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Abstract: The depleting and increasingly complex mineral resources bring challenges into the area
of metal production, bringing new boundary conditions to the smelting and refining processes.
Thermodynamics of phases and equilibria are the key to the analysis of pyrometallurgical processes,
enabling descriptions of their limiting boundary conditions. The raw material basis of non-ferrous
metals needs an effective control of iron oxide fluxing due to the challenging fact that the targeted
metal values of, e.g., copper, nickel, lead, and tin will exist as minority components in the smelter
feeds compared to iron sulphides, gangue, and many harmful elements. This means more complex
slag compositions and the amount of produced slag being several times that of the metal production.
This feature severely impacts the heat balance of the smelting vessels where autogenous operation
without external fuels becomes more and more difficult to maintain.

Keywords: computational thermodynamics; non-ferrous metallurgy; phase equilibria; thermody-
namics

1. Introduction

The primary raw materials of metals are important sources of many small metals,
but their recovery is not feasible in current technologies. They include, e.g., cobalt and
platinum group metals in nickel sulphides and antimony, selenium, and tellurium in copper
sulphides [1,2]. WEEE (waste electric and electronic equipment) and other secondary
sources of non-ferrous metals having short lifetime will become increasingly important
sources of raw materials in the future to satisfy the growing demand of metals [3,4]. Their
processing and separation from the materials streams into pure metals in the present
smelting and refining technologies with high resource efficiency [5] and recovery rates of
>90% will be one of the major industrial challenges of the upcoming decades [6–9].

Compared with the traditional copper secondaries, A and B type ‘pure’ copper
scrap [10,11], the various fractions and types of WEEE as well as battery scrap intro-
duced in the primary copper and nickel smelting and refining circuits bring new elements
not familiar to, e.g., sulphide mineral raw materials. For their recovery, a large amount of
fundamental research is needed for process optimisation purposes and for enabling their
full recoveries [12,13].

Typically, high-conductivity copper for electric and thermal engineering purposes
has been manufactured through the primary smelting–fire refining–electrolytic refining
route, e.g., [14]. This processing chain is well tuned for maximising the recoveries of copper
and its accompanying trace elements, such as the precious metals [15]. Now, WEEE will
introduce increasing amounts of precious metals [16], but also, e.g., platinum group metals
and various components of lead-free soldering alloys, such as tin [17–19], in the copper
processing chain. Their distributions in the matte smelting of copper and nickel, copper
converting, and electrolytic refining steps in main and side streams of metals, as well as in
the black-copper smelting circuits, were still few years ago largely unknown [17,19–21].
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Computational thermodynamics is the only practical tool for approaching large indus-
trial systems with several components, tens of optional solution phases, and hundreds of
possible solid substances [22]. It allows us to select the existing variables of the process in a
consistent and solid way for exploring the conditions available for processing [23]. By this
way, we can finetune the process optimisation efforts and maximise the resource efficiency
of the available and forthcoming technologies [24].

This paper introduces the use of constrained phase equilibria of multi-component
industrial systems in the process analysis where the boundary conditions are derived in a
straightforward manner from the industrial reactors and their characteristic features. The
present content of the used data source is introduced. The case studies use well-defined
topics as examples for the copper and nickel smelting and refining industries, representing
typical large heterogeneous systems and future challenges in the field.

2. Thermodynamic Databases

Several thermodynamic solvers include databases for equilibrium calculations [25]. In
this paper, the extensive and internally fully consistent oxide database MTOX (vers. 8.1)
was used with the MTDATA software package. The database has been under development
since 1989 [26] under guidance of industrial partners. Today, it contains several extensive
subsets of oxide and sulphide systems common in the minerals, metals, and inorganic
chemical industries (see Figures 1 and A1, Figures A2 and A3 in Appendix A). The used
solution models have been described elsewhere in detail [27]. In MTOX, only systems
with 3rd and higher order assessments according to the Calphad method and its principles
are included in the phase descriptions and no additive ternaries without e.g., ternary
compounds, are presented as “early approximations”.

Figure 1. Coverage of the MTOX database (vers. 9.1) in oxide and metal alloy/matte systems [28].

3. Smelting and Refining Basics

This section provides a concise and precise description of the experimental results,
their interpretation, and the experimental conclusions that were drawn.
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3.1. Refining Equilibria in Secondary Copper Smelting

The driving force of removing alloying elements from copper is the oxygen activity or
partial pressure according to the generic reaction:

[Me]Cu + n1/2 O2(g) = (MeOn) (1)

where [] refers to the alloy, and () to the slag. The higher oxygen activity, the lower
the concentration of Me in copper will be. For advancing reaction (1), the underlying
crude copper dissolves oxygen and the dissolved oxygen in liquid copper is present as
atomic oxygen:

1/2O2(g) = [O]Cu (2)

Thus, copper–oxygen phase diagram generates another boundary condition for the
system in addition to reaction (1) and its available oxygen partial pressure window in the
refining. That fundamental constraint is visualised in Figure 2 at temperatures below the
critical point of the Cu–O system at about 1350 ◦C [29,30], where selected oxygen iso-partial
pressure contours at p(O2) = 10−3.5 to 10−7.0 atm have been plotted.

Figure 2. Solubility of oxygen in pure copper at constant oxygen partial pressures from 10−7 to 10−3.5

atm (solid lines). Calculated oxygen saturation boundary of the Cu–O system has been plotted with
dashed line; MTDATA solver with MTOX database (vers. 8.1) [26].

3.2. Thermodynamics of Trace Elements in Smelting

All impurities and trace elements dissolve in the slags as oxidic species and therefore
their chemistries are linked with the corresponding oxidation reactions and formation of
the predominant cationic or anionic species in the slag, as with reaction (1) for cationic
dissolution. The commonly used thermodynamic factor used for describing the behaviour
of trace elements’ behaviour in smelting and refining, the distribution coefficient of an
element between two phases f1 and f2, Lf1/f2(Me) = [%Me]f1/(%Me)f2, is easily derived
from Equation (1). This useful scale-independent factor, which in isothermal conditions
can be written in logarithmic form as

log LCu/s(Me) = C − n/2·log p(O2), (3)
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which has been recently measured for several ‘technology metals’ (Me = Co, Ni, Ga, In,
and Sn) in various copper-making process environments, including matte smelting, copper
matte converting, black copper smelting, and slag cleaning [16,17,31–33]. Selected trace
elements have also been included in commercial and non-commercial solution databases
for estimations of distributions in smelting [26,34,35].

4. Case Studies
4.1. Case 1: Copper Fire-Refining and Metal Distributions

In copper fire-refining, the equilibria (1) and (2) are utilised for transporting the impu-
rities from crude copper. Reaction (1) clearly shows the impact of increasing oxygen activity
in the process and lowering the activity coefficients of metal oxides in the refining slag.

The selection of refining slag suitable for effectively dissolving the oxidised trace
elements is trickier in secondary smelting than in the primary smelting because the opti-
mum point depends on the total fraction of impurities in the feed material. In this respect,
a high-grade scrap provides more freedom for the fluxing chemistry due to small slag
volume needed and the absence of, e.g., iron in the feed. As for thermodynamic features
of reaction (1), the standard Gibbs energies of the oxides, a low refining temperature is
favourable in the process for removing/oxidising the impurities.

The ultimate state or coverage of the thermodynamic databases for refining purposes
is when we can calculate the equilibrium distributions of all elements between crude copper
and potential slags. This, however, requires accurate experimentation of the alloy–slag
equilibria for their modelling and optimisation of the thermodynamic properties which
today is the case for some impurity elements typical to copper scrap only. Examples are
arsenic, cobalt, iron, lead, nickel, and zinc within the coverage of the MTOX database [26].

In Figure 3, the boundary condition, constant oxygen partial pressure of p(O2) = 60 Pa
(6 × 10−4 atm), controlled the behaviour of the distribution coefficient defined as LCu/s (Ni)
≡ [wt % Ni]Cu/(wt % Ni)slag. It regulated oxygen concentration of the Cu–O alloy in the
homogeneous region, as indicated in Figure 1 with a red line. The lowest temperature of the
diagram was limited by the stability of solid magnetite, which in this case precipitated from
the slag at 1239 ◦C, dissolving significant fractions of nickel (5–10 wt %) in it as a (Fe, Ni)
Fe2O4 solid solution at high oxygen partial pressures, around p(O2) = 10−4–−5 atm [36,37].

Figure 3. Calculated distribution coefficient of nickel between copper and a lime-bearing, low-silica
iron silicate slag at p(O2) = 60 Pa (≈6 × 10−4 atm) and constant (wt % SiO2) = 25 and (wt % CaO) = 2
as a function of temperature; MTDATA and MTOX database (vers. 8.1).
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4.2. Case 2: The Assay of Silica Sand in Matte Smelting—Boundary Conditions in the
Copper Smelting

In primary copper smelting, the general boundary conditions depend on the used
technology and thus the operational parameters used in each stage of the processing.
In the bath smelting processes, the maximum SO2 partial pressure is fixed by the oxy-
gen enrichment of the blow [38], whereas in the suspension smelting technologies, the
physically separate oxidation and matte formation stages lead to the boundary condition
p(SO2) ≈ 1 atm in the matte–slag interface during smelting [39].

All industrial copper (matte) smelting slags are based on fluxing solid iron oxides
with silica. The forming molten iron silicate slag is able to effectively digest most gangue
minerals (e.g., Al2O3, CaO, and K2O) present in copper and nickel sulphide concentrates,
with the significant exception of magnesia (MgO). The liquidus surface with isotherms
of the ternary system FeO–Fe2O3–SiO2 at 1150–1400 ◦C is shown in Figure 4. The yellow
line shows 1250 ◦C isotherm and green 1350 ◦C isotherm. The oxygen activity of the
slag or the partial pressure of O2 (g) varies from iron saturation to pure oxygen from
left to right, depending on temperature. Thus, the selected fluxing parameter, either
target SiO2 concentration or Fe/SiO2 ratio of the slag, together with the prevailing oxygen
partial pressure in furnace or converter matte, will define the operational point of the slag
composition, i.e., its dissolved magnetite (or FeO1.5) concentration.

Figure 4. Calculated liquidus isotherm diagram of pure fayalite slags on FeO–SiO2–Fe2O3 Gibbs
triangle showing the phase relations at 1400 ◦C in P(tot) = 1 atm; the 1250 and 1350 ◦C isotherms are
in colour.

Relatively small concentrations of 5–10 wt % gangue oxides significantly modified
the liquid phase domain and affected the phase boundaries as well as the locations of the
primary phase fields. Some examples are shown in Figure 5, where the impacts of 2.5 and
5 wt % of Al2O3 and K2O, typical to natural sand, at 1300 ◦C on the fully liquid slag are
demonstrated.
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Figure 5. Calculated isothermal section of the system FeO–Fe2O3–SiO2 at 1300 ◦C with small fractions (2.5 wt %) and
(5 wt %) of alumina (Al2O3) and potassia (K2O) introduced in the system in the silica flux (natural sand); the insert shows
the phase relations without K2O, i.e., the effect of alumina on the liquid slag domain.

The quality of flux in copper and nickel smelters varies from one location to another,
depending on the available raw materials. Some smelters use quartzite mineral (essentially
pure SiO2) as flux, and in many cases riverbed or beach sands are used. Their typical
minority minerals are alkali silicates, such as potassium feldspar (KAlSi3O8 as stoichio-
metric formula), containing 16.9 wt % K2O and 18.3 wt % Al2O3. Because alkali oxides
are well-known fluxes for silicates and alumina modifies the stability of spinel phases
effectively, small fractions of feldspar have a strong effect on the molten phase domain of
iron silicate slags.

Figure 5 shows a comparison of pure silica fluxing with natural sands where silica
had fixed concentrations 2.5 and 2.5 wt % K2O and Al2O3 (red line) as well as 5 and
5 wt % (green line), respectively. The black line of the ternary FeO–Fe2O3–SiO2 system
describes the phase boundaries in the alumina and potassia-free iron oxide–silica system.
This comparison nicely demonstrates how the fraction of silica flux added in the smelting
system influences the locations of silica and magnetite (‘spinel’) primary phase fields. Note
that the diagrams with alumina and potassia extend to 95 and 90 wt % SiO2 only in the top
corner of the diagram.

The powerful influence of K2O on the solubility of silica in the iron silicate slags and
also on the melting point of the slag is shown in Figure 5. At 1300 ◦C, the silica primary
phase field extended almost 25 wt % SiO2 in reducing conditions, i.e., close to the FeO–SiO2
sub-binary of the system, from the K2O and Al2O3 free silica primary field boundary. The
effect of alumina alone is depicted in the insert on the right-hand side.

4.3. Case 3: Solubility of Magnesia in Iron Silicate Slags—Slag Modification

The major industrial challenge faced by many smelters globally in the primary nickel
matte smelting is MgO-rich gangue of nickel concentrates which may be solved either by a
high smelting temperature or by slag modification with suitable flux additions, shifting the
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olivine saturation boundary to higher concentrations of MgO. High-MgO gangue nickel
concentrates can also be smelted by the new DON technology where the slag amount is
extended by oxidising the feed mixture and its sulphidic iron in essence completely into
the furnace slag [40].

The basic feature of the serious problem is illustrated in Figure 6, wherein the impact
of MgO on the homogeneous liquid phase domain of iron silicate slags is illustrated when
it was increased stepwise from 0 to 7.5 wt % at 1350 ◦C.

Figure 6. Deformation of the molten slag domain when MgO concentration increased from 0 to
7.5 wt % at 1350 ◦C: at the highest MgO addition of 7.5 wt %, the wide molten slag range split into
two, generating a low-silica slag and high-silica slag; it was divided by solid olivine ((Fe,Mg,Ni)2SiO4)
saturation ‘belt’, wherein the smelting operation was impossible due to high viscosity and slow slag
tapping, limiting the production rate of the furnace.

The solubility limit of MgO was met already after 5 wt % (green phase domain in
Figure 6) when solid olivine (in this system, a wide solid solution phase with formula
((Co,Fe,Mg,Ni)2SiO4) was stabilised and started to penetrate the liquid slag domain, split-
ting it into high-silica and low-silica slags. At 7.5 wt % MgO, the slag was fully divided
into two molten domains, as shown by the grey phase boundaries in Figure 6. Thus, it
limited the silica concentrations or Fe/SiO2 ratios applicable in industrial conditions for
fluxing the iron oxides formed in the smelting. The olivine saturation domain also showed
increased viscosity due to solid particles floating in the slag and slowed down slag tapping.

Temperature dependence of the MgO solubility at fixed oxygen partial pressure
(corresponding to a fixed matte grade) is shown in Figure 7. The isotherms 1300, 1350, and
1400 ◦C are highlighted in colour (green, orange, and blue, respectively) in Figure 7. Red
contours indicate univariant lines with two solid phases stable at the same time with the
liquid oxide, and the phase descriptions are presented on the left-hand side.
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Figure 7. Liquidus isotherm plot of a part of the constrained system CaO–FeO–MgO–Fe2O3–SiO2 in
the temperature range of 1150–1400 ◦C, constant concentration of CaO = 5 wt % and at fixed oxygen
partial pressure of p(O2) = 0.04 Pa (4 × 10−7 atm); MTDATA software with MTOX database.

Figure 7 indicates how the various primary phase fields (halite, spinel, olivine, clinopy-
roxene, and silica at industrially relevant temperatures and silica concentrations) behaved
as a function of slag composition and the process temperature.

4.4. Case 4: Chemistry of Slag Cooling in Ladles

For improved metal recovery, copper slags are cooled slowly in large ladles prior to
crushing and grinding for froth flotation. This technology was invented in the late 1960s
in order to replace the direct cooling practices on slag heaps [41]. The primary target of
the ladle cooling was the growing of particle size in the entrained matte, thus allowing for
a more efficient settling of matte droplets during a typically 1–2 day cooling cycle. The
technique allows for a more careful recovery of copper from the smelting and in some cases
also matte converting slags [42].

In copper matte smelting slags, the chemically dissolved copper is less than 1 wt %
(Cu). The equilibrium speciation at typical copper smelting temperatures and matte grades
of 65 wt % [Cu] is predominantly as monovalent oxide species (Cu2O or CuO0.5) [2,43].
Industrial copper smelting slags typically contain 1.5–2.5 wt % copper depending on
tapping practices and stability of the smelting operation [44]. The ladle cooling technology
not only affect the mechanical dispersion of matte but also allows growth of the sub-
micron metallic copper nuclei (<1 µm) formed in slag solidification close to its solidus
temperature as

(CuO0.5) + (FeO) = Cu◦ + (FeO1.5) (4)

This process is demonstrated in the slag–matte cooling equilibria in Figure 8. It also
shows the reduction of sulphur and thus matte solubility in the slag when it cools down.
The resulting very fine metal dispersion can be found in solidified microstructures of
the industrial copper slags where very fine copper particles are embedded in the glassy
intermediate phase, originally representing the molten residual slag.
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Figure 8. Composition of liquid fraction of an iron silicate slag (2 wt % Al2O3–1 wt % CaO–Fe–SiO2–O2) in equilibrium
with a copper matte during cooling from 1350 to 1050 ◦C. Note the sudden decrease of copper (Cu2S) solubility at the final
solidification (no interactions with the gas phase during cooling); (a) Phase fractions during slag solidification; (b) Minority
components in the liquid slag.

The strong stability of ferric oxide during slag solidification, with reference to cuprous
oxide, and formation of the tiny magnetite (‘spinel’) crystallites also generates the driving
force for depleting impurity elements dissolved in the molten silicate slag. This is demon-
strated in Figure 9, where the equilibrium phase distributions of antimony, arsenic, and
lead between the stable phases are depicted. The used computational temperature window
extended from typical copper matte smelting at 1250–1350 ◦C down to 900 ◦C in order
to reveal distribution behaviours of the trace elements below the melting point of pure
copper (1358 K) and the copper–oxygen eutectic temperature (1045 ◦C; [45,46]). In the
computational system, 2 wt % of copper–iron matte was defined in the initial slag mixture
to mimic the mechanical entrainment of matte. The concentrations of the impurities were
1 wt % each of the total amount of the dispersed matte. The process follows, therefore, a
chemical reaction sequence e.g., for lead, which in iron silicate slags exists predominantly
as a monovalent oxide species [47], shown by the following reaction:

(PbO) + 2 (FeO) = [Pb] + 2(FeO1.5) (5)

where [Pb] denotes lead dissolving in the matte–metal phases on either side of the
liquid state miscibility gap. It enriches the remaining matte droplets and copper nuclei
with impurities. Therefore, this process generates low melting point copper alloys in the
matte–metal droplets and circulates impurities back to the smelting step.
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Figure 9. The distribution equilibria of antimony, arsenic, and lead between the stable phases during slag–matte cooling in
the copper matte–FeO–Fe2O3–SiO2 slag system with gas phase. Their deportment from slag to matte/metal was almost total
during final slag solidification and some 30–50 ◦C below it (see Figure 8); (a) Phase fractions during slag (II) solidification;
(b) Distributions of As, Pb, and Sb during solidification.

The impact of slag solidification on the weak oxide-forming impurity elements was
found to be substantial. The trace elements indicated predominantly deported in the
slag at high temperatures but were reduced to the matte–alloy phase when the slag was
solidifying. This also cleaned the iron silicate slag from the trace elements dissolved in it at
the smelting temperature. Thus, the downside was that the fraction recovered from the
slag after controlled cooling, milling, and froth flotation with a high yield of copper and its
impurities (As, Sb, and Pb) was fed back to the smelting cycle where it constantly increased
the impurity amounts together with the flue dust circulation from the off-gas train.

In Figure 9, the gas phase was defined in the system for demonstrating the vaporisation
tendency of the trace elements studied. Only a significant fraction of arsenic existed in
the gas (Ar) after it was transferred to the sulphide matte during slag solidification. This
may be a hygienic problem in the ladle cooling sites, even if the free surface exposed to
atmosphere in ladle is small.

5. Conclusions

Thermodynamic properties of phases and phase equilibria are the key to the analysis
of pyrometallurgical processes, and they enable us to describe the limiting boundary
conditions of metallurgical systems in a solid straightforward way. In order to reach this
aim, more reliable, internally consistent thermodynamic databases are needed, and many
white gaps in the experimental data on industrially relevant oxide and sulphide systems
must be filled with reliable and validated observations. This is equally valid for the main
components of the slags, as well as for the minority and trace elements.

Minimisation of the slag/metal ratio in smelting and effective fluxing strategies are
the major challenges of the non-ferrous smelting and refining industry in the future, which
will be additionally tested by the massive use of secondaries required by the ethical use of
natural resources and the circular economy. Behind these requirements also is the need
to secure resource efficiency of metal extraction and availability of the engineering and
high-tech metals in the future.
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This is a specific need where computational thermodynamics helps us beyond the hard
copies of three-component and constrained four-component phase diagrams in various
compilations, once reliable databases are available.

The smelting of lean and complex raw materials is a sizable and complex issue where
the metal value recoveries and elimination of harmful elements in a controlled way may
involve contradictory requirements and boundary conditions. There, the use of phase
equilibria of large chemical systems of industrial importance will be used effectively once
the necessary and accurate fundamental property data of the phases are available.
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Appendix A. Fully Assessed Systems Included in MTOX Database, Vers. 9.1

Figure A1. Oxides.
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Figure A2. Sulphides and metals.

Figure A3. Trace elements in the liquid oxide solutions.
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