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1. Introduction

The population of the world is continuously growing and standards of living are rising. 
These trends result in increasing production rates in different fields, such as construc-
tion, and the energy and food industries. The growth rate in consumer goods, such as 
mobile phones, laptops and (electric) vehicles, has also been very rapid and will con-
tinue to increase in the future. Metals are needed in all these necessities, as well as in 
their production chains, e.g. logistics and manufacturing equipment. 

Metals are mined from the ground, and their amounts in the Earth’s crust are finite, 
i.e. they are non-renewable resources. Due to the increasing demand for metals, some 
of them have become or will become scarce, resulting in price increases and supply ir-
regularities. The demand for batteries, for example, is increasing rapidly, mainly due to 
the electrification of transport and renewable energy applications [1, 2]. The European 
Union has estimated that, by 2025, the global market of Li-ion batteries for electric cars 
alone can reach up to 55 billion euros [2]. With the current battery chemistries LCO, 
NCA and NMC [3], the main metals needed are nickel, cobalt and lithium. To satisfy the 
need for these metals in batteries as well as simultaneously in other application fields, 
primary production alone is not enough. Therefore, efficient and economically viable 
recycling processes must be investigated, developed and optimised for changing sec-
ondary feed (e.g. EoL batteries, electronic waste) compositions. 

One viable option for recycling is to utilise existing primary or secondary copper smel-
ters [4]. A great advantage of this option is the use of existing industrial facilities, thus 
eliminating the capital-intensive construction of completely new recycling plants. Re-
cycling via different copper smelting processes can be a viable option not only for some 
common battery metals, but also for many other valuable metals used in modern elec-
tronics and other consumer goods, such as PGMs and the high-tech metals In and Sn. 
However, the recovery of all metals of interest from EoL batteries and electronic waste 
requires new innovations and economically viable technologies for treatment of the 
slags produced. 

Most of the current copper smelting processes have been utilised for decades, and they 
have been optimised for handling primary ores. The introduction of WEEE or battery 
scrap as a secondary feed in these plants brings new elements into the process circuits 
and alters the concentrations of the existing elements. Therefore, research regarding 
trace element behaviour with different slag chemistries, for example, is needed to opti-
mise the recovery possibilities of several (trace) metals simultaneously. 

The equilibrium behaviour of different minor/trace elements in the systems related 
to copper smelting has been studied for a relatively long time in order to gain insights 
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into the high-temperature behaviour of elements present in different copper concen-
trates and improve the recovery of the main product, copper [5, 6]. In the last couple of 
decades, this research has been expanded to cover several trace elements not commonly 
present in traditional primary ores but introduced to the smelting circuits via secondary 
material sources or new, lower grade primary ores [7]. The conventional methods for 
analysing phase compositions have been chemical analyses and EPMA. For the first 
method to produce reliable and accurate results, the different phases in the system must 
be completely separated manually before dissolution and ICP - spectrometry analysis. 
This can be difficult, depending on the investigated system, and has not been completely 
successful in the past [8, 9, 10]. The second conventional method, EPMA, is capable of 
direct phase analyses from polished sections, thus eliminating the need for manual 
phase separation. The drawback, however, is the detection capabilities; the minimum 
detection limits are typically in the range of 100-400 ppmw, which is perfectly fine for 
major or even minor element composition quantification, but insufficient for determin-
ing the accurate concentrations of many trace or ultra-trace elements. 

The solution for phase-by-phase trace element concentration analyses directly from 
solid samples is LA-ICP-MS. The use of laser ablation as a method for introducing sam-
ples to the ICP-MS was first reported approximately 35 years ago [11], but it has been 
mostly utilised in geology. Literature about characterising metallurgical samples with 
this method is still scarce, and the only published studies are from Aalto University 
MTG/TDM research groups in Finland and two groups in Australia. A doctoral thesis, 
where the trace element concentrations in metallurgical samples were largely charac-
terised by LA-ICP-MS, was published by Katri Avarmaa from the Thermodynamics and 
Modelling research group at Aalto University in 2019. [12] The present thesis expands 
on this topic, focusing more on the characterisation technique itself. 

In this work, the state-of-the-art analysis techniques EPMA and LA-ICP-MS were ap-
plied for major and trace element concentration quantification, respectively, directly 
from polished sections of solid samples. The capabilities of LA-ICP-MS are presented 
in more detail, and the obtained results are discussed. The new data provided in this 
thesis, as well as in other recent publications from our group, provide valuable infor-
mation for the industry and academia in the collective aim towards the circular econ-
omy and efficient use of natural resources. 

1.1 Objectives of the thesis

Due to the use of previously unutilised, low grade copper ores as well as the introduction 
of new types of secondary raw material feed into industrial copper smelting processes, 
the chemical composition of the raw materials is changing. New trace elements, some 
of them valuable and some harmful, are entering the furnaces along with higher con-
centrations of gangue minerals. The behaviour of existing and new trace elements must 
be investigated in different process conditions, i.e. primary and secondary copper smel-
ting, different oxygen partial pressure ranges and matte compositions, as well as chan-
ging slag chemistries, in order to understand the behaviour of these trace elements and 
optimise their recoveries. Before conducting experiments in industrial processes, where 
the number of uncontrollable variables is high, the basic phenomena must be studied 
in laboratory-scale experiments, which was done in this thesis work.  
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A prerequisite for obtaining new, meaningful data regarding trace element behaviour 
is the availability of characterisation techniques capable of accurate trace- and ultra-
trace concentration quantification from various phases. In this work, LA-ICP-MS was 
utilised for trace element concentration analyses directly from individual phases, such 
as iron silicate slags and metallic copper alloys. 

The research questions investigated in this thesis are: 

(1) How do the different trace elements (Ir, Mo, Pb, Re, Sn, Sb, Te, Ga, In, La, Nd, 
Li, Co, Mn) behave in laboratory-scale pyrometallurgical high-temperature cop-
per smelting experiments? 

(2) How feasible is it to apply the highly sensitive LA-ICP-MS analysis technique for 
trace element concentration quantification from different phases in metallurgi-
cal samples?  
- Testing the suitability of different existing standard materials 
- Finding optimal parameters for characterising different phases 
- Addressing issues and shortcomings encountered during the analyses of dif-

ferent samples and phases 
 
Consequently, the aim of this thesis is to obtain new, accurate and industrially rele-

vant information about the equilibrium and kinetic distribution behaviour of trace ele-
ments in pyrometallurgical copper smelting processes, in controlled laboratory-scale 
experiments as a function of starting material composition and gas atmosphere. 

1.2 New scientific contribution

The research groups of Metallurgy (MTG) and Metallurgical Thermodynamics and 
Modelling (TDM) at Aalto University were the first to apply LA-ICP-MS in the analysis 
of metallurgical samples; the first peer-reviewed journal article was published in 2015 
[13]. The present work continues this research by applying the analysis method in var-
ious cases of trace element concentration quantification in metallurgical slags, spinels, 
mattes and metal alloy phases, as well as discussing the problems and limitations of 
utilising the technique in the analyses of metallurgical samples. However, as shown in 
this compendium, these limitations can be largely overcome, and the data obtained pro-
vides significant novel information regarding the behaviour of valuable and harmful 
trace elements in metallurgical processes. This information can also be applied to in-
dustrial operations, thus contributing to the circular economy and sustainable use of 
resources in the metallurgical industry. 

The trace elements studied in this work are used in electronics, renewable energy pro-
duction and energy storage technologies, for example. When these devices and prod-
ucts, such as mobile phones, wind turbines and batteries, reach end-of-life, they must 
be recycled in order to secure the sufficiency of raw materials in the future. In the pub-
lications of this thesis, the behaviour of many elements relevant in these technologies 
was investigated in laboratory-scale primary and secondary copper smelting conditions. 
For the distributions of gallium, indium and lanthanum between copper sulphide 
mattes and iron silicate slags, the results obtained during this thesis work are the first 
reported values in the literature. The experimental work related to the kinetics of major 
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and minor element distributions in the copper flash smelting furnace settler has just 
begun, and Publication 5 was the first peer-reviewed journal article published on the 
topic. In addition, the distribution coefficients of lithium and lanthanum between cop-
per alloy and high-alumina iron silicate slags reported in Publication 6 were experimen-
tally verified for the first time. 

1.3 Practical applications

The results of the thermodynamic and kinetic phenomena studied in laboratory-scale 
experiments can be applied to industrial processes as well. The new information ob-
tained helps in designing, optimising and modelling the most efficient and feasible pro-
cesses for industrial scale recycling of electronic scrap and EoL batteries, for example. 
For the kinetic experiments (Publication 5), the obtained results represent the first pub-
lished kinetic data on the behaviour of REEs in the flash smelting furnace as a function 
of time. When REEs enter the furnace in the actual processes (for example from batter-
ies or hard disc drives), this data can serve as a starting point for evaluating their be-
haviour. 

As the analytical techniques used (EPMA and LA-ICP-MS) provide elemental concen-
tration data directly from each phase (without the need for manual phase separation 
and chemical dissolution of the sample before analysis), the results obtained represent 
the true chemically dissolved concentrations of the elements in question, without pos-
sible contamination from other phases. Therefore, the distribution coefficient results 
enable the evaluation of processes on industrial scale; for example, if the losses of a 
precious metal in the slag are considerably higher, it is most likely due to mechanically 
entrained copper alloy or matte droplets within the slag. 

1.4 Outline of the thesis

The thesis comprises a compendium and six scientific, peer-reviewed and published 
journal articles. The compendium begins with a brief introduction to the topic, followed 
by a more detailed description of the LA-ICP-MS analysis technique in the second chap-
ter. A brief literature survey on applying LA-ICP-MS for trace element concentration 
quantification in several different fields, including pyrometallurgical processes, was 
also conducted and is presented in chapter 2. The third chapter presents the experi-
mental techniques used in this work, and the fourth chapter summarises the most im-
portant results obtained. Towards the end, the results are discussed in a broader context 
and possible future research directions are highlighted. The six peer-reviewed journal 
articles are included as appendices in the thesis. 

The journal articles are arranged in the current order to form a concise story about 
the progress of utilising LA-ICP-MS for the analysis of metallurgical samples: 
 

- In the first publication, the slag phase was analysed by LA-ICP-MS. The analysis 
of the primary spinels was also briefly discussed. However, the characterisation 
of the copper alloy by LA-ICP-MS was not successful, and the reasons behind 
this were discussed. 
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- The second and third publications focused on analysing the slag phase, and pre-
sented trace element distribution results obtained by combining mostly LA-ICP-
MS data for the slag phase, and EPMA data for the metal alloy phase. 

 
- The fourth and fifth publications showed that the characterisation of copper sul-

phide mattes is also feasible, and that elemental concentrations in the ultra-
trace region can be reliably characterised from sulphide mattes.  

 
- In the sixth publication, the issues related to analysis of copper alloy phase (Pub-

lication 1) were overcome by lowering the thermal conductivity of the alloy by 
adding nickel and tin. Trace element distribution coefficients for several ele-
ments were presented, some for the first time in literature, based on LA-ICP-MS 
data for the alloy phase and LA-ICP-MS/EPMA data for the slags. 
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2. LA-ICP-MS as a tool for sample charac-
terisation

This chapter provides a brief introduction to LA-ICP-MS, its operating principles and 
capabilities regarding trace element concentration quantification. Some earlier studies 
related to trace element behaviour in various research fields, utilising this analysis tech-
nique, are also presented and discussed. Finally, the details of applying LA-ICP-MS in 
this work are presented. 

2.1 The LA-ICP-MS technique and equipment

The first publication regarding the use of laser ablation as a method of introducing sam-
ples to the ICP-MS dates back to 1985 [11]. Since then, the method has been widely 
accepted and applied for trace element concentration quantification and isotope ratio 
measurements. The bulk of publications have focused on geological applications. Iso-
tope ratio measurements (e.g. for determining the age of minerals) are possibly the big-
gest area of interest currently, and these analyses have been made possible by the intro-
duction of sector field multicollector ICP-MS devices [14]. However, this thesis only fo-
cuses on the use of LA-ICP-MS for determination of trace element concentrations. 

The equipment consists of three parts: LA, ICP and MS. A schematic representation 
is shown in Figure 1. The first part, LA, is responsible for sample introduction, and it 
contains the laser and its optics, an overpressured He-filled ablation chamber, and tub-
ing for transporting the ablated sample aerosol to the ICP in a gas flow. [15] Currently, 
most of the commercially used LA instruments use a laser with a wavelength in the 
deep-UV range (213 or 193 nm) and emit laser pulses lasting for a few nanoseconds [14]. 
These kinds of nanosecond (ns) lasers are well suited for most analysis applications, 
and a 193 nm far-ultraviolet ns laser was used in this work. However, when there is a 
high risk of melting the sample before controlled ablation (for example in analysing 
metallic copper), the state-of-the-art option is the femtosecond laser [16], the technol-
ogy of which is already quite mature, and some instruments are commercially available.  

In the ICP, a plasma is generated by electrically heating a gas, most commonly argon. 
The high-temperature plasma contains a large number of free electrons and ions. When 
the ablated sample–flow gas mixture enters the plasma, the sample particles are vapor-
ised, atomised and ionised [15]. This process is most successful when the ablated parti-
cles are small enough (in the nanometer range) and have a uniform size distribution. 
Ablation with nanosecond lasers produces particles that can be atomised and ionised to 
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a high degree, but femtosecond lasers are preferred when aiming for complete atomisa-
tion. In general, the ICP can ionise over 99 % of the atoms for most of the elements in 
the periodic table [15]. 

After ionisation, the ions are sucked through two cones, the sampler and skimmer, 
into the mass spectrometer. The ICP operates at atmospheric pressure, but the analyser 
and detector areas of the MS must have a very low pressure (10-10 atm range) in order 
to increase the mean free path of the ions enough for them to enter the detector before 
impacting with other ions, atoms or molecules. The mass spectrometer does not actually 
measure mass, but rather the mass-to-charge ratio of the ions. In this work, a single-
collector sector field MS was used. The ions are separated from each other based on the 
mass-to-charge ratio in the analyser section, which in this equipment comprises elec-
trostatic sector and magnetic sector analysers (ESA and MSA). The ESA eliminates ions 
with too low or high energies and the MSA bends the paths of the remaining ions so that 
the paths of ions with a low mass-to-charge ratio bend more, whereas the paths of ions 
with a high ratio bend less. [15] The Nu Instruments Attom ICP-MS device used in this 
work is equipped with FastScan ion optics, which enables alteration of the ion trajecto-
ries within the magnet. The ion beam can be deflected by up to ± 40 % of the selected 
mass without altering the acceleration voltage, which reduces mass discrimination ef-
fects. When using this mode, the magnet sweeps up and down and data is collected on 
both the up and down scans. This enables a higher analysis signal intensity. [17] 

After passing through the ESA and MSA, ions with a different mass-to-charge ratio 
are focused onto the detector, which enables single mass signal intensities to be meas-
ured [15]. The mass signal intensities are converted to elemental concentrations with 
the help of dedicated analysis software, such as Glitter (the GEMOC Laser ICPMS Total 
Trace Element Reduction software package) [18]. 

 
Figure 1. Schematic drawing of the laser ablation–inductively coupled plasma–mass spectrometer equip-
ment used in this work. For interpretation of the images on the computer screens, the reader is referred to 
section 4.2 in the Results and discussion chapter. 
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2.2 Application areas of LA-ICP-MS for trace element studies

Studies regarding trace element distributions in different natural, industrial or labora-
tory-scale systems have already been conducted for several decades. However, many of 
the earlier studies have utilised characterisation methods where manual phase separa-
tion and total chemical dissolution of the separated phases have been necessary before 
trace element concentration quantification [8, 9, 10]. The issue with this approach is 
the high possibility of contaminating the analysed phase with another phase, for exam-
ple in the form of mechanically entrained sulphide droplets or solid spinel formations 
within iron silicate slags. Therefore, when true chemically dissolved concentrations 
(without the effect of other entrained phases) of trace elements in different matrices are 
studied, direct phase analysis techniques with low detection limits, such as LA-ICP-MS, 
provide significantly more reliable results. 

2.2.1 Geology 

The main focus area of trace element analysis with LA-ICP-MS, as mentioned, is geol-
ogy with thousands of articles published in recent years. When analysing different min-
erals and areas of the Earth’s crust, trace element concentration data provides im-
portant information regarding the geological history of our planet. It also forms the ba-
sis of mineral exploration, i.e. which sites should be mined in order to produce different 
metals. [19] Geological research utilising LA-ICP-MS for trace element analyses has 
been presented in several review articles [19, 20, 21].  

One of the main benefits of this analysis method in geological (as well as other) appli-
cations is its high spatial resolution, which makes it possible to determine concentration 
gradients of specific trace elements within single melt inclusions or zircon grains, for 
example [20, 22, 23, 24]. As geology is the biggest application area, most of the work 
regarding commercially available standard reference materials (SRMs) has also been 
focused on the requirements of geological samples, especially silicates. For sulphides, 
carbonates and phosphates, in-house SRMs are still commonly used, as the availability 
of commercial SRMs with these matrices is relatively limited. [20] 

In addition to trace element concentration quantification, reliable determination of 
the major element composition of natural silicates using LA-ICP-MS has also been re-
ported in the literature. The possibility to analyse major and trace elements from exactly 
the same sample volume saves time and is beneficial, for example in the analysis of nat-
ural, presumably heterogeneous samples [25].  

2.2.2 Archaeology 

In archaeological studies, the objects of interest, called artefacts, are typically old and 
have significant cultural as well as historical value. Therefore, it is preferable to cause 
as little damage to the artefacts as possible: chemical dissolution followed by ICP-MS 
or OES analysis is not an ideal method. However, very low detection limits are needed 
in order to reliably analyse the trace element concentrations in paints, ceramics or old 
coins, for example. LA-ICP-MS is a micro-destructive method, i.e. a small portion of the 
sample is ablated and therefore destroyed during the analysis process, but when using 
small laser spot diameters (<50 μm), the damage remains very local, even invisible to 
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the human eye, making the technique relatively well suited for archaeological studies of 
small artefacts that fit inside the laser ablation chamber [26, 27]. Various artefacts, such 
as paper, glass, ceramics, human remains and old coins, have been successfully investi-
gated [26, 28, 29, 30]. A book regarding the latest advances in applying LA-ICP-MS to 
archaeological studies has also been published recently [31]. 

2.2.3 Biology 

LA-ICP-MS has been applied in the characterisation of a vast number of biological sys-
tems and samples in recent years. Regarding studies about humans, the method has 
been used in analysing Cu, Zn and Fe in brain proteins [32], monitoring As and other 
metal levels in hair [33] and determining Pt concentrations in hair after cancer treat-
ment [34], for example. Trace metal levels have also been successfully analysed from a 
single droplet of urine [35]: this is an example of the applications of the analysis method 
in forensic science [36], especially when only very small amounts of samples are avail-
able or ultra-trace concentrations are of interest. 

For other biological samples, the published research ranges from characterising 
metal-containing proteins in plant roots [37] to determination of iodine in the water-
insoluble fraction of edible Nori seaweed [38]. Most of the biological applications of LA-
ICP-MS in recent years have been presented in comprehensive review articles [39, 40]. 

As in other applications of LA-ICP-MS, the availability of suitable external standards 
can be a limitation in the analysis of biological samples. Novel in-house standard prep-
aration strategies, such as grinding and spiking rat brain tissue samples for sol-gel 
based standards, the preparation of matrix-matched hair standards and spiked gelatin 
droplet standards have been reported in the literature [33, 40, 41, 42].  

2.2.4 Metallurgy 

The focus area of this thesis, applying LA-ICP-MS to the characterisation of trace ele-
ment concentrations in metallurgical samples, is very new. The first publication dates 
back to 2015 and is from our own research group. In this first publication, the distribu-
tions of the PMs: Au, Ag, Pt, Pd and Rh, between copper sulphide matte and iron silicate 
slag were studied as functions of temperature and matte grade [13]. Since then, LA-ICP-
MS has been used by our group in several studies for accurate determination of trace 
and ultra-trace element distributions between different phases in various metallurgical 
process conditions, such as in copper matte smelting [43, 44, 45], doré smelting [46], 
nickel matte smelting [47, 48], secondary copper smelting [49, 50, 51, 52, 53] and cop-
per converting [54, 55].  

In addition to our group, only two groups of researchers from Australia (University of 
Queensland and Australian National University) have applied LA-ICP-MS to metallur-
gical sample characterisation. They have published several articles dealing with trace 
element concentration results in different metallurgical systems [56, 57, 58, 59, 60]. 
However, most of their published work regarding trace element distributions has not 
utilised LA-ICP-MS due to trace element concentrations that are sufficiently high for 
EPMA measurements in the relevant phases [e.g. 61, 62, 63]. In general, these research 
groups from Australia are placing more emphasis on developing the EPMA technique 
than LA-ICP-MS. 
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Some of the new distribution data obtained using LA-ICP-MS varies significantly from 
older results in the literature. This especially applies to elements which distribute ex-
tremely strongly to one phase, such as PGMs to matte or alloy [53]. These variations are 
most likely mainly due to the mechanical entrainment of other phases in the chemically 
dissolved and analysed samples in the older studies. As one of the purposes of trace 
element behaviour results is to provide valuable information for the metallurgical in-
dustry, the importance of accurate and reliable results obtained using the LA-ICP-MS 
analysis technique cannot be overemphasised.  

Often the best, and sometimes only, options for comparison of new data in metallur-
gical systems are found from geological studies. Geologists have studied the distribution 
of many trace elements quite extensively between silicates and sulphides, or sometimes 
metallic iron, and also elemental solubilities in silicates in systems saturated with the 
element in question. The most important reasons why this data is not directly applicable 
to (non-ferrous) metallurgical processes are that the silicates are most often iron-free 
or contain very low iron concentrations, the total pressures used in the studies are sig-
nificantly higher than in metallurgical process conditions, and the metal or sulphide 
phases have significantly different compositions than the metal or sulphide phases in 
metallurgical processes. 

2.3 Applying LA-ICP-MS in this work

There is an extensive amount of literature, especially in geology, where relatively small 
laser spot sizes have been used for the analyses (<50 μm) mainly due to the size of the 
areas available for ablation; the regions of interest can be very small in rocks and natural 
minerals. In this work, the samples were produced in laboratory experiments, and the 
number of different phases was well-known, so the size of the areas available for laser 
ablation was generally not a problem. Therefore, larger laser spots could be used, which 
is beneficial due to the lower detection limits obtained. The limitation for the spot size 
mostly came from the saturation of the detector at specific masses in the mass spec-
trometer, not from the size of the available phase areas. 

Several different calibration strategies have been reported and reviewed for LA-ICP-
MS [64]. In general, the calibration procedure involves the calibration of the mass re-
sponse of the ICP-MS and correction for the difference in ablation yields between the 
analysed sample and the standard reference material chosen. In this work, a simple and 
well-established calibration strategy was chosen: commercially available SRMs were 
used as external standards and the differences in the ablation yields were corrected by 
using a silicon (slags), iron or nickel (matte/spinel and metal, respectively) isotope as 
the internal standard. The silicon, iron or nickel concentrations in the individual phases 
required for internal standardisation, were determined by EPMA, or by EDS as reported 
in Publication 5. 

For the analyses, a well-established argon fluoride (ArF) Excimer laser with a wave-
length of 193 nm was used. It greatly reduces the matrix dependence of the ablation 
process compared to longer wavelength lasers (such as the previously common Nd:YAG 
1064 nm laser) [65] and produces smaller ablation particles, which are atomised and 
ionised to a higher degree in the ICP [16]. However, an even better option may have 
been a femtosecond (fs) laser, which the Aalto research group currently does not have 
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access to. For non-conductive samples, such as NIST 612 SRM and metallurgical slags, 
the benefits of using a femtosecond laser ablation system are somewhat debatable. For 
well-conducting samples, such as metals, the shorter laser pulses delivered by fs sys-
tems result in little to no sample melting and the formation of more stoichiometric ab-
lation aerosols. [16] No publications applying femtosecond lasers to metallurgical sam-
ples were found in the literature.  

ERM-EB075B SRM (electrolytic copper doped with several trace elements [66]) was 
purchased for use as an external standard in copper alloy and/or matte analyses. How-
ever, during initial ablation tests, it became evident that this SRM was not suitable for 
the ns laser used due to extensive melting of the standard material. The melting caused 
elemental fractionation and an efficiency of ion production so low that the trace element 
signals could not be separated from the background. Additionally, one of the copper 
isotopes would have had to be used as the internal standard, which is problematic due 
to the high natural abundance of both isotopes, leading to very high copper signals and 
thus limiting the spot size used. This shortcoming was solved by using a UQAC FeS-1 
pressed sulphide pellet [67] as an external standard for copper matte (Publication 4) 
and copper-tin alloy (Publication 6). In Publication 5, USGS GSD-1G silicate glass [68] 
was used as the external standard for copper matte analyses. The suitability of this sili-
cate standard for analysis of the copper sulphide phase is discussed in the Results and 
discussion chapter (section 4.2). For slag analyses, well-characterised NIST 612/610 
SRMs [69] were utilised as external standards. 
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3. Experimental section

The experimental and analytical techniques are presented in this chapter. The entire 
procedure consisted of sample precursor preparation, holding in the furnace hot zone 
for a specific time, rapid quenching, major element concentration analyses and trace 
element concentration quantification [70]. All the results shown and discussed in this 
thesis were obtained from laboratory-scale experiments. However, the results are, to a 
large extent, applicable to industrial process development and evaluation.  

3.1 Raw material preparation

Pure, reagent-grade laboratory chemicals were used in all the experiments. The details 
of all the chemicals are collected in Table 1. 

 
Table 1. Chemicals used in this work.

Chemical Purity Form Supplier

SiO2 99.99 % / 99.995 % Granules / powder Umicore / Alfa Aesar

Fe2O3 99.999 % powder Alfa Aesar

Al2O3 99.99 % powder Sigma Aldrich

CaO 99.9 % / 99.99 % powder Sigma / Alfa Aesar

K2CO3 99.5 % powder Sigma Aldrich

MgO 99.95 % powder Alfa Aesar

Cu2S 99.5 % powder Alfa Aesar

FeS 99.9 % powder Alfa Aesar

Cu 99.9 % / 99.999 % powder Alfa Aesar

Ni 99.996 % powder Alfa Aesar

Ir, Sb 99.9 % powder Alfa Aesar

Re, Te, In 99.99 % powder Alfa Aesar

MoO2 99 % powder Alfa Aesar

Pb 99.95 % powder Alfa Aesar

Sn 99.85 % powder Alfa Aesar

Ga2O3, MnO 99.99 % powder Alfa Aesar

Co 99.99 % sponge Koch-Light Laboratories

Nd2O3 99.99 % powder Sigma Aldrich

La2O3 99.9 % powder Alfa Aesar

Li2CO3 99.998 % powder Alfa Aesar
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The powder reagents were carefully weighed on an analytical balance (Mettler Toledo 
AB204-S, GWB, Finland) and mixed thoroughly in an agate mortar to obtain homoge-
neous mixtures. The mixtures were then weighed and placed in crucibles made of alu-
mina (10/15 mm OD/H, Frialit AL23, Friatec, Germany, in Publications 1-3 and 6) or 
silica (10/6 mm OD/H, OM Lasilaite, Finland, in Publication 4; and 15/12 mm OD/H, 
Finnish Special Glass, Finland; Publication 5) for high-temperature holding. The 
weights of the reagent mixtures are shown in Table 2. 

3.2 High-temperature holding procedures 

The objective of this thesis was to study the distribution behaviour of trace elements, 
mostly in high-temperature equilibrium conditions (Publications 1-4 and 6) or as a 
function of time (Publication 5). For these purposes, vertical high-temperature labora-
tory furnaces were utilised. The furnaces used are shown in Figure 2 and the gas lines 
are also partially visible in the right-side figure. Schematic representations of the fur-
nace set-up and sample position inside the furnace are shown in Publications 2 and 4. 
 

 

Figure 2. The furnaces used in the experiments. The RHTV 120-150/18 furnace (Nabertherm, Germany) 
on the left was used in Publications 1-3 and 6. The 15/45/450 furnace (Lenton, UK) on the right side (or a 
corresponding furnace) was used in Publications 4 and 5. 

The temperature was set to 1300 °C in all the experiments. The desired gas atmospheres 
inside the furnace work tubes were obtained using pure CO, CO2, SO2 and Ar gases, sup-
plied by AgA-Linde, Finland. The gas flow rates required to obtain the desired oxygen 
and sulphur partial pressures at the experimental temperature were calculated using 
MTDATA software and the SGTE pure substances database [71, 72]. These gas flow 
rates as well as the corresponding partial pressures are listed in Table 2. 
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An oxygen sensor (Rapidox 2100Z; Cambridge Sensotec, UK) was attached to the off-
gas line for measuring the concentration of oxygen in the gas mixture exiting the furnace 
during experiments reported in Publication 1. During other experiments reported in 
this thesis, direct measurements of the oxygen or sulphur partial pressures were not 
conducted. 

To ensure that the systems reached equilibrium in the experiments reported in Pub-
lications 1-4 and 6, time series experiments were conducted. Based on the phase com-
position results and homogeneity, either 4 hours (Publication 4), 16 hours (Publications 
1-3) or 24 hours (Publication 6) was chosen as the equilibration time. 
 
Table 2. Reagent mixture weights, gas flow rates and corresponding oxygen and sulphur partial pressures.
In Publication 4, the oxygen and sulphur partial pressures correspond to specific target matte grades at a 
fixed sulphur dioxide partial pressure (0.1 atm).

Publication ID
Publication ID: 
reagent mixture 

weights
Partial pressures

(lg, atm) Gas flow rates (mL/min)

pO2 pS2 CO2 CO SO2 Ar

1, 2, 3, 6

1: 0.25 g slag, 
0.25 g metal

2, 3, 6: 0.20 g 
slag, 0.20 g metal

-11.0 56.0 244.0

-10.0 125.6 174.5

-9.0 208.5 91.5

-8.0 263.4 36.6

-7.0 287.4 12.6

-6.0 295.9 4.1

-5.0 298.7 1.3

4 4: 0.10 g slag, 
0.10 g matte

-8.07 -2.28 15 12 40 300

-8.0 -2.45 35 12 40 300

-7.92 -2.63 55 12 40 300

-7.79 -2.86 55 9 40 300

-7.58 -3.27 55 6 40 300

5 5: 0.50 g total 
mixture weight

inert 400

-0.68 Air from surrounding atmosphere

 

3.3 Sample characterisation

After being held in the furnace hot zone for a specific time, the samples were quenched 
rapidly in an ice-water mixture without compromising the gas atmosphere [73]. The 
quenched sample-crucible assemblies were cut in half with a diamond saw, dried and 
cast in epoxy. Polished sections were obtained using traditional wet or dry metallo-
graphic sample preparation methods [74]. After grinding and polishing, the polished 
sections were coated with carbon in order to obtain sufficient electrical conductivity on 
the sample surfaces for subsequent characterisation. 
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3.3.1 SEM-EDS 

Sample microstructures and preliminary phase compositions were examined using 
SEM-EDS. The microstructure images were obtained using backscattered electrons 
(BSE). In Publications 1-4, the equipment used was a LEO 1450 SEM (Carl Zeiss AG, 
Germany) coupled with an X-Max 50 mm2 EDS (Oxford Instruments, UK). INCA soft-
ware was utilised for concentration quantification. For Publications 5 and 6, a MIRA 3 
SEM (Tescan, Czech Republic) equipped with an UltraDry Silicon Drift EDS (Thermo 
Fisher Scientific, USA) was used. Thermo-Scientific NSS Spectral Imaging software was 
used for concentration quantification.  

For chemical composition analyses, the acceleration voltage was set to 15 kV and the 
beam current on the sample surface was maximised (to approximately 10 nA in Tescan 
SEM) for increased X-ray emission. Metallic or mineral standards, supplied by Astimex 
(Canada), were analysed prior to sample analyses, and the X-ray peak intensities were 
compared to these standards to ensure reliable concentration results. 

3.3.2 EPMA 

Accurate major and minor element compositions were obtained using an SX-100 EPMA 
(Cameca SAS, France) equipped with five wavelength dispersive spectrometers (WDS), 
located at GTK. One spectrometer was used for oxygen analyses. Depending on the in-
vestigated system, the number of analysis points per phase was between six and ten. 
The acceleration voltage was always set to 20 kV, and the beam current was 60 nA in 
most cases. The diameter of the defocused electron beam was 50-100 μm when the 
available homogeneous slag/matte/alloy phase areas were large enough. When they 
were not, a smaller beam diameter was used. A focused beam was only used for spinel 
crystals due to their small sizes in most samples. The metal/mineral standard materials 
used, which were always analysed immediately prior to the samples, are listed in Pub-
lications 1-6. The PAP-ZAF matrix correction procedure [75] was employed for raw data 
processing, after which the totals of individual analyses were generally 100 ± 2 wt.%. 
The concentrations were normalised to 100 wt.% before calculating the averages and 
standard deviations. The elemental detection limits were determined individually for 
each analysis point and element in each phase in each analytical session. These detec-
tion limits were typically between 90 and 400 ppmw for the trace elements of interest. 
The average detection limits for each element analysed from the samples in Publications 
1-6 are presented in the respective publications. 

3.3.3 LA-ICP-MS 

In all the publications included in this thesis, the concentrations of one or several ele-
ments in slag, matte and/or metal alloy phases were below the reliable detection limits 
of the EPMA equipment. Therefore, the LA-ICP-MS technique was utilised for these 
instances of trace or ultra-trace element concentration quantification. The equipment 
used was an AttoM single-collector ICP-MS system (Nu Instruments Ltd., UK) coupled 
with a Photon Machines 193 nm ArF excimer laser ablation device (Teledyne CETAC 
Technologies, USA), housed at GTK. 
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The analysis conditions and standard reference materials used varied between the an-
alysed systems. The analysed phases, laser parameters, standard materials and ele-
ments of interest in Publications 1-6 of this thesis are presented in Table 3. The numbers 
in parentheses in column 1, after the publication ID, indicate the number of experi-
mental series analysed with LA-ICP-MS followed by the total number of experimental 
series conducted. The analysis protocol was the same in all cases: five pre-ablation 
pulses were fired to remove the carbon coating and other contamination from the sam-
ple surface, followed by 20 seconds of flushing, 20 seconds of gas background collec-
tion, and finally data acquisition for 30-40 seconds (300-400 laser pulses at 10 Hz fre-
quency). Shorter, 30-35-second data acquisition times were used for spinel, matte and 
alloy phases, whereas the longer 40-second time was used for the slag phase. 
 
Table 3. LA-ICP-MS analysis parameters in the publications of this thesis.

Publication ID (no. of 
exp. series analysed 
with LA-ICP-MS / no. 
of exp. series con-

ducted)

Analysed phases 
(no. of spots per 

phase in each 
sample)

Laser parameters 
(spot size, flu-

ence, no. of 
pulses)

Standards 
(Internal, external)

Elements of 
interest with 
LA-ICP-MS

1 (2 / 2)

Slag (8)

Spinel (5)

65 μm, 2.5 J/cm2,
400 pulses

35 μm, 2.08 J/cm2,
300 pulses

29Si, NIST 612 [69]

57Fe, USGS GSD-1G [68]
Ir, Re, Pb

2 (1 / 2) Slag (8) 85 μm, 2.5 J/cm2,
400 pulses

29Si, NIST 612 Sn, Sb

3 (1 / 2) Slag (8) 85 μm, 2.5 J/cm2,
400 pulses

29Si, NIST 612 Te

4 (2 / 2) Slag (8)

Matte (8)

50 μm, 2.5 J/cm2

400 pulses 

350 pulses

29Si, NIST 612

57Fe, UQAC FeS-1 [67]
Ga, In, Sn, Te

5 (2 / 2 or 3*) Matte (8) 50 μm, 2.5 J/cm2,
350 pulses 

57Fe, USGS GSD-1G La, Nd

6 (1 / 2)

Slag (8)

Metal alloy (8)

65 μm, 2.5 J/cm2,
400 pulses

50 μm, 3.2 J/cm2,
350 pulses

29Si, NIST 610 [69]

61Ni, UQAC FeS-1

Li, Co

Li, La, Mn

* two experimental series were conducted in argon atmosphere and three in air atmosphere

 
An image of the sample/standard materials set-up in the sample holder of the LA-

ICP-MS is shown in Figure 3. The external standards and reference materials analysed 
as unknowns can be seen in the two slots (bigger and smaller) in the upper right corner. 
In most cases, the sample holder can accommodate six samples and the standards. The 
standards, as well as the other certified reference materials as unknowns, were analysed 
at the start of the run and after each individual sample. This procedure is key in obtain-
ing reliable results, as it enables calculation of the correct elemental concentrations in 
the samples based on the concentrations of the elements in the standard materials, and 
taking peak drift into account. For LA-ICP-MS, no further sample preparation is needed 
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after SEM and EPMA, which is one of the major benefits of laser ablation as a method 
of sample introduction for the ICP. 
 

 

Figure 3. Sample set-up in the sample holder placed inside the ablation chamber. The samples in the big 
and small slots in the upper right corner, highlighted by the red oval, are external standard reference ma-
terials. The two samples below the reference materials are similar to those in Publications 1-3 and 6. The 
other four samples are from the work reported in Publication 5. 

The isotopic detection limits of all the trace elements analysed by LA-ICP-MS in this 
work are listed in the tables in Publications 1-6. Generally, for the trace elements, they 
were well below 0.1 ppm by weight in slag, and somewhat higher in sulphide or metal 
alloy phases. 

The time-resolved analysis (TRA) signals obtained from the mass spectrometer were 
processed using Glitter software [18]. The trace element concentrations were calculated 
with the software based on Equation (1): 

concni = (cpsnij /abundancej) / (yieldni)    (1) 

where concni is the concentration of element i in analysis n; cpsnij is the mean count rate 
(background-subtracted) of isotope j of element i in analysis n; abundancej is the natu-
ral abundance of isotope j and yieldni is the cps per ppm of element i in analysis n. 

The yield of an element i in analysis n is determined by Equation (2): 

yieldni = yieldns × Int(yieldni / yieldns)std    (2) 
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where yieldns is the cps per ppm of the internal standard s in analysis n and Int(yieldni 
/ yieldns)std is the ratio of the yield of element i in analysis n to the yield of the internal 
standard s in analysis n, interpolated over the standard analyses. 

The minimum detection limits (MDL) at 99% confidence level were calculated based 
on Equation (3): 

MDL = 2.3 ×      (3) 

where B denotes the total counts in the background interval. [76] 
During LA-ICP-MS analyses, possible interferences on the analysed isotopes must be 

considered. Interferences can occur, for example, when two isotopes of different ele-
ments have almost the same mass, or when a polyatomic ion has a mass close to the 
isotope of interest [77], such as 65Cu40Ar+ on 105Pd. If several isotopes of the same ele-
ment provide significantly different concentration results, one or more of the isotopes 
are subject to interferences. Some interferences can be resolved by operating the mass 
spectrometer in high-resolution mode, at the expense of sensitivity. In this work, the 
mass spectrometer was always operated in low-resolution mode (M/ΔM = 300) for 
maximum sensitivity, i.e. low detection limits. For the elements in Publications 1-6, an 
interference-free isotope was always present. When this is not the case, various correc-
tion procedures have been developed [78] and can be used when analysing Pd from 
metallurgical slags, for example [53, 79]. 
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4. Results and discussion

During this work, a large set of experimental data was obtained, including microstruc-
ture images and elemental compositions of different phases. Most of the experiments 
were conducted as a function of oxygen partial pressures and different slag composi-
tions. A large portion of the obtained data has been published in Publications 1-6 avail-
able as appendices in this thesis. Selected results are presented and discussed in this 
chapter. 

4.1 Microstructural observations

Selected microstructure images obtained with the scanning electron microscope using 
backscattered electrons are shown in Figure 4. The general microstructures between 
different systems were relatively similar as they consisted of the copper alloy or matte, 
glassy slag and a solid primary phase (tridymite or iron-alumina spinel). Image A is 
from Publication 5 and it shows the sample microstructure after 30 seconds of holding 
at the experimental temperature (1300 °C). Phase separation was still in progress and 
primary silica was observed within the slag domain. All the other images (B-E) are from 
equilibrium samples, i.e. they were held at the experimental temperature between 4 and 
24 hours, depending on the required equilibration time in each system.  

When considering the focus of this work, i.e. obtaining reliable and accurate trace el-
ement concentration data using LA-ICP-MS, one of the critical aspects was the availa-
bility of sufficiently large phase areas for the laser spots. This was not a significant issue 
in most of the samples. The only exceptions were some samples in Publication 5, where 
trace element distribution kinetics were studied: primary silica grains restricted the 
available slag areas in samples with short experimental times (< 30 seconds). In some 
samples from Publication 6, several small individual spinel grains forming within the 
liquid slag domain caused similar restrictions. 

Significant amounts of mechanically entrained copper alloy droplets within the slag 
domain are shown in Figures 4 C-E. These droplets were mostly stuck to the spinel 
phase. Because the EPMA and LA-ICP-MS analysis techniques do not require physical 
separation of the phases and chemical dissolution as they are capable of direct phase 
analyses from solid samples, these droplets were easily avoided in the analyses. The role 
of these droplets in trace element losses in slags is not discussed in this thesis. Studies 
regarding the origin and other characteristics of mechanically entrained copper drop-
lets have been performed, for example by De Wilde et al. [80, 81]. 
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Figure 4. Examples of microstructures in the different systems investigated in this work: copper matte-slag 
(A and B) as well as copper alloy-slag (C-E). The numbers denote different phases or parts of the polished 
sections: 1 copper matte, 2 copper alloy, 3 slag, 4 tridymite, 5 Al-Fe spinel, 6 crucible, 7 epoxy.
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4.2 Laser ablation analyses of trace element concentrations

4.2.1. Ablation behaviour and external standards 

Examples of laser ablation pits in slag (A and B, Publications 6 and 1, respectively), 
copper sulphide matte (C, Publication 5) and copper-tin alloy (D, Publication 6) are 
shown in Figure 5. In ideal situations, the sample does not melt under the laser irradi-
ation, but is ablated in solid state forming an aerosol that is transported from the abla-
tion chamber to the inductively coupled argon plasma. This would be realised in most 
cases with the state-of-the-art femtosecond lasers [16], which emit extremely short laser 
pulses. However, the situation is somewhat different with the nanosecond laser used in 
this work. All the example pits in Figure 5 show some melting on the sides or bottom of 
the pits, but in the slag phase the melting was not very significant. It has been shown in 
the literature that far-ultraviolet nanosecond laser ablation systems can provide com-
parable performance with femtosecond laser systems regarding characterisation of 
non-conductive samples, such as glasses or slags [16]. When moving to the matte phase, 
the melting became more prominent, and for the copper alloy phase, even the shape of 
the pit was completely different due to melting. In Publication 1, where the copper alloy 
phase consisted of more than 97 wt.% copper, the laser ablation analysis did not provide 
reliable trace element data due to extensive elemental fractionation and melting of the 
sample, because the thermal conductivity was too high for ns laser irradiation. This is-
sue was overcome by adding 5 wt.% tin and 2 wt.% nickel into the system in Publication 
6; these elements deport mostly to the alloy phase in the oxygen partial pressure range 
studied, therefore decreasing the thermal conductivity of the alloy formed, and enabling 
the use of ns laser for sample ablation. Significant melting was still observed, but for 
example a comparison of EPMA and LA-ICP-MS results for cobalt in this phase, pre-
sented in Figure 6, shows that the concentration data can be regarded as reliable. The 
results match extremely well in the lower concentration range, where cobalt concentra-
tions in the analysed samples were relatively close to the concentration of Co in the ex-
ternal standard used for LA-ICP-MS (UQAC FeS-1 pressed sulphide pellet; 643 ppmw 
cobalt [67]). The deviation at the upper end of the concentrations was expected and was 
due to the analysed concentrations being considerably higher than the concentration of 
Co in the standard, similarly as in Figure 9 in Publication 2.  
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Figure 5. Laser pits in different phases: slag (A and B), copper sulphide matte (C) and copper-tin alloy (D). 

 

 
Figure 6. Comparison of cobalt concentrations in metal alloy, analysed with EPMA and LA-ICP-MS. 

During the work reported in Publication 5, the copper sulphide matte was analysed 
using USGS GSD-1G silicate glass as the external standard and 57Fe as the internal 
standard. The main reason for this was the higher concentrations of La and Nd in this 
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glass compared to the available sulphide standards. USGS GSE-1G glass as well as USGS 
MASS-1 pressed sulphide pellet SRMs were analysed as unknowns to monitor the anal-
ysis quality. The ability of GSD-1G glass to produce reliable concentration values for 
MASS-1 sulphide was of special interest. The results obtained for cobalt and lead are 
listed in Table 4.  
 
Table 4. Comparison between the analysed and reported trace element concentrations in standard refer-
ence materials to determine the suitability of GSD-1G glass as an external standard for sulphide analyses
and NIST 610 glass for slag analyses.

Phase

- element

Reported concentration 

in external standard 

(ppmw ± 2σ) [82]

Reported concentration in 

SRM analysed as unknown 

(ppmw ± 2σ) [82]

Analysed concentration in 

SRM analysed as unknown 

(ppmw ± 2σ)

Copper sulphide 

(Publication 5)

- cobalt 

- lead

GSD-1G

40 ± 2

50 ± 2

GSE-1G 380 ± 20

MASS-1 54 - 71 (preferred 

value 67)

GSE-1G 378 ± 12

MASS-1 67 - 80

GSE-1G 379 ± 12

MASS-1 67 ± 16

GSE-1G 403 ± 54

MASS-1 80 ± 10

Spinel-saturated 

iron silicate slag

(Publication 6)

- lithium

- cobalt

- lanthanum

NIST 610

468 ± 24

410 ± 10

440 ± 10

NIST 612 40.2 ± 1.3

BHVO-2G 4.4 ± 0.8

BCR-2G 9 ± 1

NIST 612 35.5 ± 1.0

BHVO-2G 44 ± 2.0

BCR-2G 38 ± 2

NIST 612 36 ± 0.7

BHVO-2G 15.2 ± 0.2

BCR-2G 24.7 ± 0.3

NIST 612 40.2 ± 2.6

BHVO-2G 4.4 ± 0.2

BCR-2G 8.9 ± 0.4

NIST 612 32.4 ± 1.2

BHVO-2G 40.1 ± 2.2

BCR-2G 34.1 ± 1.2

NIST 612 37.3 ± 1.0

BHVO-2G 14.4 ± 0.6

BCR-2G 24.6 ± 0.8

 
The results in Table 4 show that the analysed cobalt values in both GSE-1G and MASS-

1 are in excellent agreement with the preferred values in the GeoReM database [82]. 
For lead, the analysed concentrations are on the higher side of the preferred values, but 
still in good agreement. Considering that MASS-1 is not a very homogeneous standard 
material, as observed in the laser ablation analyses of this work, the results are excel-
lent. Thus, it was concluded that GSD-1G glass could be used as an external standard 
for the copper sulphide concentration analyses of Publication 5. Yuan et al. [83] have 
also previously applied GSD-1G as an external calibration standard for sulphide mineral 
analyses, and they confirmed the results against MASS-1 as well. Table 4 also presents 
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the results obtained from the slag phase analyses in Publication 6, using NIST 610 as 
the external standard. The errors (± 2σ) are considerably smaller compared to the er-
rors obtained from the sulphide reference material MASS-1. Twice the standard devia-
tions were used as the errors in Table 4 in order to obtain the same confidence levels as 
used in the GeoReM database [82]. 

It is important to remember that the maximum accuracy of the results obtained using 
LA-ICP-MS, and any other analysis technique, depends on the standards used: if the 
distribution homogeneity of an element in question in the standard reference material 
is ±5%, the maximum accuracy of the results cannot exceed this. Generally, the com-
mercially available LA-ICP-MS standards used for slags, i.e. synthetic or natural silicate 
glasses, are very homogeneous and well-characterised. Far less commercially available, 
well-characterised standard materials exist for sulphide and metal phases, and the trace 
element compositions of the available materials are not as homogeneous as the compo-
sitions of silicate glasses. Therefore, in general, the concentration results in slags can be 
regarded as more accurate than the results for sulphide and metal. 

4.2.2. Analysis signals and data obtained 

Examples of time-resolved analysis (TRA) signals obtained from the mass spectrometer 
are shown in Figures 7 A and B. These signals are an important feature of the LA-ICP-
MS method and provide a wealth of information. They make it possible to determine 
whether the concentration of an element is from true chemical dissolution or whether 
there are inclusions, dubbed nano- or micro-nuggets in geological literature [84], pre-
sent in the analysed volume of the sample. They also enable observation of how the trace 
element solubilities become more homogeneous as a function of time (for example in 
Publication 5). Although time-consuming, appropriate processing of the TRA signals is 
a prerequisite for obtaining meaningful results; if the chemical dissolution of an ele-
ment into a certain phase is of interest, such as in this thesis, possible inclusions must 
be eliminated from the signals (Figure 7 A).  

The Glitter analysis software [18] used during this work is a versatile tool for TRA 
signal processing. It enables the elimination of single channel peaks from the analysis 
signal, and in cases where there are several higher peaks, indicating the presence of 
micro- or nano-inclusions, the parts of the signals free of these peaks can be manually 
selected and used for concentration calculations. 

An example of palladium, gold and tellurium signals from doré smelting slag, i.e. me-
tallic silver - sodium silicate slag system [46], is shown in Figure 7 A. Laser ablation 
starts at around 18 seconds, and there is a high peak in the palladium and gold signals 
at 26 seconds. The peak is quite narrow, indicating a single nano- or micro-inclusion in 
the analysis volume. However, at 56 seconds, a larger inclusion is encountered in the 
ablation pit. Without the TRA signal, if for example, the whole analysed volume had 
been dissolved in acid and subjected to wet chemical analysis methods, this large inclu-
sion would have been included in the concentration results, significantly distorting the 
chemically dissolved concentration values of Pd and Au. In this case, the signal interval 
selected for quantification has been marked with a light green box; signal integration 
over 28-54 seconds provides the true Pd and Au concentrations dissolved in the slag in 
this location. The tellurium signal is shown for comparison; no evidence of Te-contain-
ing inclusions was observed in the analysed sample volume. 
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The TRA signals obtained for the REEs lanthanum and neodymium in iron silicate 
slag after a 300-second holding time in air atmosphere (Publication 5) are presented in 
Figure 7 B. These signals do not exhibit any larger peaks. Thus, in this location, La and 
Nd were already homogeneously dissolved in the slag after only 300 seconds at 1300 
°C. An example of a significantly more heterogeneous TRA signal for Nd after a 20-
second holding time is shown in Publication 5. 
 

 
Figure 7. Examples of the TRA signals from the mass spectrometer for different elements in different 
phases. A) Pd, Au and Te in sodium silicate slag [46]. B) La and Nd in copper sulphide matte (Publication 
5) after a 300-second holding time in air atmosphere. 
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4.2.3. Examples of concentration results 

Selected trace element concentrations in different phases are shown in Figures 8 A-D. 
The concentration of antimony in iron-alumina spinel-saturated iron silicate slags as a 
function of oxygen partial pressure as well as K2O concentration in the slag is shown in 
Figure 8 A, and the concentrations of lanthanum and neodymium in iron silicate slag 
as a function of holding time in air atmosphere are shown in Figure 8 B. The analysed 
concentrations of manganese and lanthanum in copper-tin alloy as a function of oxygen 
partial pressure and MgO concentration in the slag are presented in Figures 8 C and D, 
respectively. 
 

 
Figure 8. Examples of analysed elemental concentrations in different phases: A) Concentration of anti-
mony in iron-alumina spinel-saturated iron silicate slag, with 0-5 wt.% K2O. B) Concentrations of La and 
Nd in copper matte as a function of melting time in air atmosphere. C) and D) Concentrations of manganese
and lanthanum, respectively, in copper-tin alloy as a function of MgO concentration and oxygen partial 
pressure. Error bars were calculated as ± 1σ.

To obtain as reliable minor or trace element concentration data as possible, the two 
analysis methods utilised in this work, EPMA and LA-ICP-MS, need to be regarded as 
complementary, not competing. An example of this is shown for the concentration of 
antimony in slags in Figure 8 A. For the higher oxygen partial pressures, EPMA data 
was used. In the pO2 range where the concentration was below or close to the detection 
limit of EPMA, i.e. ≤ 10-6 atm, LA-ICP-MS data was used. 

In Publication 5, the LA-ICP-MS analysis technique was used for studying the kinetic 
behaviour of lanthanum and neodymium in primary copper smelting experiments. As 
Figure 8 B illustrates, these elements behave almost identically and their concentrations 
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in the matte phase decrease as a function of melting time in air atmosphere. The disso-
lution of La and Nd also becomes more homogeneous as the melting time increases, as 
can be deduced from the decreasing standard deviations. The capabilities of the LA-
ICP-MS method are demonstrated in Figures 8 C and D: extremely low concentrations 
in the sub-ppmw range can be reliably characterised even from metallic phases, pro-
vided that excessive melting can be prevented. 

4.3. Trace element distribution coefficients

One informative way to describe the behaviour of a trace element in a system is the 
distribution coefficient L. This thermodynamic parameter, which can be calculated 
simply by dividing the concentration of an element Me in phase A with the concentra-
tion of the same element in phase B, illustrates how this element Me distributes between 
these phases. In this work, the distribution coefficients were calculated between the al-
loy or matte phase and the slag phase. More detailed descriptions and the thermody-
namic background of the distribution coefficient have been presented in several previ-
ous publications [12, 49, 85], as well as in Publication 2. When plotting the logarithmic 
form of the equilibrium distribution coefficient of a trace element as a function of oxy-
gen partial pressure (in a metal alloy-slag system) according to Equation (4), the slope 
of a trend line fitted to the experimental points can be used to determine the dissolution 
form, i.e. oxidation state, of element Me in slag: 
 

lg = −x/2 lgpO2 + lgC    (4) 
 
In Equation (4), the constant C includes the thermodynamic variables K, nT and γ (equi-
librium constant of the dissolution reaction of Me in the slag as an oxide, number of 
moles in 100 g of alloy and slag, and the activity coefficients of the investigated element 
and its oxide form). 

The following sub-sections provide some examples of the distribution coefficient val-
ues obtained during this work. More detailed analyses and comparison with earlier data 
in the literature can be found in Publications 1-6. 

4.3.1. Tin, antimony and tellurium 

The behaviour of tin and antimony in laboratory-scale experiments simulating second-
ary copper smelting conditions was reported in Publication 2, whereas Publications 3 
and 4 focused on the distribution of tellurium in primary and secondary copper smelt-
ing experiments. The distribution coefficients of tin, antimony and tellurium between 
copper alloy and slag, as well as the distribution coefficient of tellurium between copper 
sulphide matte and iron silicate slag are presented in Figures 9 A-D. Most of the tellu-
rium in the matte-slag system evaporated into the gas phase (flue dusts in the industrial 
processes), but this amount was not quantified. The focus in this work was to reliably 
characterise the trace element concentrations in condensed phases after quenching. 
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Figure 9. Distribution coefficients of tin (A), antimony (B) and tellurium (C) between copper alloy and Al-
Fe spinel-saturated iron silicate slags as a function of oxygen partial pressure, as well as those of tellurium 
(D) between matte and iron silicate slags as a function of matte grade.

Most of the tin distributed into the copper alloy phase in oxygen partial pressures be-
low 10-6 atm. Based on the slopes of the trend lines fitted to the experimental result 
points, tin dissolves in the slags as SnO, i.e. in the valence state of Sn2+. The new data 
obtained in this work fits very well with the study by Avarmaa et al. [52] and relatively 
well with the older work by See & Rankin [86], even though the slope fitted to their data 
suggests a different valence for dissolved SnO. The most recent results obtained by 
Dańczak et al. [73], using 5 wt.% Sn in the starting material mixture with MgO as a slag 
additive, showed slightly higher values than those obtained in this work; however, the 
suggested dissolution form was the same. The distribution coefficient values for tin in 
the work of Dańczak et al. [73] were the same without MgO addition as the values ob-
tained in this work with the addition of 5 wt% K2O in the slag, indicating that a higher 
initial Sn concentration is beneficial for recovering Sn to the copper-rich alloy.

The distribution of antimony favoured the copper alloy at all the oxygen partial pres-
sures investigated, and the value of the distribution coefficient increased above 5000 in 
the most reducing conditions. The results reported by Hidayat et al. [56] agree with our 
results, whereas older data by See & Rankin [86] suggested completely different behav-
iour. Antimony is one example of an element whose equilibrium behaviour between 
copper alloy and slag is much more accurately characterised in recent work using the 
sensitive LA-ICP-MS technique, as discussed in Publication 2 and by Hidayat et al. [56].
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In secondary copper smelting conditions, tellurium strongly favours copper alloy over 
slag, as shown in Figure 9 C. The earlier data by Johnston et al. [87] showed approxi-
mately a value one order of magnitude lower at 10-9 atm oxygen partial pressure. The 
results of Kojo et al. [88], obtained at 1200 °C with sodium carbonate slags, were two 
to three orders of magnitude lower than our results, and they showed a change in the 
dissolution form of tellurium at pO2 10-7 atm. Our results also indicated a change in 
dissolution form around the same oxygen partial pressure, similarly to those reported 
for platinum [89]. According to the values obtained in this work, the distribution coef-
ficient of tellurium in primary copper smelting (Figure 9 D) increases as a function of 
increasing matte grade and is significantly more dependent on the matte grade than 
suggested earlier by Choi & Cho [90]. 

4.3.2. Battery metals and rare earth elements 

The distribution coefficients obtained for cobalt, manganese and lithium between me-
tallic copper-tin alloy and iron-alumina spinel-saturated iron silicate slags, with and 
without the addition of magnesia (Publication 6) are shown in Figures 10 A-C. The effect 
of magnesia in the slag was not clear for any of these elements, which was at least par-
tially due to the simultaneous decrease in alumina concentration, as the magnesia con-
centration increased. Calculations for isolating the effect of MgO on the behaviour of 
nickel and tin in the same system have been performed [73], which indicated that the 
distribution coefficient of tin increased as the MgO concentration increased and alu-
mina concentration remained constant. For nickel, the effect of MgO remained negligi-
ble. As discussed in the previous section, the effect of adding 5 wt.% tin (and 2 wt.% of 
nickel, compared to 1 wt.% each) to the system seems to have an increasing effect on the 
distribution coefficient of tin.  

For cobalt (Figure 10 A), the previous results obtained by Tirronen et al. [55] and Su-
khomlinov et al. [49] agree extremely well with the data obtained in this thesis, although 
both show slightly lower values than obtained in this work. The distribution behaviour 
of cobalt does not seem to be very sensitive to changes in slag chemistry, as the results 
by Tirronen et al. [55] were obtained using silica-magnetite double saturated slag and 
the results by Sukhomlinov et al. [49] using silica-saturated iron silicate slag. No liter-
ature data was found for comparing and isolating the effect of 5 wt.% Sn and 2 wt.% Ni 
additions on the distribution coefficient of cobalt, but the effect is expected to be very 
small. 

The previous literature data for manganese distribution coefficient values [55, 91, 92], 
presented in Figure 10 B, fall nicely on the same line, but the new data obtained indi-
cates much lower distribution coefficient values than those previously reported. Again 
this highlights the importance of direct phase analysis methods capable of quantifying 
extremely low concentrations in obtaining accurate data about the behaviour of trace 
elements that heavily distribute into one phase, in this case slag. Similarly as for cobalt, 
the effect of tin and nickel additions on the distribution behaviour of manganese cannot 
be quantified using previous literature data. Obtaining data for this purpose in the fu-
ture would also be very difficult if not impossible, at least using a ns laser system, due 
to the fact that the tin and nickel additions enabled the characterisation of the copper 
alloy phase in the first place, as discussed in section 4.2.1. 
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LA-ICP-MS is a powerful analytical tool for new research initiatives related for exam-
ple to batteries, where the emphasis is on the behaviour of lithium. Concentration quan-
tification for extremely light elements, such as lithium, is relatively simple, unlike with
methods that rely on X-ray production. In the last few years, however, soft X-ray emis-
sion spectrometers (SXES) have become commercially available. They can be coupled 
with an EPMA and should be capable of analysing lithium Kα peaks [93]. The results 
shown in Figure 10 C represent the first reliable data reported in the literature for lith-
ium distribution in secondary copper smelting conditions.

The results for La and Nd behaviour in primary copper smelting conditions, i.e. dis-
tribution coefficients between copper matte and iron silicate slag, presented in Figure 
10 D, are the first experimentally obtained kinetic data found in the literature. After five
minutes of holding time in argon atmosphere, the distribution coefficient values were 
already below 0.003, indicating that these rare earth elements deported heavily to the 
slag very rapidly.

Figure 10. Distribution coefficients of cobalt (A), manganese (B) and lithium (C) between metal alloy and 
Al-Fe spinel-saturated iron silicate slags, as well as lanthanum and neodymium (D) between copper matte 
and iron silicate slag in argon, as a function of holding time.
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4.3.3. Other trace elements 

The only platinum group metal investigated in the publications attached to this com-
pendium was iridium (Publication 1). The results show that the distribution coefficient 
value between metallic copper and iron-alumina spinel-saturated iron silicate slag was 
approximately 106.2 in the oxygen partial pressure range from 10-10 to 10-6 atm. When 
the pO2 increased to 10-5 atm, the value decreased to 105.2. The addition of 3 wt.% CaO 
to the system did not have a noticeable effect on the distribution behaviour of Ir. Ac-
cording to the results, Ir dissolved in the slag as a neutral species in reducing conditions 
and as IrO1.5 in oxidising conditions. However, as the concentrations in slag were ex-
tremely low, i.e. close to the detection limits of LA-ICP-MS, this behaviour should be 
verified by conducting equilibration experiments in a pure iridium – slag system. These 
kinds of experiments have been conducted for platinum [89] and palladium [79]. The 
results showed that, when taking into account the effect of dissolved iron in platinum, 
the thermodynamic distribution coefficient of platinum changed from 106.6 to 106.9 
when pO2 increased from 10-10 to 10-5 atm, and had a maximum Lalloy/slag value at 10-7 
atm. This suggests that platinum dissolves in different valence states in different oxygen 
partial pressures during the secondary copper smelting process. For palladium, the 
thermodynamic distribution coefficient value decreased linearly (when using log10 val-
ues) from 105.4 to 104.1 in the aforementioned pO2 range, indicating dissolution in the 
slag as PdO0.5. 

Lanthanum, as shown in Publication 6, behaved in exactly the opposite way compared 
to iridium. Its distribution coefficient value was close to 10-6, and it increased to 10-5 in 
extremely reducing conditions, indicating that effectively all La distributed in the slag 
in secondary copper smelting conditions. All the determined trace element distribution 
coefficient values between copper alloy and spinel-saturated iron silicate slag without 
additives are shown in Figure 11 in the Conclusions chapter. The distribution coefficient 
values obtained for Mo, Pb and Re in Publication 1 were not included in this figure, as 
they were only upper limits: their concentrations in the copper alloy were below the 
detection limits of EPMA, and the copper alloy was not analysed by LA-ICP-MS due to 
extensive melting under ns laser irradiation. Nevertheless, it is evident that these ele-
ments preferentially distribute to the slag phase (Mo and Pb) or vaporise to the gas 
phase (Re) in laboratory-scale secondary copper smelting experiments. 

In addition to tellurium (Figure 9 D), the behaviour of Ga, In and Sn in laboratory-
scale primary copper smelting experiments, i.e. the copper matte – iron silicate slag 
system, was reported in Publication 4. The distribution coefficient of gallium between 
copper matte and slag decreased from approximately 10-1.7 to 10-2.7 as the matte grade 
increased from 55 to 75 wt.% Cu (corresponding to pO2 increase from approximately  
10-8.1 to 10-7.6 atm). Additions of alumina and lime did not have a noticeable effect on 
the distribution behaviour of Ga. Indium distributed moderately to the copper matte 
when the matte grade was below 70 wt.% Cu. At higher matte grades, oxidation to the 
slag became more dominant. Alumina and lime increased the distribution coefficient 
values, i.e. increased the recovery of indium to the matte phase. This effect was more 
prominent on the lower matte grades. The distribution coefficient of tin was slightly 
below 1 at 55 wt.% Cu matte grade and decreased to approximately 0.25 at 75 wt.% Cu 
in matte. The effect of slag additives was not significant. 
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5. Conclusions

5.1. General 

This doctoral thesis focused on applying the LA-ICP-MS method in the analysis of trace- 
and ultra-trace element concentrations in different phases of metallurgical samples. 
The experiments were performed in both primary and secondary copper smelting con-
ditions on laboratory scale. The samples consisted of slag, matte or metal alloy and a 
solid primary phase, in most cases spinel. All of these phases were successfully charac-
terised by LA-ICP-MS during this work. The trace element concentrations in the spinel 
phase are not discussed in the compendium but were briefly mentioned in Publication 
1. The extremely low detection limits and the capability of direct phase-by-phase anal-
ysis from polished sections, provided by LA-ICP-MS, enabled new, accurate and indus-
trially relevant information regarding the behaviour of the investigated trace elements 
(Ir, Mo, Pb, Re, Sn, Sb, Te, Ga, In, La, Nd, Li, Co, Mn). 

All the determined distribution coefficients (for elements where reliable concentra-
tion data was obtained from both metal alloy and slag phases) between metallic copper 
alloy and iron-alumina spinel-saturated iron silicate slag, i.e. secondary copper smelt-
ing process, are collected in Figure 11. Results from Publications 4 and 5 were excluded, 
as they dealt with the primary matte smelting process. The results shown in Figure 11 
clearly illustrate the behaviour of these elements in the secondary copper smelting con-
ditions relative to each other. The results offer guidance on which elements can be re-
covered into the copper alloy, and how the prevailing oxygen partial pressure affects the 
recovery possibilities. The distribution coefficient values obtained in this work as well 
as earlier studies roughly follow the geological Goldschmidt classification presented in 
the 1930s [94], which divides elements into four categories according to their preferred 
host phases: lithophiles (combine readily with oxygen), siderophiles (dissolve readily in 
iron), chalcophiles (combine readily with sulphur and some other chalcogen, but not 
oxygen) and atmophiles (gases or form volatile hydrides). Siderophile elements gener-
ally have the highest distribution coefficient values, followed by chalcophile elements in 
the middle. Lithophile elements distribute heavily into the slag, i.e. they bond tightly 
with oxygen. No atmophile elements were investigated in this work. It should be noted 
that, of the presented elements, manganese exhibits both lithophile and siderophile 
characteristics and that different elements may exhibit different characteristics in dif-
ferent valence states. 
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Figure 11. All distribution coefficients determined in this thesis between copper alloy and iron-alumina 
spinel-saturated iron silicate slag. The distribution coefficient values roughly follow the Goldschmidt classi-
fication: siderophile elements have the highest values, followed by chalcophile elements. Lithophile ele-
ments distribute heavily into the slag, i.e. they have a high tendency to bond with oxygen. It should be 
noted that for example manganese exhibits both lithophile and siderophile characteristics.

With the current nanosecond laser ablation system, the analysis of almost pure copper 
was observed to be very challenging. This issue was overcome in the investigations re-
ported in Publication 6 by adding higher concentrations of tin and nickel to the starting 
material mixtures; this decreased the thermal conductivity of the resulting alloy and,
thus, decreased elemental fractionation and melting under laser irradiation. The aim in 
this research was to obtain information that is also relevant for the metallurgical indus-
try; from this perspective, the addition of tin and nickel was desirable, as their concen-
trations typically exceed 1 wt.% in industrial black copper smelting operations with 
WEEE included in the raw material feed.
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Based on the results presented in this thesis, the addition of basic oxides to spinel-
saturated iron silicate slag increased the distribution coefficients of tin, antimony and 
tellurium between the metal alloy and slag. For lithium, lanthanum, manganese and 
cobalt, as discussed in Publication 6, the effect of basic additives remained unclear, due 
to the simultaneous decrease in equilibrium alumina solubility as the magnesia concen-
tration increased. Uncertainties also arose due to the extremely low equilibrium con-
centrations of lithium, lanthanum and manganese in the copper-tin alloy, i.e. these el-
ements distribute very heavily into the slag. For iridium, as reported in Publication 1, 
the effect of lime was not clear either, which can be partially attributed to the very low 
concentrations of iridium in slags. In primary copper smelting experiments, i.e. the 
matte-slag system discussed in Publication 4, the additions of alumina and lime de-
creased the distribution coefficient of tellurium between copper matte and slag, had no 
noticeable effect on gallium and tin and increased the distribution coefficient value for 
indium. The kinetic study regarding the time-dependent behaviour of lanthanum and 
neodymium in primary copper smelting (Publication 5) indicated that these REEs be-
have almost identically and that they distribute rapidly and heavily into the slag. 

The results obtained can be applied to industrial metallurgical processes, and when 
determining optimal process conditions for recycling of electronic scrap within the ex-
isting smelters. If the metal losses to slags, based on the distribution coefficients ob-
tained in industrial operations, differ greatly from those obtained in this work, it indi-
cates that the process is operating far from equilibrium conditions or that the losses are 
of a mechanical nature. The goal of this work was to accurately determine the chemically 
dissolved concentrations of different trace metals in different phases; possible mechan-
ical losses were not discussed. Likewise, the furnace off-gases were not analysed to 
quantify the possible volatilisation of certain minor or trace elements.  

5.2. Future research directions

In recent years, an extensive amount of work has been conducted in our research group 
to obtain new data regarding trace element behaviour in different processes and condi-
tions, and the author has been fortunate to take part in many of these projects. Parallel 
to this thesis work and in addition to the six publications included in this thesis, the 
author has been involved in multiple studies employing LA-ICP-MS as the analytical 
technique for trace element measurements in secondary copper smelting [49, 50, 51, 
52, 53], copper matte smelting [43, 44, 45], copper converting [54, 55], nickel matte 
smelting [47, 48] and doré smelting [46].  

The aforementioned research has been conducted on equilibrium samples where the 
trace elements have been relatively homogeneously distributed in the volumes ana-
lysed. As the LA-ICP-MS analysis method provides information regarding the homoge-
neity of the analysed elements in the ablation volume, the method can also be used to 
study the time needed to achieve homogeneous concentrations of trace elements within 
different phases, for example. So far, this kind of research related to distribution kinet-
ics has been reported in Publication 5, regarding the behaviour of PMs in copper flash 
smelting furnace conditions [95], as well as in some currently unpublished works [96, 
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97]. The results of both equilibrium and kinetic research are useful in process model-
ling. The new experimentally obtained trace element behaviour data will aid in building 
more accurate thermodynamic databases and sophisticated process models. 

To enable the characterisation of metallic phases regardless of their compositions, a 
new femtosecond laser ablation system would be needed. Another important field is the 
external standard reference materials; initial attempts have been made to synthesise 
new standards in-house in collaboration with GTK. So far, these attempts have been 
unsuccessful regarding material homogeneity. When time permits, this research will be 
continued. However, Chen et al. recently published the first in-house standard synthe-
sised for the purpose of analysing precious metal concentrations in metallurgical slags 
[98]. 
 
 
 
 
 
 
 
 
 
 



49 

References

[1] Business Finland: Batteries from Finland program. https://www.businessfinland.fi/en/for-
finnish-customers/services/programs/batteries-from-finland/ (accessed 21.7.2021). 

[2] Tsiropoulos I, Tarvydas D, Lebedeva N. Li-ion batteries for mobility and stationary storage 
applications –Scenarios for costs and market growth, EUR 29440 EN, Publications Of-
fice of the European Union, Luxembourg, 2018, ISBN 978-92-79-97254-6, 
doi:10.2760/87175, JRC113360 

[3] Avarmaa K, Järvenpää M, Klemettinen L, Marjakoski M, Taskinen P, Lindberg D, Joki-
laakso A. Battery scrap and biochar utilization for improved metal recoveries in nickel 
slag cleaning conditions. Batteries, 2020. 6:4, 58. 

[4] Forsén O, Aromaa J, Lundström M. Primary Copper Smelter and Refinery as a Recycling 
Plant—A System Integrated Approach to Estimate Secondary Raw Material Tolerance. 
Recycling, 2017. 2, 19.  

[5] Nagamori M, Mackey P.J, Tarassoff P. Copper solubility in FeO-Fe2O3-SiO2-Al2O3 slag 
and distribution equilibria of Pb, Bi, Sb and As between slag and metallic copper. Metal-
lurgical Transactions B, 1975. 6:2, pp. 295-301. 

[6] Suzuki T, Shibasaki T. Behavior of impurities in Mitsubishi continuous copper smelting and 
converting process. TMA-AIME Paper Selection A. 75-40:1–15. 1975. 

[7] Shuva M.A.H, Rhamdhani M.A, Brooks G.A, Masood S, Reuter M.A. Thermodynamics data 
of valuable elements relevant to e-waste processing through primary and secondary cop-
per production: A review. Journal of Cleaner Production, 2016. 131, pp. 795–809 

[8] Takeda Y, Ishiwata S, Yazawa A. Distribution Equilibria of Minor Elements between Liquid 
Copper and Calcium Ferrite Slag. Transactions of the Japan Institute of Metals, 1983. 
24:7, pp. 518-528. 

[9] Nakamura S, Sano N. Solubility of Platinum in Molten Fluxes as a Measure of Basicity. 
Metallurgical and Materials Transactions B, 1997. 28, pp. 103-108. 

[10] Hoang G.B, Swinbourne D.R. Indium distribution between FeO–CaO–SiO2 slags and lead 
bullion at 1200°C. Mineral Processing and Extractive Metallurgy, 2007. 116:2, pp. 133-
138. 

[11] Gray A.L. Solid sample introduction by laser ablation for inductively coupled plasma 
source mass spectrometry. Analyst, 1985. 110, pp. 551-556. 

[12] Avarmaa K. Thermodynamic properties of WEEE-based minor elements in copper smelt-
ing processes. Doctoral Thesis, Aalto University School of Chemical Engineering, 2019. 
ISBN (electronic) 978-952-60-8606-4 

[13] Avarmaa K., O’Brien, H., Johto, H. Taskinen, P. Equilibrium Distribution of Precious Met-
als Between Slag and Copper Matte at 1250–1350 °C. Journal of Sustainable Metallurgy, 
2015. 1, pp. 216–228. 

[14] Sylvester P (Editor). Laser Ablation–ICP–MS in the Earth Sciences: Current Practices and 
Outstanding Issues. Preface: Sylvester P. Mineralogical Association of Canada, Short 
Course Series Volume 40, 2008. pp. xiv-xv. ISBN 9-0-921294-49-8 



50 

[15] Sylvester P (Editor). Laser Ablation–ICP–MS in the Earth Sciences: Current Practices and 
Outstanding Issues. Chapter 1: Longerich H. Laser Ablation-Inductively Coupled 
Plasma-Mass Spectrometry (LA-ICP-MS); an Introduction. Mineralogical Association of 
Canada, Short Course Series Volume 40, 2008. pp. 1-18. ISBN 9-0-921294-49-8 

[16] Ohata M, Tabersky D, Glaus R, Koch J, Hattendorf B, Günther D. Comparison of 795 nm 
and 265 nm femtosecond and 193 nm nanosecond laser ablation inductively coupled 
plasma mass spectrometry for the quantitative multi-element analysis of glass materials. 
Journal of Analytical Atomic Spectrometry, 2014. 29, pp. 1345-1353. 

[17] Nu Instruments Attom ES ICP-MS brochure. https://www.nu-ins.com/-/me-
dia/ameteknuinstruments/files/products/brochures/at-
tom_2019.pdf?dmc=1&amp;rev=1596704540583 (accessed 21.7.2021) 

[18] Sylvester P (Editor). Laser ablation ICP-MS in the earth sciences: Principles and applica-
tions. Appendix 3: van Achterberg E, Ryan C, Jackson SE, Griffin WL. Data reduction 
software for LA-ICP-MS. Mineralogical association of Canada, short course series Vol-
ume 29, 2001. pp. 239–243. ISBN 978-092-12942-9-0 

[19] Cook N, Ciobanu C.L, George L, Zhu Z-Y, Wade B, Ehrig K. Trace Element Analysis of 
Minerals in Magmatic-Hydrothermal Ores by Laser Ablation Inductively-Coupled 
Plasma Mass Spectrometry: Approaches and Opportunities. Minerals, 2016. 6, 111. 

[20] Liu YS, Hu ZC, Li M, Gao S. Applications of LA-ICP-MS in the elemental analyses of geo-
logical samples. Chinese Science Bulletin, 2013. 58, pp. 3863-3878. 

[21] Jenner F.E, Arevalo R.D. Jr. Major and Trace Element Analysis of Natural and Experi-
mental Igneous Systems using LA–ICP–MS. Elements, 2016. 12:5, pp. 311–316.  

[22] Li X-H, Liang X, Sun M, Liu Y, Tu X. Geochronology and geochemistry of single-grain zir-
cons: Simultaneous in-situ analysis of U-Pb age and trace elements by LAM-ICP-MS. 
European Journal of Mineralogy, 2000. 12, pp. 1015–1024. 

[23] Günther D, Audétat A, Frischknecht R, Heinrich CA. Quantitative analysis of major, minor 
and trace elements in fluid inclusions using laser ablation inductively coupled plasma 
mass spectrometry. Journal of Analytical Atomic Spectrometry, 1998. 13, pp. 263–270. 

[24] Halter W, Pettke T, Heinrich C. Laser-ablation ICP-MS analysis of silicate and sulfide melt 
inclusions in an andesitic complex I: Analytical approach and data evaluation. Contribu-
tions to Mineralogy and Petrology, 2004. 147, pp. 385–396. 

[25] Humayun M, Davis F.A, Hirschmann M.M. Major element analysis of natural silicates by 
laser ablation ICP-MS. Journal of Analytical Atomic Spectrometry, 2010. 25, pp. 998-
1005. 

[26] Resano M, Garcia-Ruiz E, Vanhaecke F. Laser ablation-inductively coupled plasma mass 
spectrometry in archaeometric research. Mass Spectrometry Reviews, 2010. 29, pp. 55-
78. 

[27] Giussani B, Monticelli D, Rampazzi L. Role of laser ablation-inductively coupled plasma-
mass spectrometry in cultural heritage research: a review. Analytica Chimica Acta, 2009. 
635, pp. 6-21. 

[28] Walaszek D, Senn M, Wichser A, Faller M, Wagner B, Bulska E, Ulrich A. Minimally-inva-
sive Laser Ablation Inductively Coupled Plasma Mass Spectrometry analysis of model 
ancient copper alloys. Spectrochimica Acta Part B, 2014. 99, pp. 115-120. 

[29] Junk S.A. Ancient artefacts and modern analytical techniques – Usefulness of laser abla-
tion ICP-MS demonstrated with ancient gold coins. Nuclear Instruments and Methods 
in Physics Research Section B: Beam Interactions with Materials and Atoms, 2001. 181, 
pp. 723-727.  

[30] Sarah G, Gratuze B, Barrandon J-N. Application of laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) for the investigation of ancient silver coins. 
Journal of Analytical Atomic Spectrometry, 2007. 22, pp. 1163-1167. 



References

51 

[31] Dussubieux L, Golitko M, Gratuze B (editors). Recent Advances in Laser Ablation ICP-MS 
for Archaeology. Springer-Verlag Berlin Heidelberg, 2016. 358 pages. ISSN 1613-9712. 
ISBN 978-3-662-49894-1 (e-book). 

[32] Becker J.S, Zoriy M, Pickhardt C, Przybylski M, Becker J.S. Investigation of Cu-, Zn- and 
Fe-containing human brain proteins using isotopic-enriched tracers by LA-ICP-MS and 
MALDI-FT-ICR-MS. International Journal of Mass Spectrometry, 2005. 242, pp. 135-
144. 

[33] Kumtabtim U, Matusch A, Dani S.U, Siripinyanond A, Becker J.S. Biomonitoring for arse-
nic, toxic and essential metals in single hair strands by laser ablation inductively coupled 
plasma mass spectrometry. International Journal of Mass Spectrometry, 2011. 307, pp. 
185-191. 

[34] Pozebon D, Dressler V.L, Matusch A, Becker J.S. Monitoring of platinum in a single hair 
by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) after cis-
platin treatment for cancer. International Journal of Mass Spectrometry, 2008. 272, pp. 
57-62. 

[35] Kumtabtim U, Siripinyanond A, Auray-Blais C, Ntwari A, Becker J.S. Analysis of trace 
metals in single droplet of urine by laser ablation inductively coupled plasma mass spec-
trometry. International Journal of Mass Spectrometry, 2011. 307, pp. 174-181. 

[36] Trejos T, Almirall J.R. Laser Ablation Inductively Coupled Plasma Mass Spectrometry in 
Forensic Science. In Encyclopedia of Analytical Chemistry (editors R.A. Meyers and R.A. 
Meyers), 2010. doi:10.1002/9780470027318.a9103 

[37] Wu B, Susnea I, Chen Y, Przybylski M, Becker J.S. Study of metal-containing proteins in 
the roots of Elsholtzia splendens using LA-ICP-MS and LC–tandem mass spectrometry. 
International Journal of Mass Spectrometry, 2011. 307, pp. 85-91. 

[38] Romarís-Hortas V, Bianga J, Moreda-Piñeiro A, Bermejo-Barrera P, Szpunar J. Speciation 
of iodine-containing proteins in Nori seaweed by gel electrophoresis laser ablation ICP–
MS. Talanta, 2014. 127, pp. 175-180. 

[39] Pozebon D, Scheffler G.L, Dressler V.L, Nunes M.A.G. Review of the applications of laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to the analysis of 
biological samples. Journal of Analytical Atomic Spectrometry, 2014. 29, pp. 2204-
2228. 

[40] Pozebon D, Scheffler G.L, Dressler V.L. Recent applications of laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) for biological sample analysis: a fol-
low-up review. Journal of Analytical Atomic Spectrometry, 2017. 32, pp. 890-919. 

[41] Sela H, Karpas Z, Cohen H, Zakon Y, Zeiri Y. Preparation of stable standards of biological 
tissues for laser ablation analysis. International Journal of Mass Spectrometry, 2011. 
307, pp. 142-148. 

[42] Van Acker T, Van Malderen S.J.M, Van Heerden M, McDuffie J.E, Cuyckens F, Vanhaecke 
F. High-resolution laser ablation-inductively coupled plasma-mass spectrometry imag-
ing of cisplatin-induced nephrotoxic side effects. Analytica Chimica Acta, 2016. 945, pp. 
23-30. 

[43] Chen M., Avarmaa K, Klemettinen L., O’Brien H., Sukhomlinov D., Shi J., Taskinen P., 
Jokilaakso A. Recovery of precious metals (Au, Ag, Pt, and Pd) from urban mining 
through copper smelting. Metallurgical & Materials Transactions B, 2020. 51, pp. 1495-
1508. 

[44] Chen M, Avarmaa K, Klemettinen L, O’Brien H, Shi J, Taskinen P, Lindberg D, Jokilaakso 
A. Precious Metal Distributions Between Copper Matte and Slag at High PSO2 in WEEE 
Reprocessing. Metallurgical and Materials Transactions B, 2021. 52, pp. 871-882. 

[45] Sukhomlinov D, Klemettinen L, Taskinen P, Jokilaakso A. Behaviour of Mo and Ir in cop-
per matte smelting. Proceedings of Copper 2019 Conference, Vancouver, Canada, 18.-
21.8.2019. Paper no. 593980. 



52 

[46] Avarmaa K, O’Brien H, Valkama M, Klemettinen L, Niemi E, Taskinen P. Properties of 
Na2O-SiO2 slags in Doré smelting. Mineral Processing and Extractive Metallurgy Re-
view, 2018. 39:2, pp. 125-135.   

[47] Piskunen P, Avarmaa K, O’Brien H, Klemettinen L, Johto H, Taskinen P. Precious Metals 
Distributions in Direct Nickel Matte Smelting with Low-Cu Mattes. Metallurgical and 
Materials Transactions B, 2017. 49B, pp. 98-112.  

[48] Sukhomlinov D, Klemettinen L, Virtanen O, Lahaye Y, Latostenmaa P, Jokilaakso A, 
Taskinen P. Trace Element Distributions between Matte and Slag in Direct Nickel Matte 
Smelting. Canadian Metallurgical Quarterly, 2020. 59:1, pp. 67-77. 

[49] Sukhomlinov D, Klemettinen L, Avarmaa K, O’Brien H, Taskinen P, Jokilaakso A. Distri-
bution of Ni, Co, Precious, and Platinum Group Metals in Copper Making Process. Met-
allurgical and Materials Transactions B, 2019. 50, pp. 1752–1765 

[50] Avarmaa K, Klemettinen L, O’Brien H, Taskinen P. Urban mining of precious metals via 
oxidizing copper smelting. Minerals Engineering, 2019. 133, pp. 95-102.  

[51] Hellstén N, Klemettinen L, Sukhomlinov D, O’Brien H, Taskinen P, Jokilaakso A, 
Salminen J. Slag Cleaning Equilibria in Iron Silicate Slag-Copper Systems, Journal of 
Sustainable Metallurgy, 2019. 5, pp. 463-473.  

[52] Avarmaa K, Klemettinen L, Taskinen P. The behavior of tin in black copper smelting con-
ditions with different iron-silicate based slags. Proceedings of EMC 2019 Conference in 
Dusseldorf, Germany, 23.-26.6.2019. pp. 497-510. 

[53] Avarmaa K, O’Brien H, Klemettinen L, Taskinen P. Precious metal recoveries in secondary 
copper smelting with high-alumina slags. Journal of Material Cycles and Waste Manage-
ment, 2020. 22, pp. 642-655. 

[54] Holland K, Sukhomlinov D, Klemettinen L, Latostenmaa P, O’Brien H, Jokilaakso A, 
Taskinen P. Distribution of Co, Fe, Ni, and precious metals between blister copper and 
white metal. Mineral Processing and Extractive Metallurgy, 2019. doi: 
10.1080/25726641.2019.1643129  

[55] Tirronen T, Sukhomlinov D, O'Brien H, Taskinen P, Lundström M. Distributions of lith-
ium-ion and nickel-metal hydride battery elements in copper converting. Journal of 
Cleaner Production, 2017. 168, pp. 399–409 

[56] Hidayat T, Chen J, Hayes P.C., Jak E. Distributions of Ag, Bi, and Sb as Minor Elements 
between Iron-Silicate Slag and Copper in Equilibrium with Tridymite in the Cu-Fe-O-Si 
System at T = 1250 °C and 1300 °C (1523 K and 1573 K). Metallurgical and Materials 
Transactions B, 2019. 50, pp. 229-241. 

[57] Shishin D, Hidayat T, Chen J, Hayes P.C., Jak E. Experimental Investigation and Thermo-
dynamic Modeling of the Distributions of Ag and Au Between Slag, Matte, and Metal in 
the Cu-Fe-O-S-Si System. Journal of Sustainable Metallurgy, 2019. 5, pp. 240-249. 

[58] Shishin D, Hidayat T, Sultana U, Shevchenko M, Jak E. Experimental Study and Thermo-
dynamic Calculations of the Distribution of Ag, Au, Bi, and Zn Between Pb Metal and 
Pb-Fe-O-Si Slag. Journal of Sustainable Metallurgy, 2020. 6, pp. 68-77. 

[59] Chen J, Allen C, Hayes P, Jak E. Experimental study of slag/matte/metal/tridymite four 
phase equilibria and minor elements distribution in “Cu-Fe-Si-SO” system by quantita-
tive microanalysis techniques. In: Proceedings of the Advances in Molten Slags, Fluxes, 
and Salts, 2016 (MOLTEN16). Springer, Cham, pp. 961–970. 

[60] Sineva S, Shevchenko M, Shishin D, Hidayat T, Chen J, Hayes P.C, Jak E. Phase Equilibria 
and Minor Element Distributions in Complex Copper/Slag/Matte Systems. JOM, 2020. 
72, pp. 3401-3409.  

[61] Shishin D, Hidayat T, Chen J, Hayes P.C, Jak E. Integrated experimental study and ther-
modynamic modelling of the distribution of arsenic between phases in the Cu-Fe-O-S-Si 
system. Journal of Chemical Thermodynamics, 2019. 135, pp. 175-182. 



References

53 

[62] Shishin D, Hidayat T, Chen J, Hayes P.C, Jak E. Combined experimental and thermody-
namic modelling investigation of the distribution of antimony and tin between phases in 
the Cu-Fe-O-S-Si system. Calphad, 2020. 65, pp. 16-24. 

[63] Sineva S, Shishin D, Starykh R, Hayes P.C, Jak E. Equilibrium Distributions of Pb, Bi, and 
Ag between Fayalite Slag and Copper-Rich Metal, Calcium Ferrite Slag and Copper-Rich 
Metal. Thermodynamic Assessment and Experimental Study at 1250 °C. Journal of Sus-
tainable Metallurgy, 2021. 7, pp. 569–582 

[64] Sylvester P (Editor). Laser Ablation–ICP–MS in the Earth Sciences: Current Practices and 
Outstanding Issues. Chapter 11: Jackson S.E. Calibration strategies for elemental analy-
sis by LA-ICP-MS. Mineralogical Association of Canada, Short Course Series Volume 40, 
2008. pp. 169-188. ISBN 9-0-921294-49-8 

[65] Günther D, Frischknecht R, Heinrich C.A, Kahlert H-J.  Capabilities of an Argon Fluoride 
193 nm Excimer Laser for Laser Ablation Inductively Coupled Plasma Mass Spectrome-
try Microanalysis of Geological Materials. Journal of Analytical Atomic Spectrometry, 
1997. 12, pp. 939-944. 

[66] Certified reference material: electrolytic copper with added impurities. Details available 
at: https://crm.jrc.ec.europa.eu/p/40454/40469/By-application-field/Industry-and-
engineering/ERM-EB075B-ELECTROLYTIC-COPPER-WITH-ADDED-IMPURITIES-
rod-trace-elements/ERM-EB075B (accessed 21.6.2021) 

[67] UQAC Pressed Sulfide Pellet Reference Material. Available online: https://sulfidesla-
sericpms.wordpress.com/rm-available/ (accessed 21.6.2021) 

[68] Jochum K, Willbold M, Raczek I, Stoll B, Herwig K. Chemical Characterisation of the 
USGS Reference Glasses GSA-1G, GSC-1G, GSD-1G, GSE-1G, BCR-2G, BHVO-2G and 
BIR-1G Using EPMA, ID-TIMS, ID-ICP-MS and LA-ICP-MS. Geostandards and Geoana-
lytical Research, 2005. 29, pp. 285–302. 

[69] Jochum K.P, Weis U, Stoll B, Kuzmin D, Yang Q, Raczek I, Jacob D.E, Stracke A, Birbaum 
K, Frick D.A, Günther D, Enzweiler J. Determination of Reference Values for NIST SRM 
610-617 Glasses Following ISO Guidelines. Geostandards and Geoanalytical Research, 
2011. 35, pp. 397–429. 

[70] Avarmaa K, Klemettinen L, O’Brien H, Taskinen P, Jokilaakso A. Critical Metals Ga, Ge 
and In: Experimental Evidence for Smelter Recovery Improvements. Minerals, 2019. 
9:6, 367. 

[71] Gisby J, Taskinen P, Pihlasalo J, Li Z, Tyrer M, Pearce J, Avarmaa K, Björklund P, Davies 
H, Korpi M, Martin S, Pesonen L, Robinson J. MTDATA and the prediction of phase 
equilibria in oxide systems: 30 years of industrial collaboration. Metallurgical and Mate-
rials Transactions B, 2017. 48:1, pp. 91–98. 

[72] Davies R.H, Dinsdale A.T, Gisby J.A, Robinson J.A.J, Martin S.M. MTDATA - thermody-
namic and phase equilibrium software from the national physical laboratory. Calphad, 
2002. 26, pp. 229-271. 

[73] Dańczak A, Klemettinen L, O’Brien H, Taskinen P, Lindberg D, Jokilaakso A. Slag chemis-
try and behavior of nickel and tin in black copper smelting with alumina and magnesia 
containing slags. Journal of Sustainable Metallurgy, 2021. 7, pp. 1-14. 

[74] Mitra S (editor). Sample Preparation Techniques in Analytical Chemistry, Volume 162. 
Chapter 9: S. M. Mukhopadhyay. Sample preparation for microscopic and spectroscopic 
characterization of solid surfaces and films. Wiley & Sons, 2003. pp. 377-411. ISBN 
9780471328452 

[75] Pouchou J.L, Pichoir F. Basic expression of “PAP” computation for quantitative EPMA. In 
Proceedings of the 11th International Congress on X-ray Optics and Microanalysis 
ICXOM, London, UK, 4–8 August 1986; Brown, J.D., Packwood, R.H., Editors; Graphic 
Services, University of Western Ontario: London, ON, Canada, 1986; pp. 249–256. 



54 

[76] Glitter software manual, version 4.4. Available at: https://www3.nd.edu/~asimo-
net/CE60342/Glitter_V4.4_manual.pdf (accessed 21.6.2021) 

[77] May T.W, Wiedmeyer R.H. A Table of Polyatomic Interferences in ICP-MS. Atomic Spec-
troscopy, 1998. 19:5, pp. 150-155. 

[78] Sylvester P (Editor). Laser-Ablation in the Earth Sciences: Principles and Applications. 
Sylvester P. A Practical Guide to Platinum-group Element Analysis of Sulphides by La-
ser-ablation ICPMS. Mineralogical association of Canada, short course series Volume 
29, 2001. pp. 203–211, ISBN 978-092-12942-9-0. 

[79] Avarmaa K, Klemettinen L, O’Brien H, Jokilaakso A, Taskinen P. Solubility of palladium 
in alumina-iron silicate melts. JOM, 2021. 73, pp. 1871-1877.  

[80] De Wilde E, Bellemans I, Campforts M, Guo M, Blanpain B, Moelans N, Verbeken K. In-
vestigation of High-Temperature Slag/Copper/Spinel Interactions. Metallurgical and 
Materials Transactions B, 2016. 47, pp. 3421-3434. 

[81] De Wilde E, Bellemans I, Campforts M, Guo M, Vanmeensel K, Blanpain B, Moelans N, 
Verbeken K. Study of the Effect of Spinel Composition on Metallic Copper Losses in 
Slags. Journal of Sustainable Metallurgy, 2017. 3, pp. 416-427. 

[82] Jochum K.P, Nohl U, Herwig K, Lammel E, Stoll B, Hofmann A.W. GeoReM: A New Geo-
chemical Database for Reference Materials and Isotopic Standards. Geostandards and 
Geoanalytical Research, 2005. 29:3, pp. 333-338. http://georem.mpch-mainz.gwdg.de/ 

[83] Yuan J-H, Zhan X-C, Fan C-Z, Zhao L-H, Sun D-Y, Jia Z-R, Hu M-Y, Kuai L-J. Quantita-
tive analysis of sulfide minerals by laser ablation-inductively coupled plasma-mass spec-
trometry using glass reference materials with matrix normalization plus sulfur internal 
standardization calibration. Chinese Journal of Analytical Chemistry, 2012. 40:2, pp. 
201-207. 

[84] Bennett N.R, Brenan J.M, Koga K.T. The solubility of platinum in silicate melt under re-
ducing conditions: Results from experiments without metal inclusions. Geochimica et 
Cosmochimica Acta, 2014. 133, pp. 422-442. 

[85] Yazawa A, Nakazawa S, Takeda Y. Distribution behavior of various elements in copper 
smelting systems. In: Proceedings of the International Sulfide Smelting Symposium: Ad-
vances in Sulfide Smelting. San Francisco, CA, USA, 6-9 November 1983; Volume 1, pp. 
99-117. 

[86] See J.B, Rankin W.J. Copper Losses and the Distribution of Impurities in the Systems 
FeO-Fe2O3-SiO2-Al2O3-Cu and FeO-Fe2O3-SiO2-Al2O3-CaO-Cu at 1300 °C. National In-
stitute for Metallurgy, process development division. Randburg, South Africa, 1981, 22 
p. 

[87] Johnston M.D, Jahanshahi S, Zhang L, Lincoln F.J. Effect of Slag Basicity on Phase Equi-
libria and Selenium and Tellurium Distribution in Magnesia-Saturated Calcium Iron Sil-
icate Slags. Metallurgical and Materials Transactions B, 2010. 41B, pp. 625-635. 

[88] Kojo I, Taskinen P, Lilius K. Thermodynamics of removing selenium and tellurium from 
liquid copper by sodium carbonate slags. Metallurgical Transactions B, 1985. 16, pp. 171-
172. 

[89] Klemettinen L, Avarmaa K, O’Brien H, Jokilaakso A, Taskinen P. Control of platinum loss 
in WEEE smelting. JOM, 2020. 72, pp. 2770-2777. 

[90] Choi N, Cho W.D. Distribution behavior of cobalt, selenium, and tellurium between 
nickel-copper-iron matte and silica-saturated iron silicate slag. Metallurgical and Mate-
rials Transactions B, 1997. 28B, pp. 429-438 

[91] Jung S.M, Kim S.H, Rhee C.H, Min D.J. Thermodynamic Containing FeO Study on MnO 
Behavior in MgO-saturated Slag. ISIJ International, 1993. 33, pp. 1049–1054. 

[92] Eom C.H, Lee S.H, Park J.G, Park J.H, Min D.J. Thermodynamic Behavior of Manganese 
Oxide in Lime-based Manganese Smelting Slags. ISIJ International, 2015. 56, pp. 37–43. 



References

55 

[93] Takahashi H, Murano T, Takakura M, Asahina S, Terauchi M, Koike M, Imazono T, Koeda 
M, Nagano T. Development of soft X-ray emission spectrometer for EPMA/SEM and its 
application. EMAS2015 Workshop. IOP Conf. Series: Materials Science and Engineering 
109, 2016. 012017 doi:10.1088/1757-899X/109/1/012017 

[94] Goldschmidt V.M. The principles of distribution of chemical elements in minerals and 
rocks. The seventh Hugo Müller Lecture, delivered before the Chemical Society on 
March 17th, 1937. Journal of the Chemical Society, 1937. pp. 655-673. 

[95] Wan X, Kleemola L, Klemettinen L, O’Brien H, Taskinen P, Jokilaakso A. On the Kinetic 
Behavior of Recycling Precious Metals (Au, Ag, Pt, and Pd) Through Copper Smelting 
Process. Journal of Sustainable Metallurgy, 2021. 7, pp. 920-931.  

[96] Ruismäki R, Klemettinen L, O’Brien H, Taskinen P, Jokilaakso A. Kinetic behavior of bat-
tery metals Li, Co and Zn in copper flash smelting process. Working title, manuscript in 
progress. 

[97] Wan X, Klemettinen L, Michallik R, O’Brien H, Jokilaakso A. Kinetic behavior of In, Te, 
Ge and Sn in copper smelting. Working title, manuscript in progress. 

[98] Chen J, Mallmann G, Zhukova I, O’Neill H. Development of PGE Bearing Silicate Glass 
Standards for Quantitative Trace Element Analysis in Silicate Based Metallurgical Slags. 
Journal of Sustainable Metallurgy, 2020. 6, pp. 691-699.  

 
 
 





-o
tl

a
A

D
D

5
51

/
 1

2
0

2

 +e
difa

e*GM
FTSH

9

 NBSI 4-3850-46-259-879  )detnirp( 

 NBSI 1-4850-46-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

ytisrevinU otlaA

gnireenignE lacimehC fo loohcS

gnireenignE lacigrullateM dna lacimehC fo tnemtrapeD

 fi.otlaa.www

+SSENISUB
YMONOCE

+TRA
+NGISED

ERUTCETIHCRA

+ECNEICS
YGOLONHCET

REVOSSORC

LAROTCOD
SNOITATRESSID

 n
e

nit
te

me
l

K 
is

sa
L

 s
es

s
ec

or
p 

g
ni

tl
e

ms
 r

e
p

p
oc

 
ni

 s
t

n
e

m
el

e 
ec

ar
t 

f
o 

r
u

oi
va

h
e

B
 y

ti
sr

ev
i

n
U 

otl
a

A

 1202

 gnireenignE lacigrullateM dna lacimehC fo tnemtrapeD

ecartforuoivaheB
reppocnistnemele
sessecorpgnitlems

noitasiretcarahcelpmasroflootasaSM-PCI-AL

nenittemelKissaL

LAROTCOD
SNOITATRESSID


	Aalto_DD_2021_155_Klemettinen_verkkoversio



