. The comparison of the results obtained at silica and spinel saturation
suggested that the copper concentration in the slag was affected by the primary phase present
in the slag, i.e., the copper concentration in the spinel-saturated slag was higher than that in
the silica-saturated slag at a given matte grade when the matte grade was lower than 70 wt%
Cu. The copper concentration in the spinel/wiistite-saturated iron silicate slag in equilibrium
with metallic copper increased with increasing pO. and decreasing temperature.

The distribution coefficient data suggested that the precious metals Au, Ag, Pt, and Pd can
be effectively recovered into matte and metal through the primary and secondary copper smelt-
ing routes. The slag modifiers Al,O; and CaO improved the transfer of precious metals to the
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matte in equilibrium with silica-saturated iron silicate slag, whereas their effects on the trans-
fer of Ag and other high-tech metals were not evident when the system was saturated with
spinel. The distributions of precious metals were not strongly affected by the prevailing sulfur
dioxide partial pressure, as shown in Table 7, indicating that oxygen enrichment has only a
minor direct impact on the distribution coefficients of trace elements. Unlike the precious met-
als, the high-tech metals investigated in this study exhibited different distribution behavior in
primary and secondary copper smelting. In general, Ni and Sn favored the matte and metal
phases at lower matte grades or in reducing conditions. However, Co was mainly distributed
into the slag phase. A higher temperature favored the transfer of Ni, Co, and Sn to metal in
secondary copper smelting. Sn was found to evaporate significantly during smelting. A strong
dissolution of Ni, Co into spinel was observed, especially at higher oxygen partial pressures.

Table 7. Concentrations of copper in the slag and distribution coefficients of precious metals between matte and

FeOx-SiO2 slag at the reference point of 65 wt% Cu in matte.

m/s
System Saturation pSO,/atm Temperature/°C Cu in slagiwt% Au kggmL Pt Pd
Silica 0.1 1300 1.0 3.2 2.1 3.4 3.4
Matte-slag Silica 0.5 1300 1.0 3.2 2.2 3.5 3.3
Spinel 0.25 1250 1.4 / 2.4 / /

The results for the phase equilibria of the major components (metal, matte, slag, tridymite,
and spinel/wiistite) and the equilibrium distributions of precious/high-tech metals are valua-
ble for updating thermodynamic databases and can be further used for thermodynamic mod-
eling. From the perspective of industrial practice, the present results provide guidance for im-
proving the performance of copper smelters and the recoveries of valuable metals from sec-
ondary materials by adjusting the temperature, oxygen/fuel to air ratio, as well as by adding
fluxes into the slags.
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