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a b s t r a c t

The circular economy (CE) paradigm in its broadest sense is key to our survival as a species. Due to this
critical importance, understanding its fundamental limitations is thus of significant importance. Espe-
cially understanding the losses to Nature are key as these represent the true limitation to circularity. This
requires at the minimum an understanding of the thermodynamics and entropy of the losses. Most CE
work as well as the many depictions to date neglect to address this in detail, the many losses are brushed
aside. Many texts in CE do not use the words entropy, thermodynamics, mass and heat transfer, tech-
nology etc. which all ultimately fundamentally affect both the circularity as well as economic viability of
the system. Using lead as carrier for the narrative of this paper, the state-of-the art from technology to
the thermodynamics as well as heat and mass transfer, product design, modularity, environmental
impact, system simulation etc. will be critically discussed. This will reveal what key knowledge and data
is presently missing to achieve the economically viable circularity of materials and products. This paper
identifies what should be researched and developed to “close” the circular economy system. It thus
provides a “ground zero” or baseline for the evaluation of the true economic viability of the CE paradigm
relative to what we are presently achieving in our linear economy paradigm.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Ellen Macarthur (2017) defines the Circular Economy (CE) as
“Looking beyond the current "take, make and dispose” extractive in-
dustrial model, the circular economy is restorative and regenerative by
design. Relying on system-wide innovation, it aims to redefine prod-
ucts and services to design waste out, while minimising negative im-
pacts. Underpinned by a transition to renewable energy sources, the
circular model builds economic, natural and social capital.” However,
when translating this significant message to images, it is striking
that the key extractive industry is not depicted in the Ellen Mac-
arthur depiction and neither in the EU depiction of a CE (EU, 2015).

The Ellen Macarthur definition elegantly describes a CE but
negates the losses from each step in the process. Many of these
losses are dictated by thermodynamics (which governs the chem-
ical reactions which will take place in a complex system) and
complexity due to affinities of materials and metals for each other
which downgrades quality and forces refining at the cost of sig-
nificant entropy creation (entropy is a thermodynamic quantity
that makes losses unavoidable). Product design can mitigate some
of these losses, but complexity, material functionality and con-
nections render this challenging (Fairphone et al., 2017).

On a strategic level, steps have been identified to guide the
economy of metals towards a circular system. This can be seen in
publications towards a circular economy such as the EU action plan
for circular economy (EU, 2015). However, fundamental aspects are
missing in most of the CE documents published thus far. The term
entropy is not mentioned in the context of economic feasibility of
the CE (Reuter, 2016). Circular economy reviews and special journal
editions such as Brocken et al. (2017), with its numerous papers, do
not critically discuss the limits of the material processing system in
a sufficient fundamentally grounded manner.

To show the key position of the extractive industry in “closing”
the loop and highlighting the losses dictated by thermodynamics
and product design “mineralogy” (or chemical associations within
product parts), the texts of CE have been translated into Fig. 1. Fig. 1
implicitly links energy (the CE is embedded within the renewable
energy infrastructure), entropy, mineralogy (products, geological
and of residues), product design and extractive industry to the
losses from the CE. This fundamental understanding of systems and
losses of the CE is discussed by UNEP (2013). While this detail is
overlooked in many CE discussions, it is fortunately clearly under-
stood and considered by Fairphone et al. (2017).

A meaningful analysis of the CE can only be made if a detailed
understanding is available of the distribution of all metals and
materials through the system. Above all, all required thermody-
namic data must be available for this analysis. Inherent complex-
ities and associated losses, attributed to associated thermodynamic
relationships, have been illustrated by the Metal Wheel (Fig. 2)
(Verhoef et al., 2004), expanded for secondary scrap materials as
shown in UNEP (2013). This wheel shows succinctly the complexity
of a carrier process metallurgical infrastructure.

The metal wheel shows that lead, as well as other base metals
such as copper, offer metallurgical platforms to recover many ele-
ments in the CE, acting as a source of technology elements from
ores and also acting as powerful high temperature liquid metal
solvents of minor technology elements during smelting, which are
released during refining (Reuter et al., 2015a). Base metals process
metallurgy is key to render the CE of many elements feasible, at the
lowest nett creation of entropy (Amini et al., 2007). Lead will be
highlighted in this paper since copper has recently been high-
lighted bywork such as Shuva et al., 2016b, Klemettinen et al., 2017,
Avarmaa et al., 2016 and Avarmaa et al., 2015.

As technology elements play an increasingly important role in
today's products, their recovery is paramount and critical requiring
detailed understanding. However, there are large and significant
knowledge gaps that challenge the optimisation and also the
digitalization of the CE to estimate the true losses from it.

Process simulation is crucial to digitalization and optimisation
and imparts detailed understanding of all the heat and mass
transfer processes within themetallurgical processing technologies
(Guthrie, 1993) This makes it possible to quantify the losses from



Fig. 2. The metal wheel (Adapted from Verhoef et al. (2004)), showing thermodynamic associations between elements and carrier metals.
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the system. Complexity of ores as well as recycled materials and
end-of-life (EoL) is challenging the knowledge base and the capa-
bility to fully digitalize and quantify the losses from the system
using fundamental simulation tools (Reuter et al., 2015b). (Mass
transfer within a metallurgical reactor entails the transfer of ele-
ments from one phase to another, e.g. from a metal to a slag phase.
Heat transfer means the transfer of energy in the form of heat due
to a temperature difference.)

To understand the digitalization challenges of the CE, this paper
discusses and explores with reference to lead and mineralogical
associated zinc and minor elements (a selection of these are
sometimes called technology elements) the following aspects:

� CE and defining process technology and platforms: The
context of process metallurgy within the CE is discussed by
providing brief detail on smelters such as Top Submerged Lance-
TSL (Errington et al., 2010; Outotec, 2017a), Shuikoushan-SKS
(Dongbo, Zunfeng, 2010) and Queneau-Schuhmann-Lurgi-QSL
(Siegmund, 2000).

� Thermodynamic data: An overview of work that has been done
to date on the thermodynamic behaviour of technology ele-
ments during pyrometallurgical processing of lead (and associ-
ated zinc e Reuter et al., 2015a) is given. It builds on recent
overviews andwork in copper (Avarmaa et al., 2016; Shuva et al.,
2016a, 2016b &2017). Various experimentally determined data
are depicted showing the equilibrium distributions of minor
elements between slag and lead metal phases at controlled
temperatures and oxygen partial pressures. It will become clear
that significant work needs to be done to fill the data gaps and
define the theoretical process losses.

� Mass and heat transfer as well as reaction kinetics: Ulti-
mately, the distribution data must be used in process and
reactor simulation models. Therefore, a brief overview of pro-
cess and reactor simulation will be provided as well as the
availability of kinetic models in lead (and the associated zinc)
metallurgy.

� Digitalizing the CE-Process system models and process con-
trol: To evaluate the economics of the CE requires rigorous
system simulation approaches (Reuter, 2016).

The above aspects highlight what fundamental information and
platforms are lacking to better or even fully describe the CE by
rigorous simulation, which is the usual basis for a detailed capital
expenditure (CAPEX) and operating expenditure (OPEX) evaluation
as well as environmental assessment in the metallurgical pro-
cessing industry.

This information is critical for the formulation of policy that will
enable a smart and versatile metallurgical CE. Frankly, without the
metallurgical infrastructure and knowledge available to process
materials and complex mixtures, CE will be difficult to achieve.

2. CE and defining process technology and platforms

Lead as carrier metal plays a key role in the CE, both as a pro-
vider of technology elements but also as a solvent and thus key link
between resource and product. In this section lead production and
applications will be discussed, as well as the metallurgical tech-
nology that makes lead processing possible.

2.1. CE: lead production, sources and applications

According to the International-Lead-Association (2012), 54% of
Pb was sourced from secondary sources worldwide in 2012, which
increased to 58% in 2016 (Fig. 3 - International-Lead-and-Zinc-
Study-Group, 2017).

Primary lead smelters typically process a mixture of concen-
trates (e.g. PbS, CuFeS2, ZnS), secondary material, residue material,
fly ash and waste slag. Some minor elements occurring with galena
are today referred to as technology metals as they feed hightech
applications, consumer goods etc. and often also have a positive
association with the main mineral element, as can been seen in the
MetalWheel (Verhoef et al., 2004). These minor elements present a
metallurgical challenge: they can pose an environmental hazard,
decrease the value of the final product or can also be recovered as
economically valuable by-product, depending on how the system is
managed. Lead in tandem with copper play crucial roles to help
“close” the loop of the many elements that appear in End-of-Life
(EoL) products and residues.

Lead (and also copper) importantly acts as a collector (solvent
phase) for technology elements in the CE, from which they are
separated by metallurgical refining processes (Reuter et al., 2015a).
The most significant portion of lead use (85%) is for the manufac-
ture of low cost lead-acid batteries. Secondary smelters might need
to deal with a variety of materials, including lead metal, battery
paste (PbO2, PbO, PbSO4), used cathode ray tube monitors (Ellis and
Mirza, 2010) and materials such as roof flashings, cladding, medical



Fig. 3. Summary of world Lead Production and Usage 2012e2016 (International-Lead-and-Zinc-Study-Group, 2017) (Left). Lead applications according to 2012 statistics (Inter-
national-Lead-Association) (Right).
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equipment (International-Lead-Association, 2012), electronic scrap
(soldering) and PCBs; all bringing a multitude of elements to the
process (Volodchenko et al., 1983; Shuva et al., 2016b). Due to
increased waste recycling, chromium and sodium content in lead
smelting slags are increasing (Matsura et al., 2011). Also of impor-
tance is the careful management of Ni, Se and Te, since these cause
evolutions of H2 and O2, which can lead to rapid battery failure (Ellis
and Mirza, 2010).

2.2. CE: metallurgical knowledge and technology enablers

The importance of metallurgical knowledge for CE has been
highlighted by UNEP (2013) and Fairphone et al. (2017). Primary
metal deposits are becoming increasingly more complex and the
proportion of complex and unique secondary metals is also
increasing (Frenzel et al., 2017a&b). This complexity could be
addressed by a design-for-recycle approach, in which the product
can be disassembled and grouped into components of similar
composition (Van Schaik and Reuter, 2014). However, this approach
is not always possible, meaning that metallurgists need to generate
knowledge of how these complex metal mixtures behave in
metallurgical processing infrastructure (infrastructure¼ linked
processing facilities, flowsheets and reactors).
Fig. 4. A system model linking product design to recycling through various metallurgical pr
well as experiential information (Fairphone et al., 2017).
The metallurgical internet of things, a connection of various
processing technology and furnace types linked together by a so-
phisticated digitalization is shown by Fig. 4. This figure shows the
smart linkage of process metallurgy that is required to process
complex consumer goods such as Fairphone et al. (2017) to maxi-
mize resource efficiency. This can only happen with sufficient un-
derstanding of best available technologies (BAT), as mentioned in
the next section.

Smart linkage is required at different levels for the circular
economy to work. At a high level, linkage refers to steel, aluminium
and base metals production facilities which are linked - material is
sent to the appropriate facility according to composition. On a
flowsheet level, linkage refers to reactors and processes being
linked to create an agile systemwhich can be adapted for different
feeds. Key to achieving these systems is that digital simulations of
the processes must be available, going right down to the reactor
models. For the recycling industry, such simulations will make it
possible to determine the optimal process routes and also process
parameters that can be applied to treat a specificmateriale this can
be done before the material is actually fed into the plant, thus
avoiding expensive trial and error. Further, simulations can be run
to predict the behaviour of end-of-life consumer goods during
recycling. These simulations can inform the design process and
ocessing technologies, reactor models calibrated with fundamental data and models as
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consumer goods can be optimised to improve recyclability (mini-
mise energy consumption and maximize recovery during
recycling).

The success with which metals in a recycling system can be
recovered has often been regarded as dependent on the thermo-
dynamics and transfer processes as well as related economic as-
pects of the system. An example to apply this knowledge is the
‘Metal Wheel’, which provides valuable insight for e.g. feasibility
studies or determination of legislation. Typically, the distribution of
elements between a metal Pb phase and slag phase needs to be
understood well. This will be discussed in more detail in Section
3.2.

In practice pyrometallurgical processes are often kinetically
controlled. Modelling of actual processes, with the purpose of
control and optimisation, requires a combination of thermody-
namic and kinetic as well as heat and mass transfer knowledge
within the context of the reactor technology. This type of advanced
process modelling and control is also important to getmetallurgical
processes in line with digitalization efforts of society and industry
in general (Verhoef et al., 2004). Modelling of pyrometallurgical
processes will be discussed in Sections 3.3 and 5.

The metallurgical knowledge and creation of “smart” metallur-
gical processes and design-for-recycle that are described in this
paper should help in optimising operations and therefore bring
down the associated cost per tonne of produced metal. Modifica-
tions to operationsmight be required to existing processes to create
the flexible flowsheets required for the CE. Government incentives
may be required to encourage metal producers to make the CAPEX
investment in the CE. Secondly, an economic incentive for the CE
can come in the form of informed consumers who purchase
products with recyclability and the origin of raw materials as a
deciding factor, e.g. consumers who opt for the Fairphone.

2.3. CE: pyrometallurgy as recycling technology platform

Pyro- and hydrometallurgical routes are often employed in
tandem to maximize the recovery of metals from resources
(Verhoef et al., 2004). Pyrometallurgy is often employed as an
initial step for separating elements into slag (which can be cleaned
to produce construction material), matte, metal, speiss, flue dust,
gas, etc. Hydrometallurgy is used as purification and refining step
to create high purity metals (UNEP, 2013). Anindya (2012) dis-
cussed the advantages and disadvantages of hydrometallurgy and
pyrometallurgy.

The traditional process for primary lead smelting was by means
of the sinter-machine (oxidation) followed by the blast furnace or
Imperial Smelting (Siegmund, 2000). Direct smelting gained
ground since the 1970s (Elvers et al., 1989), due to significant ad-
vantages over traditional lead production (Battle and Hager, 1990).
According to Sutherland et al. (2013), the following direct smelting
furnaces are in operation: Flash smelters such as Kivcet Process,
Kaldo or Top Blown Rotary Converter (TBRC), gleaning its devel-
opment from steelmaking, and bath smelting technologies such as
Top Submerged Lance (TSL), Ausmelt/ISASmelt, Shuikoushan (SKS)
and Queneau-Schumann-Lurgi (QSL).

It is often wise to optimally link different furnace types to best
utilize different transfer phenomena possible in them as Fig. 4
shows for the processing of a mobile phone (Fairphone et al.,
2017). Each technology has advantages and disadvantages that
can be best exploited in smart flowsheets. An example is control of
the oxygen partial pressure. In TSL the oxygen partial pressure is
controlled through the slag, in SKS and QSL it is done through
blowing through the bullion, for TBRC and Kaldo it is in between as
a lance can blow through the slag and impinges on the metal,
manipulating the partial oxygen pressure through the lance flame
and reductant in the furnace.
The feed composition is an important process variable, which

partially dictates the operating slag composition, temperature and
partial oxygen pressure (pO2). Therefore, the feed has to be un-
derstood and controlled well for optimal processing. The operating
temperatures of lead furnaces can vary greatly, depending on the
application, with melting furnaces operating at ~360 �C, blast fur-
naces at ~1050 �C and smelting at ~1200 �C (Trinks et al., 2004).
Operating conditions usually have the slags reaching at least 100 �C
higher than the liquidus temperature. The controlling factors for
these phenomena are mixing characteristics, transfer processes as
well the viscosity of the slag, which is also linked to process
chemistry and its governing thermodynamics.

Metallurgical know-how is required to determine how a tech-
nology element interacts with the furnace and with the operating
conditions.
2.4. CE: what is missing?

This section reflects the available metallurgical “toolbox”, but to
be optimally effective for the CE, it requires a smart combination
and retention of these technologies tomaximize resource efficiency
- for lead and zinc, but especially also for the recovery of all the
valuable technology elements that “fuel” the renewable energy
infrastructure that is reflected by Fig. 1. In order for the system to be
truly optimised, it needs to be digitalized. The aspects that are
required for this to work, which were touched on in the preceeding
discussion are:

� systemic understanding and modelling of the systems, flow-
sheets and process units,

� measured kinetic and thermodynamic data which can be used
within unit, flowsheet and system models,

� analyses of big data (operational and laboratory) to calibrate
unit models to industrial reality, and

� application of data and unit models within system models with
applications e.g. Life-cycle-analyses, CAPEX and OPEX estima-
tions and Design for Recycle.

These aspects have been discussed in extensively by Reuter
(2016).
3. Thermodynamic knowledge and data

Considerable fundamental knowledge is required to be able to
digitalize the metallurgical infrastructure of the CE and hence to
quantify the economic feasibility of Fig. 1. This section will provide
an overview of data which is available in terms of thermodynamics.
These data can be applied for simulating reactors and flowsheets
and also to determine theoretical losses within larger systems. The
discussion will consider:

� slags used in direct smelting slag chemistry,
� thermodynamic measurements: (i) methods; (ii) a literature
study of thermodynamic measurements that define the behav-
iour of lead and (iii) thermodynamic measurements for minor
elements during smelting,

� complex and volatile metal mixtures (which is not available in
literature), and

� FactSage® and HSC as platforms for metallurgical modelling that
utilize experimental data (see FactSage (2015) and Outotec
(2017b) for more information about these respective software
packages).
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3.1. Direct Pb smelting slags

In direct lead smelting a large quantity of lead is absorbed
during the oxidative stage, whichmust be rejected during reductive
stage (Battle and Hager, 1990). Therefore, slags for direct smelting
had to be developed during the 80s. Hollitt (1984a) reported that
the basicity of oxides in Pb-Fe-O-SiO2 slags can be ranked as fol-
lows: CaO>MgO> ZnO> PbO> FeO> Al2O3 (amphoteric). There-
fore, PbOwill preferentially bind with SiO2, when compared to FeO,
and unstable FeO becomes prone to formmagnetite in the presence
of PbO. To counter this, higher silicate contentmight be required for
direct lead silicate slags (Hollitt, 1984a). However, in a high acidic
silica slag, viscosity issues might arise.

Yazawa et al. (1981) found that approximately ten times more
lead dissolved in iron silicate slags than in calcium ferrite slags.
Yazawa et al. (1981), Hollitt (1984a), Rytk€onen and Klarin (1987)
and Fisher and Bennington (1991) also investigated more basic
calcium ferrite slags, due to beneficial properties (high fluidity, low
melting point, low volume, less lead dissolution) compared to sil-
icate slags. It was shown by Rytk€onen and Klarin (1987) that cal-
cium ferrite slags can be more efficient than silicate slags at
removing impurities from lead, although it was suggested that
more experiments are needed.

Table 1 shows some of the slag compositions that are in use in
industry. As a compromise between calcium ferrite and iron silicate
slags, FCS (FeOx, CaO, SiO2) are typically used. Schriner et al. (2016)
presented a critical review of slag chemistry in lead recycling. Jak
and Hayes (2010) described the complex phase thermodynamics
of the ZnO-FeO-Fe2O3-PbO-CaO-SiO2 system. More recently
Shevchenko and Jak (2017) studied the liquidus of the Pb-Fe-Si-O
System in equilibrium with metallic Pb.

To optimize smelting operations, it is important to know the
retention of technology elements as a function of partial oxygen
pressure, over a range of slag compositions. Thermochemical soft-
ware such as FactSage® can be used for this type of prediction.
While the major components are sorted out, missing is complex
mixtures of technology elements and their behaviour as a function
of slag chemistry, that arise in the CE.
3.2. Measurement of distribution factors and activities

3.2.1. Experimental methods and data
Distribution factors of elements between lead metal/matte and

slag phases are typically measured in a laboratory setup, with
different slag compositions, oxygen potentials and temperatures.

Synthetic master alloy and master slag phases are prepared for
melting. The master slag might be analysed by Electron Probe
Micro-Analysis (EPMA) to determine if the material was completely
molten (in which case the sample would be glassy). The slag is
milled to a powder and the alloy can be drilled to obtain shavings
that can be used in further experiments.

Master slag, master alloy and minor elements are mixed to
attain a desired mixture. The mixture is heated in a crucible to the
reaction temperature. CO and CO2 are typically blown through the
furnace in a fixed ratio to control pO2. The crucible is often covered
to limit volatilisation of components. After sufficient time for
Table 1
Slag compositions in direct smelting operations Rytk€onen and Klarin (1987).

(CaO þ MgO)/SiO2 Fe/SiO2

Kivcet 0.76 1.08
QSL 0.50 0.81
Outotec (during Outokumpu times) 0.78 1.00
equilibration, the sample is quenched either in inert gas or inwater.
Solid slag and metal phases are analysed. Laser-Ablation-

Inductively-Coupled-Mass-Spectrometry can be used to deter-
mine the bulk chemistry (ICP-MS enables investigation at lower
detection limits than ICP-OES). Optical microscopy and Scanning
ElectronMicroscopy (SEM)with Energy Dispersive Spectra Analysis
(EDS), as well as X-ray Diffraction, have been used to determine the
phase composition and microstructure of the slag (Jak, 2012). The
benefit of EPMA is the possibility to determine the composition of
the liquid which is in equilibrium with the metal by avoiding
crystalized solids in slag (Jak et al., 1995). The drawback of the
EPMA is that only selected spots are analysed and therefore the
analysis is not fully representative Henao et al. (2010).

EPMA has advanced the experimental investigation of slag
chemistry. Quenching of a sample followed by EPMA provides a
more accurate analysis than high temperature techniques such as
high temperature XRD and solid electrolyte cell EMFmeasurement.
Other applications and benefits of EPMA are listed by Jak et al.
(1995):

� the liquidus temperature of the slag melt can be obtained,
� theminimum detection limit for crystalline phases is lower than
with XRD or DTA (differential thermal analysis),

� EPMA has been applied to measure spatial differences in
composition within the solidified melt, to highlight non-
homogenous phenomena that occur within the melt.

Takeda et al. (1980) investigated the ferric/ferrous ratio in the
slag by means of volumetric titration.

The distribution-ratio of a metal ‘M’ can be defined as:

Lm=S
M ¼ ½pct M�

ðpct MÞ (1)

With the parentheses () denoting the concentration byweight of
the element in the slag and [] denoting the concentration in the
matte ormetal phase. For ametal with a valence of 2v, the oxidation
reaction can be expressed as mono-cation oxide:

½M� þ v

2
O2 ¼ ðMOvÞ (2)

It has been shown by Takeda et al. (1983) and Yazawa and
Takeda (1982) that the logarithm of the distribution factor is line-
arly proportional to the oxygen partial pressure:

logLM=s
M ¼ logC � v

2logðpO2Þ
(3)

Plotting logL
M
s
M as a function of pO2 yields a straight line, of which

the slope (-v/2) indicates the oxidation state of the metal (Anindya
et al., 2013, 2014).

When the activity coefficient of minor elements in the metal is
known, together with the reaction constant K (which is a function
of T), it is possible to calculate the activity coefficient of the metal
oxide at different temperatures, from the distribution coefficient.
The method for this calculation was discussed by Anindya et al.
(2013, 2014).
3.2.2. Lead solubility
Lead solubility needs to be understood in conjunction with

minor element behaviour as a function of slag composition, tem-
perature and partial oxygen pressure. This is required as an input
into the reactor models for control and optimisation of furnaces.
Much work has been done to this end, which is summarised below.
The experimental conditions used by each author can be foundin
the appendix.
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PbO content in the slag is proportional to the oxygen partial
pressure. PbO acts as a basic oxide and therefore the PbO content in
the slag will decrease as CaO content is increased in FCS-type slags.
This has been confirmed by Johnson (1983), Taskinen et al. (1984),
Fisher and Bennington (1991), Moon et al. (1997) and Kudo et al.
(2000).

Taskinen et al. (1984) found that an increase of the CaO or PbO
content in the slag lead to an increase in the Fe3þ in the slag e

therefore increasing the possibility of magnetite formation.
Rytk€onen and Taskinen (1986) found similar results in terms of
Fe3þ.

Matyas (1975) investigated FeO-Fe2O3-CaO-SiO2-Al2O3 slag in
equilibriumwith lead and found that the activity coefficient of PbO
loweredwith increased alumina content and that the dissolved PbO
therefore increased. It was found that volatilisation depended on
the type of crucible - 20% of Pb loss in the case of alumina crucibles,
but less than 5% for zirconia crucibles.

Johnson (1983) investigated lead losses to slag at conditions
applicable to blast furnaces. They found that the loss to slag
increased with increasing FeO/SiO2 ratio. However, Taskinen et al.
(1984) studied FCS slags and found that Pb loss to slag could be
minimised by operating at Fe/SiO2 over unity.

Kudo et al. (2000) investigated PbO dissolution in FCS slag at
iron saturation and temperatures of 1150e1250 �C. Temperature
did not have a significant impact on the activity coefficient. The
data were used to optimize a slag model in FactSage®. Henao et al.
(2010) found good agreement between measured data and pre-
dictions from FactSage®.

Matsura et al. (2011) investigated Pb dissolution in iron-
saturated FeOx-CaO-SiO2-NaO0.5 and FeOx-CaO-SiO2-CrO1.5 slags
in comparison to an FCS system. The experimental conditions are
given in more detail in the Appendix. The activity coefficient of PbO
was determined over a range of Cr and Na concentrations. In an
FeOx-SiO2 slag, addition of Na2O increased the activity coefficient.
In a CaO rich slag, Na2O decreased the activity coefficient. Addition
of Cr2O3 lead to increased activity of PbO.

Volodchenko et al. (1983) described the lead distribution be-
tween lead-copper alloy and slag by a model of oxide solubility
from Timucin (1980). The model inputs were lead activity in the
alloy and oxygen partial pressure. Hollitt (1984a&b) created a
model, based on the free energy of mixing of PbO in silicate slags, to
predict the PbO activity. Schlesinger (1986) equilibrated slags and
created an empirical model which they compared to Hollitt
(1984a&b) but found discrepancies between the two. The PbO
content was proportional to the lead activity and ferric/ferrous ratio
(which agrees with Rytk€onen and Taskinen (1986)) but decreased
with increased CaO/SiO2 ratio. Battle and Hager (1990) collected
data on PbO activities in slag and created a regression model to
predict the activity, based onweight % of slag components. CaOwas
the strongest determinant and SiO2 was not included in the model.

3.2.3. Thermodynamic equilibrium for minor elements: Literature
study

A summary of previous distribution factor studies is given in
Appendix 1 (table with list of authors and their experimental
conditions) and Appendix 2 (studies sorted according to element),
with significant findings from each work, including effects of
temperature, slag composition and pO2. Similar recent work has
been done for copper (Shuva et al., 2016a; Klemettinen et al., 2017;
Avarmaa et al. 2015, 2016). It should be noted that the figures (a to
h) in Appendix 3, which can be used to determine the oxidation
state of elements in the slag, were recreated from figures that are
available in literature - straight lines (with a marker at each end)
were either obtained by directly copying the line from the refer-
enced source, or by fitting a straight line the the raw data from the
source. The accuracy of the straight line fit is not indicated here - it
is recommended to refer to the original works to confirm the
interpretation of the data.

3.3. Interactions in complex mixtures: not in literature

The following are shortcomings with slag-liquid metal equilib-
rium measurements approach:

� In gas-blown reactors the system is open and therefore not in
thermodynamic equilibrium, meaning that kinetics control the
process. Yet the kinetics are generally not investigated and the
gas phase is not reported on in equilibrium investigations.

� Real feeds to reactors could contain up to 60 elements from
which compounds can arise. The formation of compounds af-
fects vapor pressure, e.g. SeTe, SePb and TePb, which are more
volatile than Se or Te (if the pO2 is such that these elements are
in elementary form).
3.4. Thermodynamic models using activity coefficients and
distribution factors in FactSage® and HSC chemistry 9.0

Experimentally measured data are typically incorporated into
platforms such as FactSage® or Outotec HSC Chemistry® to model
processes.

FactSage® uses a Gibbs energy minimisation sequence to
determine phase equilibria. The program possesses a large data-
base of pure element and solution thermodynamic data, including
the FSLead database for behaviour of metals in solution in lead and
the FTOxid database which includes slag phases and can be used to
model dissolution of minor element oxides in the slag. Non-ideal
solution behaviour has been modelled over a wide range of com-
positions. Messner et al. (2007), as well as Antrekowitsch et al.
(2006) did work to model the distributions of minor elements
during secondary copper smelting, using FactSage®.

Outotec HSC Chemistry® (Outotec, 2017b) provides a platform
for the creation of metallurgical flowsheets, which is supported by a
Gibbs energy minimisation tool which makes it possible to deter-
mine equilibrium compositions at different operating conditions. A
present disadvantage of HSC to FactSage® is that the HSC database
does not include non-ideal solution behaviour yet e the input of
activity coefficients is a requirement if non-ideal solution behav-
iour is to be modelled (but the input is possible if activity co-
efficients have been measured). However, well-calibrated models
exist for flash smelting that control industrial furnaces using real-
time HSC Sim process models advising operators (Outotec,
2017b). An example of the application of HSC Sim is Swinbourne
and Kho (2012) who modelled minor element behaviour in cop-
per flash converting. For this type of modelling, the measured
distribution coefficients are inputs.

4. Mass and heat transfer as well as reaction kinetics

As will be shown by Sections 4.1e4.3, significant work needs to
be done to measure laboratory kinetic and activity data. These as-
pects are often neglected and only thermodynamics are considered
when modelling pyrometallurgical processes (Guthrie, 1993). It is
necessary to merge these data with real-time models using so-
phisticated big-data analysis techniques in combination with
fundamental modelling approaches. This type of work requires
knowledge of sampling theory and statistically correct use of
operational data (UNEP, 2013). Furthermore, significant work
should be done to fully develop reactor models that integrate
thermodynamics and kinetics into CFD type models. This will help



Fig. 5. A comparison of the Global Warming Potential (GWP) kgCO2-eq/kg Pb for
different reactor types for lead and zinc production as well as for the recovery of
technology elements (Reuter et al., 2015a).
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to further develop technology as well further maximize resource
efficiency of the metallurgical industry and thus also of inter-
connected systems of the CE.

4.1. Measurement of kinetics and dynamic reactor models

Pomfret and Grieveson (1983) reviewed techniques for high
temperature kinetic measurements. Sohn et al. (2004) can also be
consulted for methods of measuring high temperature kinetics.

To determine kinetic parameters, experimental data needs to be
fitted to a model of rate-determining steps. Due to the high tem-
perature, it can often be assumed that the chemical reactions will
be fast, and the process rate will be controlled by transport
phenomena:

� Transport phenomena over boundary layers at metal/slag
interface.

� Gas-liquid mass transfer.

Fundamental, mechanistic kinetic models in lead metallurgy are
scarce. Only one study was found on the reduction kinetics of PbO-
SiO2 slag with solid carbon (Kinaev et al., 2005). The rate of gas
evolution was found to be chemical reaction controlled at the gas-
solid reaction interface.

Dynamic models have been produced in non-lead metallurgy:
Richards et al. (1985) presented a mechanistic model for zinc slag
fuming by converting, in three papers. The model was constructed
from operational data and included process kinetics. This was fol-
lowed by a similar model by Cockcroft et al., (1988). Kyllo and
Richards (1998) modelled the behaviour of minor elements in
copper converting based on kinetics, using data such as activity
coefficients, vapor pressures and diffusivities from literature. Asaki
et al. (2001) investigated the kinetics of copper sulphide smelting
in the Mitsubishi process and modelled the effect that the rates of
silica and concentrate dissolution, as well as liquid/gas mass
transfer rates have on the process.

Sohn et al. (2004) oxidised matte by bubbling oxygen through a
submerged lance. The rate of volatilisation of minor elements was
controlled by diffusion through the gas film boundary layer around
bubbles in the melt and a mass transfer model was developed.
Kawai, Shinozaki and Mori (1982) modelled the transfer rate of
manganese across a Fe-slag interface. Perez-Tello et al. (2004)
measured kinetics of selenium and tellurium removal in a
precious metals refinery using a Kaldo furnace.

Clearly, although models have been developed, there is a lack of
kinetic models and data in lead metallurgy.

4.2. CFD (computational fluid dynamics) modelling

CFDmodelling creates the possibility of coupling flow aspects in
a reactor with the chemical reactions to create dynamic furnace
models (Guthrie, 1993). CFD-based work has been done to evaluate
zinc slag fuming in a TSL furnace (Huda et al. (2012b)) and tuyere-
blown furnaces ((Huda et al., 2012a)). These models can predict
aspects such as jet penetration, temperature distributions and
fuming kinetics. A lack of kinetic models limits the further devel-
opment of multi-metal recovery models from complex feeds.

4.3. Neural networks e big data analysis

Measurement of data in real-time within the high temperature
and harsh smelting environment of metallurgical furnaces remains
a challenge. To estimate distribution data for complex feeds in
different reactor types requires the use of sophisticated tools to at
least calibrate models in a sufficient manner. This is required to
produce process models such as depicted by Fig. 4.
Reuter et al. (1992) trained neural networks to predict the ac-

tivity coefficients of metals and distributions of metals between
slag-metal systems, based on data from literature and industry.
Aldrich et al. (1994) showed that it is possible to train neural nets
on experimental data to predict distribution ratios as well as the
oxidation states of elements in the slag. Georgalli et al. (2002)
demonstrated a hybrid modelling approach to incorporate ther-
mochemistry and system dynamics to predict process chemistry in
an Ausmelt® converter. A neural net was trained on equilibrium
data from FactSage® to predict thermodynamic equilibrium and
these results combined with autoregressive components (stochas-
tic, time delay, measured history values) to create a modified
autoregressive moving average model (ARMAX) to predict actual
chemical compositions.

5. Digitalizing the CE-Process system models and process
control

To evaluate the economics of the CE requires rigorous data and
system simulation approaches (Reuter, 2016). These are crucial to
operational control and optimisation and have been used to
compare the environmental impact of different technologies and
flowsheets. Furthermore, this digitalization permits the linkage of
product design, the bill of materials and full material declaration to
metal production, thus permitting the estimation of the true
recyclability of products and all its contained materials and thus
elements.

5.1. Process simulation and life-cycle analysis (LCA)

Linking engineering simulation e.g. HSC Sim (Outotec, 2017a) to
life cycle assessment tools e.g. GaBi (2017), it becomes possible to
evaluate the environmental footprint of different reactor types, or
of entire flowsheets and comparing from the same baseline (Reuter
et al., 2015b).When coupledwith element and compound data, this
tool makes it possible to evaluate the environmental impact when
flowsheets are optimised for the management of the technology
elements and carrier metals. These approaches were advanced
further to estimate the full footprint of systems (R€onnlund et al.,
2016). Linking of engineering simulation with LCA tools also
makes it possible (as early on as during the product design stage) to
evaluate the environmental impact of recycling a product and
therefore to optimize the design.
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Fig. 5 compares furnaces in terms of Global Warming Potential
(GWP). While each type of technology provides benefits, ultimately
the carrier metallurgy dictates the footprint, thus its thermody-
namics, mass and heat transfer and flow characteristics within the
technology. For this reason, the technologies will ultimately all have
footprints approximately in the same ballpark. Their capability to
deal with minor and technology elements is different. It becomes
interesting if all elements are considered simultaneously in com-
plex flowsheets such as shown by Fig. 4. This will ultimately
determine the footprint of the CE. This can obviously only be done
by rigorous simulation tools as shown or mentioned in this paper.

Verhoef et al. (2004) illustrated by the use of dynamic process
simulation the complex dynamic interaction of Ag, Au, Bi, Cu, Fe, Ni,
PGMs, Pb, Sn and Zn on each other to show the effect of carrier
process metallurgy on the supply and availability of metals for lead
containing and lead free solders. The interesting aspect of this work
was that it showed the dynamic interactions if one remove lead
from solder, while at the same time lead was supplying the ele-
ments from the ores that were replacing lead. This work showed
and illustrated the intricate non-linear interactions as well as the
dynamic effect on the environmental footprint of the CE, for the few
elements for which reasonable data exists. CE discussions generally
still neglect to include this rigorous detail to fully understand the
complexity of the CE.

5.2. What fundamental element data is available or missing to fully
assess the CE

Simulation models as shown by Fig. 4 require deep fundamental
insight, industrial knowledge and experimental and industrial data
measurements for calibration. To this end, this paper reviewed
experimentally measured equilibrium distributions as functions of
operational conditions (Appendices 1, 2 and 3). The activity co-
efficients of several metals in the slag have been reported. These
data are not necessarily available in environmental databases and
this paper should prove a valuable resourcewhich can be applied in
system models of the CE.

Furthermore, the following oxidation states have been reported
for metals in the slag: Ag0 or Agþ (uncertain), Aso and As2O3
(mixture), Bi or BiO (uncertain), Co (inconclusive), Cu2O and CuO
(mixture), GeO, InO or In2O3 (uncertain); In2O is volatile and likely
to be in the gas phase in a reactor flowing large volumes of gas
through slag, Sb0 or Sb3þ (dependent on pO2), and SnO, TlO0.5, ZnO,
PbO. The oxidations states may all affect the elution behaviour and
must be considered rather carefully in view of environmental
impact.

Of the metals listed as critical by the European Commission Ad
Hoc Working Group on Critical Materials (EU, 2017), data was only
found for Sb, Bi, Co, Ge and In. Metals listed as critical by the Eu-
ropean Commission (EU, 2017), but for which data was not found
are Be, Ga, Mg, Nb, Platinum Group Metals, Heavy and light rare
earth elements as well as Sc, Si, Ta, W, V. Some elements of
importance in lead metallurgy, for which information was not
found, are Au, Cu, Ni, Se, Te and Cr.

Experimental measurements on the kinetics of minor element
distribution or evaporation is extremely scarce. So are kinetic
models of reactors which can be used for CFD modelling. In the
absence of these data, the critical questions can be asked:

� How can the CE be fully evaluated for economic and environ-
mental viability?

� How can reviews such as Brocken et al. (2017) provide a serious
basis for CE discussions?

� What should the data basis look like to address the complexity
of the CE?
� Can we predict true losses in the CE?
� How can we optimize models such as predicted by Fig. 4?
5.3. Linking product and process design to process metallurgy: what
simulation platforms are lacking?

This paper has documented various studies that link aspects of
Fig. 1 in a fundamental manner. Examples such as the following
already exist albeit that in some cases fundamental data had to be
estimated from industrial experience not generally accessible to the
scientific community:

� In the work for Fairphone et al. (2017), Van Schaik and Reuter
(2014) link product design to the process metallurgy of ele-
ments, materials, alloys and various plastics for energy and
material recovery. It demonstrates the state-of-the-art in digi-
talizing the CE, from product design to metals recovery on the
back of carrier metal processing metallurgy for 46 elements and
their functional materials. Greenpeace (2017) has also
acknowledged this depth in their evaluation of product design.

� Amini et al. (2007) show the limits of recycling and of achieving
CE based on fundamental physics. However, not all thermody-
namic data are available to estimate the exergy creation in
systems.

The CE community needs urgently to have available missing
fundamental thermodynamic and mass and heat transfer data to
improve their rigour, thus move beyond Excel-based material flow
analysis to be able to understand the systems at hand with rigorous
simulation. Such simulation is the usual basis for engineering to
produce a detailed feasibility study and thence quantitative CAPEX
and OPEX information. System models are required to fully esti-
mate the losses and viability of the CE.

To improve the basis of the CE simulation models, parameter-
isation must improve as have the process and furnace/technology
models. Examples have been given of different furnace models
from literature, which include models that assume thermodynamic
equilibrium, incorporated a mechanistic understanding of kinetics
and flow phenomena or used neural nets which were trained on
experimental or operational data. Computational fluid dynamics
models must also include more kinetic models of minor and
technology elements so that these can be optimally recovered.
These models can be employed in process optimisation, but rely on
accurate supporting data.
6. The grand challenge of simulating the CE and quantifying
the losses in Fig. 1

This paper has reviewed literature on a metallurgical under-
standing of the behaviour of technology elements in lead metal-
lurgy, which is a key to the CE. The paper further reviewed various
simulation andmodelling techniques available to critically evaluate
the CE to understand its true economic losses.

In summary, this paper shows that the following need to be
addressed, developed and measured to fully realize the potential of
the CE:

� Measuring thermochemical data (as presented in Appendices
1,2 and 3): There are large gaps both in thermodynamic and
kinetic data describing the distribution of elements between
lead bullion, slag, speiss, gas phase, flue dust etc., that require to
be measured or estimated and made available to the scientific
community to improve the resource efficiency estimates of the
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CE. Presently these can only be estimated if deep understanding
of the systems is present by people experienced in the art.

� Simulating mass and heat transfer processes: These data can
then find their way intomore sophisticatedmodelling platforms
such a CFD that can then be used to optimize flow in the systems
and hence maximize resource efficiency. There is still consid-
erable work to be done in this arena.

� Artificial intelligence linked to process models: Big data
analysis combined with rigorous process models can help
further to estimate distribution data from real-time measure-
ments and augment laboratory measurements. This builds on
work done in the 80s and 90s.

� CE System simulation: To systemically optimize the CE system
depicted by Fig. 1 requires the detail of the previous points.
While rather sophisticated system models already exist, their
predictive capability can further be improved if the above
fundamental detail improves, especially the deportation and
dissipation of critical elements can be understood better.

� Simulation based Design for Recycling and foot-printing:
While models exist that link product design and the bill of
materials to extractive process metallurgy and environmental
models, ultimately computer aided design should provide
design detail in a form that has thermochemical meaning so that
true simulation of the system can be performed. This thermo-
chemical basis linked to element distribution thermodynamics
will provide detail on exergetic flows as well estimating and
understanding the true entropy limits of the CE.
Element Investigated Comment Temp. Range log (pO2)

Cu, Ag, Bi, As, Sb, Pb Also investigated the
activity coefficient of
PbO in the slag

1200 �C&1300 �C �13 to �8

Cu, As, Sb, Bi, Ag, Pb Investigated
equilibrium between
Pb-Cu alloy and slag to
choose the best
operating conditions
for direct smelting

1250 �C �6 to �3

Cu, In, Tl, Sb, Pb Studied effect of blast
furnace slag
composition on
distribution and the
interaction between
elements

1200 �C �12

Pb Solubilities of PbO as
applicable to direct lead
smelting

1250-1350 �C �6, �6.5 & �7

Cu, As, Sb, Bi, Zn, Ag, Sn,
Pb

Conditions applicable
to primary and
secondary lead
smelting

1200 �C �7 to �9
SO2 atmosphere-Pb
PbO ratio used to
control oxygen par
pressure

Cu, As, Sb, Bi, Zn, Ag Pb Conditions applicable
to primary and
secondary lead
smelting

1200 �C �7 to �9
SO2 atmosphere. Pb
PbO ratio used to
control oxygen par
pressure

Cu, As, Sb, Ag, Tl, Bi, Sn Elements relevant to
secondary lead
smelting

1150-1300 �C �5 to �11

Ag, Cd, Zn, Co, Pb Possibility of replacing
iron silicate slag with
calcium ferrite slag

1250 �C �10

Pb, Sb, As, Cu, Ag Analysis by EMF
method as applicable to
QSL smelting

1250 �C �8

Pb 1150-1250 �C
� Environmental labelling: Labelling has advanced recently.
Underpinning these with more and improved fundamentally
measured distribution data can help to further inform product
design as well as the consumer (Greenpeace, 2017; Fairphone
et al., 2017).

� Policy: Often missing in present CE policy discussions is the
realization that a smart and agile metallurgical infrastructure
must be present (as reflected by Fig. 2) to make the CE work.
Without the metallurgical infrastructure available to process
materials and complex mixtures, CE will be difficult to achieve.

If the above is in place, understanding all losses from the system,
the grand challenge of simulating the CE is within reach, its true
CAPEX and OPEX quantified and its economic viability revealed.
This paper, therefore, suggests that much more rigour must flow
into the CE discussion to ensure that its true potential is realized. In
other words, we must base future discussions on the above-
mentioned rigour and advance the less rigorous depictions of CE to
this level.
Appendix 1. Summary of the distribution measurement
studies between lead and different slag types and
temperatures suitable for different furnace technologies
Slag Chemistry Reference

58%FeO-3%Fe2O3-16%CaO-21%SiO2-Al2O3 or
58%FeO-5%Fe2O3-21%CaO-16%SiO2-Al2O3

In iron crucibles

Matyas (1975)

5% or 20% Cu in alloy
40% Fe, 25% SiO2; 8% Al2O3

Volodchenko et al.
(1983)

Approx.:
30% SiO2; 60% FeO; 8% Fe2O3

~1.3e1.7 FeO:SiO2

~0.5e0.75 (MgO þ CaO)/SiO2

Alumina Crucibles

Johnson (1983)

FeOx-SiO2-CaO
FeO/SiO2¼ 1.660, 0.9295, 0.7773
CaO/SiO2¼ 0.4667, 0.6667, 0.8182
Lime-stabilised zirconia crucible

Taskinen et al. (1984)

/

tial

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

Rytk€onen and Taskinen
(1986)

/

tial

Calcium Ferrite Slag
25% CaO
Rest: Fe þ Fe2O3

Rytk€onen and Klarin
(1987)

FeOx-CaO-SiO2

CaO/SiO2: 0.5e0.8
Fe/SiO2: 0.8e1.2

Toubarts (1991)

CaO-FeO-SiO2

MgO crucibles
CaO ~16e32%
SiO2 ~ 1e5%

Fisher and Bennington
(1991)

PbO-FeOx-CaO-SiO2

CaO/(CaO þ SiO2)¼ 0.3
FeOx/(FeOx þ CaO þ SiO2)¼ 0.4

Moon et al. (1997)

Kudo et al. (2000)



(continued )

Element Investigated Comment Temp. Range log (pO2) Slag Chemistry Reference

Generated large
amount of data for slag
model in FactSage®

~ �11 to �12
Experiments carried
out under argon, slag
composition
determined oxygen
partial pressure.

FeOx-CaO-SiO2

Range between iron silicate slags and calcium
ferrite slags
Iron crucibles

In Conditions applicable
to primary lead
smelting

1200 �C �10 to �12 FeO-CaO-SiO2-8% Al2O3

Approx. 40% FeO, 30% SiO2, 20% CaO
Hoang and Swinbourne
(2007)

Element Investigated Comment Temp. Range Log (pO2) Slag Chemistry Reference

In, Ge, Pb Conditions applicable
to primary lead
smelting

1150e1300 �C �8 to �12 PbO-FeO-Fe2O3-SiO2-CaO-MgO
SiO2/CaO¼ 1.6e1.9
SiO2/Fe¼ 1

Henao et al. (2010)

Pb solubility Cr and Na content in
secondary/residues was
the motivation for the
investigation.

1300 �C �10.75 to �12.
Experiments carried
out under argon. Fe2þ/
Fe3þ ratio used to
control oxygen partial
pressure.

FeOx-CaO-SiO2-5%NaO0.5

FeOx-CaO-SiO2-5%CrO1.5

Iron crucibles

Matsura, Ueda,
Yamaguchi (2011)

Ge Thermodynamic data
generated for process
modelling.

1150e1250 �C �10 to �12.5 9$8wt-% SiO2, 18$1wt-% CaO, 49$5wt-% FeO
and 9$7wt-% Al2O3

Yan and Swinbourne
(2013)
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Appendix 2. Equilibrium studies grouped by elements
Silver (Ag)

Author Slag System Temperature Range Oxygen Partial Pressure Dissolution
State

Activity
Coefficient

Comment

Matyas (1975) FeO-Fe2O3-CaO-SiO2-Al2O3 1200e1300 �C 10�8 to 10�13 atm Ago

Volodchenko et al. (1983) High calcium ferro-silicate 1250 �C 1� 10�2.6 to 1� 10�5.52.6 atm Ago Lm=S
M ¼ 101:5 to 102:5

Rytk€onen and Taskinen (1986) FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2 atmospheres
pO2: 10�7 to 10�9 atm

Ago Lm=S
M ¼ 102:5

Rytk€onen and Klarin (1987) Calcium Ferrite
25% CaO
75% Fe and Fe2O3

1200 �C Approx: 10�7 to 10�8.5 atm Ag reported more readily to
the slag than in the case of
Rytk€onen and Taskinen
(1986). Ag reported almost
100% to the metal phase.

Toubarts (1991) FeOx-CaO-SiO2

(CaO/SiO2: 0.5e0.8, Fe/SiO2:
0.8e1.2)

1150 and 1300 �C 10�5 to 10�11 atm Ag preferentially report to
metal, with little
dependence on
temperature.

Fisher and Bennington (1991) Compared iron silicate slag
with calcium ferrite slag

1250 �C 10�10 atm Nearly all silver reported to
metal phase.

Moon et al. (1997) PbO-FeOx-(CaO-SiO2-MgO)
%CaO/(%CaOþ%SiO2)¼ 0.4
NFeOx/
(NFeOx þ NCaO þ NSiO2)¼ 0.3
to 0.4

1150 �C 10�7.5 to 10�11.5 atm AgO0.5 gAgO0:5 ¼ 4 Lm=S
M ¼ 2x10�3 @
pO2¼ 10�8 at,

Cobalt (Co)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution
State

Activity
Coefficient

Comment

Fisher and
Bennington
(1991)

Compared iron silicate slag
with calcium ferrite slag

1250 �C 10�10 atm Increase in distribution factor with increased
(SiO2 þ MgO) content.
Increase in distribution factor with increased CaO content.
Significant Co loss due to evaporation.

Arsenic (As)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution State Activity
Coefficient

Comment

Matyas
(1975)

FeO-Fe2O3-CaO-
SiO2-Al2O3

1200
e1300 �C

10�8 to 10�13 atm Mixture of As0 and As3þ

Rytk€onen
and
Taskinen
(1986)

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2

atmospheres
pO2: 10�7 to
10�11 atm

As3þ Presence of sulphur helped minor
elements pass into the slag.

Rytk€onen
and

Calcium Ferrite
25% CaO
75% Fe and Fe2O3

1200 �C Approx: 10�7 to
10�8.5 atm

(continued on next page)



(continued )

Arsenic (As)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution State Activity
Coefficient

Comment

Klarin
(1987)

Toubarts
(1991)

FeOx-CaO-SiO2

(CaO/SiO2: 0.5
e0.8,
Fe/SiO2: 0.8e1.2)

1150 and
1300 �C

10�5 to 10�11 atm As0 and As3þmixture at low pO2; change to
As3þ at 10�7.5 atm

Distribution factor
increased with an
increase in
temperature.

Moon et al.
(1997)

PbO-FeOx-(CaO-
SiO2-MgO)
%CaO/(%CaOþ%
SiO2)¼ 0.4
NFeOx/
(NFeOx þ NCaO

þ NSiO2)¼ 0.3 to
0.4

1150 �C 10�7.5 to
10�11.5 atm

As3þ gAsO1.5¼ 0.3
@ 1150 �C

Copper (Cu)

Author Slag System Temperature Range Oxygen Partial Pressure Dissolution State Activity Coefficient Comment

Matyas (1975) FeO-Fe2O3-CaO-SiO2-Al2O3 1200e1300 �C 10�8 to 10�13 atm Mixture of CuO and Cu2O Clear difference between
alumina crucible and
zirconia crucible.

Moon et al. (1997) PbO-FeOx-(CaO-SiO2-
MgO)
%CaO/(%CaOþ%SiO2)¼ 0.4
NFeOx/(NFeOx þ
NCaO þ NSiO2)¼ 0.3 to 0.4

1150 �C 10�7.5 to 10�11.5 atm gAsO1.5¼ 15 @ 1150 �C

Bismuth (Bi)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution
State

Activity
Coefficient

Comment

Matyas (1975) FeO-Fe2O3-CaO-SiO2-
Al2O3

1200
e1300 �C

10�13 to 10�8 atm

Volodchenko et al.
(1983)

High calcium ferro-
silicate

1250 �C 1� 10�5.5 to
1� 10�2.6 atm

gBi in slag ¼
0:76

Aluminum vs zirconium crucibles did not have any effect.

Rytk€onen and
Taskinen (1986)

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2

atmospheres
pO2: 10�7 to
10�9 atm

Rytk€onen and Klarin
(1987)

Calcium Ferrite
25% CaO
75% Fe and Fe2O3

1200 �C Approx: 10�7 to
10�8.5 atm

Toubarts (1991) FeOx-CaO-SiO2

(CaO/SiO2: 0.5e0.8, Fe/
SiO2: 0.8e1.2)

1150 and
1300 �C

10�5 to 10�11 atm Bi2þ Considering Figure d in Appendix 3, there is a range from
0, þ2 and þ 3 possible.

Tin(Sn)

Author Slag System Temperature
Range

Oxygen Partial Pressure Dissolution
State

Activity
Coefficient

Comment

Rytk€onen and
Taskinen (1986)

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2 atmospheres
pO2: 10�7 to 10�9 atm
pO2 was determined from aPbO, which was
(measured with electrochemical cell)

SnO

Toubarts (1991) FeOx-CaO-SiO2

(CaO/SiO2: 0.5e0.8, Fe/
SiO2: 0.8e1.2)

1150 to
1300 �C

10�5 to 10�11 atm SnO Distribution factor increased
proportional to temperature.

Germanium (Ge)

Author Slag System Temperature
Range

Oxygen
Partial

Dissolution State Activity
Coefficient

Comment

Yan and
Swinbourne
(2003)

CaO (18.1wt%)eSiO2 (9.8 wt%)
eFeO (49.5wt%)-Al2O3(9.7wt%)

1150 -
1300 �C

10�10 to
10�12.5 atm

GeO gGeO ¼
1.44 to
2.55

13-21% of Ge evaporated; 78e86% found in
the slag.
SiO2/CaO and SiO2/Fe ratios did not affect
the evaporation.
Temperature changes did not affect
distribution coefficient.

Henao et al.
(2010)

(PbO-FeO-Fe2O3-SiO2-CaO-MgO);
SiO2/CaO¼ 1.6e1.9, SiO2/Fe¼ 1

1150 -
1300 �C

10�8 to
10�12 atm

Reported Ge4þ, but graph
indicates Ge2þ oxidation state

Some Ge evaporated, especially above
1250 �C.
No effect from addition of minor elements
(Cu, As or Au <5wt%).
Temperature changes did not affect
distribution coefficient.
Increasing SiO2/CaO or SiO2/Fe ratio caused
an increase in the distribution ratio.
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Thallium (Tl) Although generally present in small concentrations in lead, thallium is a metal of concern due to its' toxicity (Toubarts, 1991)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution
State

Activity
Coefficient

Comment

Johnson
(1983)

Fayalite (30% SiO2, 60% FeO
and 8% Fe2O3)
Fe:SiO2 ratios of 1.3, 1.5 and
1.7
[(MgOþ CaO)/SiO2¼ 0.5, 0.6
and 0.75)]

1200 �C 10�12 atm Distribution factor:
- Increased with (CaO þ MgO)/SiO2 ratio,
- Independent of FeO/SiO2

- Inter-element interactions between In, Tl and Sb (in quantities <1%)
was visible at higher basicity ratios.

Toubarts
(1991)

FeOx-CaO-SiO2

(CaO/SiO2: 0.5e0.8, Fe/SiO2:
0.8e1.2)

1150 to
1300 �C

10�5 to
10�11 atm

TlO0.5 Temperature did not significantly influence distribution factor

Indium (In)

Author Slag System Temperature
Range

Oxygen Partial
Pressure

Dissolution
State

Activity
Coefficient

Comment

Johnson (1983) Fayalite (30% SiO2, 60% FeO
and 8% Fe2O3)
Fe:SiO2 ratios of 1.3, 1.5 and
1.7
[(MgOþ CaO)/SiO2¼ 0.5, 0.6
and 0.75)]

1200 �C 10�12 atm Distribution factor
- increased with increased basicity.
- Is independent from FeO/SiO2

- Increased when impurities (0.5e1% of Cu, Tl or Sb)
were added to the charge

Hoang and
Swinbourne
(2007)

40wt%FeO-20wt% CaO-
30wt%SiO2-8%Al2O3

1200 �C 10�10, 10�11 and
10�12 atm

InO 4� 10�8 to
3� 10�7

Distribution factor
- Increased with FeO/SiO2

- Was independent of CaO/SiO2

Henao et al. (2010) PbO-FeO-Fe2O3-SiO2-CaO-
MgO
SiO2/CaO (wt%/wt%) ratio: 1.1
to 2.1;
SiO2/Fe (wt%/wt%) ratio 0.9 to
1.7

1150 -
1300 �C

10�12 to 10�8 atm In2O3 Effects of CaO/SiO2 and SiO2/Fe changes were uncertain
within experimental error.
Increasing the temperature increased the distribution
factor.

Zinc (Zn)

Author Slag System Temperature
Range

Oxygen Partial Pressure Dissolution
State

Activity
Coefficient

Comment

Fisher and
Bennington
(1991)

Compared iron silicate slag
with calcium ferrite slag

1250 �C 10�10 atm 30-70% of Zn lost to gas phase
Less than 2% report to bullion
Distribution independent of %
CaO or %(SiO2þMgO)

Rytk€onen and
Taskinen
(1986)

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2 atmospheres
pO2: 10�7 to 10�9 atm
pO2 was determined from aPbO, which was
(measured with electrochemical cell)

Rytk€onen and
Klarin (1987)

Calcium Ferrite
25% CaO
75% Fe and Fe2O3

1200 �C Approx: 10�7 to 10�8.5 atm ZnO

Antimony (Sb)

Author Slag System Temperature
Range

Oxygen
partial
pressure

Dissolution State Activity
Coefficient

Comment

Volodchenko
et al. (1983)

High calcium ferro-silicate 1250 �C 1� 10�5.5 to
1� 10�2.6 atm

log(pO2)> �4: Sb3þ

stable;
log(pO2)< �4: Sb0 stable

Johnson (1983) Fayalite (30% SiO2, 60% FeO
and 8% Fe2O3)
Fe:SiO2 ratios of 1.3, 1.5 and
1.7
[(MgOþ CaO)/SiO2¼ 0.5, 0.6
and 0.75)]

1200 �C 10�12 atm Distribution factor:
- Independent of (CaO þ MgO)/SiO2 ratio.
- Declined sharply with an increase in FeO/SiO2.

Rytk€onen and
Taskinen
(1986)

FeO/SiO2¼ 1.289
CaO/SiO2¼ 0.778

1200 �C Ar and SO2

atmospheres
pO2: 10�7 to
10�9 atm

Sb0, but converts to Sb3þ

above pO2¼ 10�9 atm.

Rytk€onen and
Klarin
(1987)

Calcium Ferrite
25% CaO
75% Fe and Fe2O3

1200 �C Approx: 10�7

to 10�8.5 atm
Lower distribution ratiomeasuredwithmore basic slag,
than in the work of Rytk€onen and Taskinen (1986)

Toubarts
(1991)

FeOx-CaO-SiO2

(CaO/SiO2: 0.5e0.8, Fe/SiO2:
0.8e1.2)

1150 and
1300 �C

10�5 to
10�11 atm

Distribution factor increased proportional to
temperature.

Moon et al.
(1997)

PbO-FeOx-(CaO-SiO2-MgO)
%CaO/(%CaOþ%SiO2)¼ 0.4

1150 �C 10�7.5 to
10�11.5 atm

Sb2O3 gSbO1:5 ¼
2

Distributes predominantly to metal below log(pO2)¼ -
8 and to slag above.

(continued on next page)
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(continued )

Antimony (Sb)

Author Slag System Temperature
Range

Oxygen
partial
pressure

Dissolution State Activity
Coefficient

Comment

NFeOx/
(NFeOx þ NCaO þ NSiO2)¼ 0.3
to 0.4

In summary, the distribution factors measured by different authors are in the range of 63e4000. The authors agree that under the studied conditions, silver preferentially
reports to the metal. However, some differences should be clarified on whether silver is present in the slag as Ago or Agþ.
It has been observed that As evaporates in the form As4O6 (Kawahara et al. (1979).
Information on equilibrium measurements for Bismuth in Lead was found published in five works: Matyas (1975), Volodchenko et al. (1983), Rytk€onen and Taskinen (1986),
Rytk€onen and Klarin (1987) and Toubarts (1991). These works looked at the same temperature range ~1200 �C and within the same pO2 range (pO2¼ 10�11 to 10�5 atm), but
different slag systems. Significant differences exist between studies for the distribution coefficient values.
From these studies, it appears that Sb can be present as Sb3þ or Sb0 in the slag, although some authors found Sb3þ over the entire pO2 range. There appears to be contradictions
in the literature concerning the reaction of Sb to changes in FCS slag basicity.
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Appendix 3. Graphs of distribution factors vs. pO2 (Consult
original works for more detailed graphs that include all
experimental points)
Fig. a. Distribution coefficients for indium, reproduced from Henao et al. (2010), with
data from [1] Hoang and Swinbourne (2007) and [2] Henao et al. (2010) at 1200 �C.

Fig. c. Reproduced from Toubarts (1991). Distribution coefficients for silver at 1200 �C.
Data from: [1] Matyas (1975), [2] Volodchenko et al. (1983), [3] Hollitt (1984b), [4]
Rytk€onen and Taskinen (1986), [5] Toubarts (1991), [6] Moon et al. (1997).
Fig. b. Distribution coefficients of arsenic as a function of pO2 at 1200 �C. Reproduced
from authors [1] Matyas (1975), [2] Rytk€onen and Taskinen (1986), [3] Rytk€onen and
Klarin (1987), [4] Toubarts (1991), [5] Moon et al. (1997) ([1], [2], [4] reproduced
from Toubarts (1991); [3] and [5] from original works).

Fig. d. Distribution coefficients for bismuth at 1200 �C. Reproduced from figure of
Toubarts (1991) [1] Matyas (1975) [2] Volodchenko et al. (1983) [3] Rytk€onen and
Taskinen (1986) [4] Toubarts (1991).



Fig. e. Distribution coefficients for copper between lead and slag from [1] Matyas
(1975) with alumina crucible, 1200 �C, [2] Matyas (1975) with zirconia crucible
1200 �C [3] Moon et al. (1997) at 1150 �C.

Fig. f. Distribution coefficients for tin [1] Rytk€onen and Taskinen (1986) results at
1200 �C. Toubarts (1991) at [2] 1200 �C, [3] 1300 �C, [4] 1150 �C.

Fig. g. Distribution coefficients for germanium at 1200 �C, recreated from Henao et al.
(2010). Ge: Comparison of Ls=mGe for experimental results from [1] Yan and Swinbourne
(2003) and [2] Henao et al. (2010).

Fig. h. Distribution coefficients for antimony as reported in the range of 1150e1250 �C.
[1] Volodchenko et al. (1983), [2] Johnson (1983), [3] Rytk€onen and Taskinen (1986),
[4] Rytk€onen and Klarin (1987), [5] Toubarts (1991), [6] Moon et al. (1997) [7] Matyas
(1975) (Matyas Recreated from figure from Rytk€onen and Taskinen (1986)).
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