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 Abstract 
Chemically complex concentrates and feed streams are being treated in pyrometallurgical primary 
metal and recycling processes. Accurate phase equilibrium data and predictive tools are needed to be 
able to optimise the process conditions, charge compositions, and partitioning of minor elements be-
tween different process streams.  An integrated experimental and thermodynamic modelling research 
program on the complex multi-component, multi-phase Cu2O-PbO-ZnO-Al2O3-CaO-MgO-FeO-
Fe2O3-SiO2-S-(As-Bi-Ni-Sb-Sn-Ag-Au) system is under way to support a consortium of major met-
allurgical primary and recycling companies. The experimental technique involves high temperature 
equilibration in controlled gas atmospheres, rapid quenching and direct measurement of equilibrium 
phase compositions with micro-analytical techniques including Electron Probe X-ray Microanalysis 
and Laser Ablation ICP-MS. The thermodynamic databases include advanced models for liquid and 
solid solutions phases; process modelling is performed using the FactSage software package. An 
overview of recent research achievements and examples of their industrial application are given in 
the paper.  

1 Introduction 
The feedstocks for industrial scale non-ferrous metal smelting and recycling processes are becoming 
more complex. In order to select and operate suitable processes to recover metals from these materials 
accurate information on the chemical behaviour of all of the elements present in the system in solid, 
liquid and gas phases is required. These elements, in high temperature processing, partition principally 
between gas / slag / matte/metal solution phases. Accurate phase equilibrium data and predictive tools are 
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needed to be able to optimise process conditions, charge compositions, and partitioning of minor elements 
between these different process streams, and to resolve economic and environmental issues [1]. Recent 
advances in analytical techniques, experimental methodologies, computer power and thermodynamic 
modelling theory provide new opportunities in this field. The aim of the research program described in 
the present paper is to provide the smelting and recycling industry with the necessary fundamental scien-
tific information and modelling tools to be able to address these operational issues [2]. 

2 Research methodology 
The research program involves the combination of experimental and thermodynamic modelling studies; 
these studies carried out in parallel and integrated to maximize the efficiency of the research and accu-
racy of the research outcomes [3]. In brief, the approach involves the development of a preliminary 
thermodynamic database based on the experimental data that are available at the outset. This database 
is then used to critically evaluate these existing data, to identify areas of importance for experimental 
research and to assist in detailed planning of the individual experiments. There is usually a lack of 
experimental information to test model predictions in the multi-component slags and therefore multi-
component databases are frequently developed on the basis of only binary and ternary data (also usually 
limited) thus effectively extrapolating the low order binary and ternary parameters into a multi-compo-
nent area. The thermodynamic model then is checked and corrected to agree with those multi-compo-
nent measurements in the vicinity of the industrial slags [4]. This is an important feature of the present 
study – the optimization is performed in a number of cycles from binary and ternary to the multi-com-
ponent systems and back so that binaries and ternaries are reoptimized to reach agreement also with the 
extensive data set in the multi-component area [5]. The present experimental program encompasses the 
composition and oxygen partial pressure ranges important industrial processing. 

3 Results 
3.1 Experimental results 
The experimental technique adopted in this study to investigate the distributions of Ag, Au, Sb and 
Sn in the Cu-Fe-O-S-Si system is based on the general approach developed by the authors [5, 6]. The 
technique involves high temperature equilibration, rapid quenching and direct composition measure-
ments of the equilibrium phases using microanalysis techniques. A 4-points test approach [5] was 
applied to confirm the equilibrium achievement. This includes: (1) Test of the effect of equilibration 
time; (2) Analysis of the homogeneity of phases; (3) Evaluation of the effect of direction of approach 
toward the equilibrium point; and (4) Systematic analysis of reactions specific to the system.  

Pure oxide, sulphide, and metal powders (purity from 99.5 wt.-% until > 99.99 wt.-%) were used as 
starting materials. The powders were thoroughly mixed using an agate mortar and pestle and then pellet-
ised under pressure in a die. The initial mixtures were selected to obtain final samples with phase as-
semblage of: (i) slag / copper / tridymite (Figure 1(a)); (ii) slag / matte / tridymite (Figure 1(b)); and 
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(iii) slag / matte / copper / tridymite (Figure 1(c)). Three different equilibration methods were applied,
i.e., (a) an open system equilibration; (b) a closed system equilibration; and (c) a semi-closed system
equilibration.

For the slag/copper/tridymite with open system equilibration, each mixture was held on quartz (SiO2) 
substrate and equilibrated under controlled gas atmosphere. The P(O2) in the gas atmosphere was 
maintained by mixture of 5 % CO-Ar or 20 % CO-Ar and CO2 gases (supplied by Coregas Pty Ltd, 
Yennora, Australia). These gases were added at a total flow-rate of 500 ml/min in proportions calcu-
lated using reliable thermodynamic software (e.g. FactSage [7]). The required gas flow-rates were 
maintained with calibrated U-tube capillary flow meters. The oxygen partial pressures generated by 
the CO / CO2 / Ar gases were confirmed by an oxygen probe made of an yttria-stabilized zirconia 
solid electrolyte cell (SIRO2®, DS-type oxygen probe; supplied by Australian Oxytrol Systems, Vic-
toria, Australia). For the slag / matte/tridymite with open system equilibration, the equilibrations were 
carried out under controlled P(O2) and P(SO2) atmosphere. The gas atmosphere was maintained by 
mixture of 20 % CO-Ar or 100 % CO, CO2 and SO2 gases (supplied by Coregas Pty Ltd, Yennora, 
Australia) with a total flow-rate of 500 ml/min. 

Figure 1. Back-scattered electron images of quenched samples after open system equilibration: (a) 
slag / copper / tridymite; (b) slag / matte / tridymite; and (c) slag / matte / copper / tridymite 

For the slag / copper / tridymite containing volatile element (Sn) and slag / matte / copper / tridymite 
experiments, the closed system equilibration was carried out by placing each mixture in a sealed 
quartz ampoule. The effective oxygen partial pressures (P(O2)) of the slags from the closed system 
equilibrations were determined based on the following reaction: 

4 Cu(metal) + O2(g) = 2 Cu2O(slag) (1) 

The activity of Cu in the metal phase and the activity of Cu2O in the slag were derived based on the 
EPMA measured metal and slag compositions with the aid of most recent optimized thermodynamic 
database [8].  

For the slag / matte / tridymite containing volatile elements (Sb, Sn), a semi-closed system equilibra-
tion was performed. The semi-closed system equilibration approach was used to minimize the evap-
oration of Sb and Sn from the samples and to allow partial interaction between the condensed phases 
with the atmosphere surrounding the ampoule. The effective P(SO2) and P(O2) of the samples were 
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derived from the measured Fe/SiO2 ratio in slag and the Cu concentration in the matte, respectively, 
based on calibration data in the Sb / Sn-free system [9, 10]. 

The temperature inside the alumina tube was controlled within ± 1 K by an alumina-shielded B-type 
thermocouple placed immediately adjacent to the sample, and was periodically calibrated against a 
standard thermocouple. The overall temperature accuracy is estimated to be within 5 K or better.  

After the equilibration process, the sample was rapidly quenched into ice-water mixture. The 
quenched sample was then mounted in epoxy resin, polished using SiC paper and diamond paste in 
an automatic polisher TegraPol-31 (Struers, Denmark), and carbon coated using QT150TES carbon 
coater (Quorum Technologies, UK). 

JEOL JXA 8200L (trademark of Japan Electron Optics Ltd., Tokyo) Electron Probe X-ray Microan-
alyzer (EPMA) with Wavelength Dispersive Detectors (WDD) and Duncumb-Philibert ZAF correc-
tion procedure were used for composition analysis of the condensed phases in the samples. The 
EPMA was operated at an acceleration voltage of 15 kV and a probe current of 15 nA. Pure metals, 
pure sulphides, pure oxides and pure silicates in Charles M. Taylor block and other purchased refer-
ence materials from Structure Probe, Inc. (Pennsylvania, USA) were used as standards. The accuracy 
of EPMA measurement is within 1 wt.-% or better. No information on the proportions of the same 
element having different oxidation states was acquired from the EPMA measurement. For slag and 
solid oxide phases, all element concentrations were recalculated to selected oxidation state for con-
venience of presentation and to unambiguously report the compositions of phases. 

The minor element concentrations in the slags that were below the detection limits of EPMA were 
measured using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LAICPMS). The 
equipment consists of an NWR193 Laser Ablation System (Electro Scientific Industries Inc., Port-
land, USA) and an Agilent 8800 ICP-MS (Agilent Technologies, Santa Clara, USA). Two certified 
synthetic glass NIST610 and NIST612 reference materials were used as standards. Detailed proce-
dures required to improve the detection limit, reproducibility and accuracy of the ICP measurement 
were described in previous article by the authors [11]. Example of microstructure of a sample after 
sampling by laser ablation is shown in Figure 2(a) [11]. The advantages of the LAICPMS technique 
are that a) size of the ablated volume of material can be adjusted to ensure that the analysis is repre-
sentative of the bulk composition of the samples. This is particularly useful for multiphase structures 
that have formed during cooling of the samples from the equilibration temperature materials. b) the 
limits of detection are significantly lower than EPMA. By combining the use of EPMA and 
LAICPMS a wide range of compositions can now be accurately characterised.  
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Figure 2: (a) Example of microstructure of a sample after sampling by laser ablation [11]. (b)-(c)-(d) 
Selected experimental results (symbols) and thermodynamic calculations (lines) for the dis-
tribution of Ag, Au, Sb and Sn in the Cu-Fe-O-S-Si-(Ag, Au, Sb, Sn) chemical system [29 
– 34]. Slag is always in equilibrium with SiO2. (b) Solid lines and symbols correspond to
distribution of elements between slag and copper in the S-free system at 1250 °C. Dashed
lines represent the distribution between slag and copper for slag/matte/copper equilibria at
1250°C. (b) Solid lines and filled symbols correspond to distribution between slag and
matte at P(SO2) = 0.25 atm, 1200 °C. Dashed lines and empty symbols are for slag / matte
/ copper equilibria at 1200 °C. (d) Solid lines and symbols correspond to the distribution
between matte and metal phases for slag/matte/metal equilibrium at 1250 °C.
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3.2 Thermodynamic modelling 
The methodology for thermodynamic modelling has been recently discussed [12]. The thermody-
namic database was developed through the thermodynamic “optimization” of the system. In this ap-
proach, all available thermodynamic and phase equilibrium data for the system are critically evaluated 
simultaneously to obtain one set of model equations for the Gibbs energies of all phases as functions of 
temperature and composition. From these equations, the thermodynamic properties and the phase dia-
grams can be back-calculated. Thermodynamic property data, such as activity data, can aid in the eval-
uation of the phase diagram, and phase diagram measurements can be used to deduce thermodynamic 
properties [13]. Discrepancies in the available data can be identified during the development of the 
model. These discrepancies can then be resolved through new experimental studies that, if possible, are 
undertaken in areas essential for further thermodynamic optimizations. Multicomponent data, if availa-
ble, are used to derive and test low-order (binary and ternary) model parameters, and if multicomponent 
data for a system are lacking, the low-order parameters are extrapolated. In this way, the thermodynamic 
databases are developed and all the data are rendered self-consistent and consistent with thermodynamic 
principles.  

Selection of appropriate thermodynamic models for all phases in a system is important. The molten 
slag phase is described using the Modified Quasichemical Model in the Quadruplet Approximation 
[14, 15] in which short-range-ordering between cations is taken into account. Liquid matte and metal 
phases were modelled using single solution built within the Modified Quasichemical Model in the 
Pair Approximation [16, 17]. The model takes into account the non-stoichiometry of matte towards 
excess metal or towards sulfur. The solubility of oxygen in matte is also described be the model. 
Complex oxide solid solutions, such as spinel, are described with the Compound Energy Formalism 
[18].  

Complete thermodynamic assessment of the Cu-Fe-O-S-Si system and all subsystems are available 
in [8, 19 – 28]. 
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Table 1.  Solution phases and the thermodynamic models used in the present study. Reproduced 
with permission from [12]. The database works in the environment of FactSage, Che-
mApp, ChemSheet and SimuSage software packages. * - Ni added recently, first approx-
imation modelling. 

Slag:  

(Al+3, Ca+2, Mg+2, Si+4,Cu+1, Fe+2, Fe+3, Pb2+, Zn2+, *Ni2+, Sn2+, Sb+3, As+3, Bi+3, Ag+1 , Au+1, )(O-2, S-2),  
Modified Quasichemical Formalism in Quadruplet Approximation 

Spinel:  

[Cu+1, Fe+2, Fe+3, Al+3, Mg+2, Ni2+,  Zn+2]tetr[Cu+1, Fe+2, Fe+3, Al+3, Ca+2, Mg+2, *Ni2+, Zn+2, Va-
cancy0]2octO4,
Compound Energy Formalism 

Monoxide: (FeO, FeO1.5, CuO, AlO1.5, CaO, MgO), Bragg-Williams Formalism 

Olivine: [Fe2+, Ca2+, Mg2+, Zn2+]M2[Fe2+, Ca2+, Mg2+, Zn2+]M1SiO4, Compound Energy Formalism 

Dicalcium silicates: (Ca2SiO4, Fe2SiO4, Mg2SiO4 , Pb2SiO4 , Zn2SiO4), Bragg-Williams Formalism 

Wollastonite: (CaSiO3, FeSiO3, MgSiO3 , ZnSiO3), Bragg-Williams Formalism 

Melilite: [Ca2+, Pb2+]2[Fe2+, Fe3+, Al3+, Zn2+][Fe3+, Al3+, Si4+] 2O7, Compound Energy Formalism 

Willemite: [Zn2+, Fe2+, Mg2+][Zn2+, Fe2+, Mg2+]SiO4 

Zincite: (FeO, ZnO, MgO), Bragg-Williams Formalism 

Corundum: (FeO1.5, AlO1.5), Bragg-Williams Formalism 

Mullite: [Al+3, Fe+3]2[Al+3, Si+4, Fe+3][O-2, Vacancy]5, Compound Energy Formalism 

Calcium ferro-aluminates: Ca(Al, Fe)2O4, Ca(Al, Fe)O7, Ca(Al, Fe)12O19 

Pyroxenes: [Fe2+, Ca2+, Mg2+]M2[Fe2+, Fe3+, Mg2+, Al3+]M1[Fe3+, Al3+, Si4+]BSiAO6, Compound En-
ergy Formalism 

Liquid metal / matte / speiss:  

(CuI, CuII, FeII, FeIII, PbII,AsIII, ZnII, *NiII, SnII, SbIII, BiIII, AgI, AuI, OII,SII), 
Modified Quasichemical Formalism in Pair Approximation 

Refining phases: Digenite-bornite: (Cu2S, FeS, PbS, ZnS, Vacancy2S), ‘Cu3As’, (Cu, As) MQF 

fcc and bcc solids alloys: (Co, Ni, Mn, Cu, Fe, Pb, O, S, Zn, As, Sb, Ag, Au), Bragg-Williams For-
malism 

Ideal gas: > 100 species. N2, CO, CO2, S2, SO2, H2O, AsO, AsS, Zn, ZnS, SnO, Pb, PbO, PbS, etc… 

Stoichiometric compounds: > 150, including SiO2, FeS2, CaSO4, CuFeO2, Ca3Al2O6, S, ZnS, Sb2O3. 
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Selected experimental results and current model predictions for the distribution of Au, Ag, Sn and Sb 
between slag, matte and metal phases are presented in Figure 2 b, c, d [29 – 33].  

Figure 2(b) for Cu-Fe-Si-O slags in equilibrium with tridymite (SiO2) and copper metal 1250 °C. There 
is a good agreement between the experimental results and the database predictions for Ag, Sn and Sb. 
The experimentally measured concentrations of dissolved gold in slag are very low. For the database 
development, more weight was given to slag / gold metal equilibria data, where the concentration of 
Au was > 1 ppm. The concentration of Au in slag equilibrated with copper metal was < 1 ppm but 
systematically higher than predicted by the model using the current set of parameters. Figure 2(c) 
shows the elemental distributions between slag and matte for equilibrium with tridymite (SiO2) at 
P(SO2) = 0.25 atm, 1200 °C. There is good agreement between experimental results and database 
predictions for Ag, Au, Sn and Sb. Figure 2 (d) distribution between matte and metal phases for slag 
/ matte / metal / tridymite equilibrium at 1250 °C. Good agreement between experimental results and 
database predictions for Ag, Au, Sn and Sb, although the scatter in Sn results is still greater than 
required for accurate database development. 

Comparisons between the experimental findings reported in the present paper and previous research 
on these respective systems can be found in [29-33]. 

3.3 Thermodynamic predictions for treatment of WEEE through black 
copper route 

The application of the thermodynamic modelling with the new database is demonstrated with refer-
ence to the pyormetallurgical recycling process of electronic waste. The industrial metal extraction 
routes used for the processing of waste electronic and electrical equipment (WEEE) has been the 
subject of several reviews [35 – 37]. Copper and precious metals pyrometallurgical processing offers 
particular advantage when treating the wide range of compositions of obselete WEEE materials  

Ghodrat et al. [38, 39] conducted a thermodynamic and economic analysis of electronic waste recy-
cling through copper secondary smelting. In the calculation, the HCS Sim and Chemistry 8.0 pack-
ages were used together with simplified thermodynamic calculations using FactSage with public da-
tabases. The flowsheet consisted of the following units: reduction furnace, oxidation furnace, fire 
refining, electro refining and slime treatment.  

In the present study, the first unit, reduction furnace is modelled using a more advanced thermody-
namic database, developed in the Pyrometallurgy Innovation Centre (PYROSEARCH). Compared to 
the original study [38], the thermodynamic predictions are focused on the slag chemistry (fluxing) 
and the distribution of elements between phases (gas, slag, black copper). A first approximation for 
the energy balance is also included based on a heat loss from the reactor of 3.6MW. The input con-
ditions and the results of calculations are given in Tables 2 and 3 respectively. The effective oxygen 
partial pressure in the reduction bath is approximately 10-10.0 atm.  
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It can be seen that, under these conditions the Ag, Au, Cu, Ni, Sb, Sn partition preferentially to the 
metal phase. Significant concentrations of Zn and Pb are to be found in the dust, produced following 
condensation from the gas phase on cooling. Cu, Pb and Zn are also present dissolved in the slag 
phase. The solid phase consists of a spinel solid solution containing predominantly of ZnAl2O4, 
MgAl2O4 and FeAl2O4, 

The presence of Al2O3 in ceramic materials of printed circuit boards (PCB) makes it challenging to 
produce fully liquid slag; large amounts of silica and lime fluxing material are required. Some Al2O3 
may form a spinel solid solution with FeO, MgO and ZnO, and the process may be run with a certain 
proportion of solid phase present in the slag, provided good skimming and separation of metal phase 
is achieved. Kinetic limitations were not taken into account in the calculations, but may be introduced 
if practical process simulation model for specific type of furnace is developed. The composition of 
the multicomponent slag is plotted on two different sections in Figure 3, considering the sensitivity 
to fluxing parameters Fe/SiO2 ratio in Al2O3-FeO-SiO2, and CaO/SiO2 ratio in Al2O3-CaO-SiO2. 

Figure 4(a) shows the calculated predominant metal-containing gaseous species in the system. The 
removal of an element into the gas phase is determined by the summation of the partial pressures of 
all species for that element rather than the pressure of a specific monoatomic form. Figure 4(b) shows 
that the equilibrium partitioning of tin between gas, slag and metal phases can change dramatically 
as oxygen partial pressure of the system changes from oxidising to reducing conditions. This simpli-
fied equilibrium calculation is performed using the complete balance for all components in tons per 
day (from Table 2), except for t/d of O2, which varied, resulting in variable P(O2). The heat balance 
was not fixed for the calculation in Figure 4. 



Jak, Hidayat, Prostakova, Shishin, Shevchenko, Hayes 

596 Proceedings of EMC 2019 

Table 2: Input conditions for reduction smelting of black copper from WEEE sample calculation 

1 2 3 4 5 6 7 8 
1 Input * - 18 hours per day
2 PCB Scrap SiO2 flux Lime flux Coal Air Oxygen After burn 
3 Units [t/d] [t/d] [t/d] [t/d] [t/d] [Nm3/h] [Nm3/h] [Nm3/h] 

4 Intput 100 100 20 23 8 1700 1700 1000 
5 Units [wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%] [vol.-%] [vol.-%] [vol.-%] 

6 Temp, [°C] 25 25 25 25 25 25 25 25 
7 Pb 6.00 7.4 
8 Cu 20.00 68.2 
9 Fe 10.00 0.0 1.4 0.7 1.7 
10 [O] 0.00 4.5 0.6 0.3 0.5 
11 S 0.10 0.0 0.0 0.5 0.8 
12 SiO2 24.00 2.0 92.0 3.0 0.5 
13 Al2O3 6.00 2.0 0.5 1.0 2.0 
14 CaO 0.80 2.0 1.7 47.6 0.1 
15 MgO 0.05 2.0 0.1 
16 Zn 4.00 4.0 
17 Ni 2.00 3.9 
18 Sn 4.00 3.9 
19 As 0.01 
20 Sb 0.01 
21 Al 5.00 
22 Ag(ppm) 2000 
23 Au(ppm) 1000 
24 H2O 0.10 2.0 7.0 5.0 
25 C 0.00 0.5 2.0 84.0 
26 C6H6 13.00 4.0 
27 CH4 0.00 1.0 
28 N2 5.00 0.0 79.0 5.0 79.0 
29 O2 0.00 0.0 21.0 95.0 21.0 
30 CO2 0.00 37.4 0.0 0.0 0.0 0.0 
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Table 3: Predicted outcomes of reduction smelting of black copper from WEEE production – based 
on the use of the advanced thermodynamic database for input conditions in Table 2. 

9 10 11 12 13 14 15 

31 Reactor Condenser 1% Mechanical dust carry over 
32 Liquid slag Solids Metal Dust Off gas 

33 Units [t/d] [t/d] [t/d] [t/d] [t/d] 

34 Outputs 98 0.4 110 13 136 

35 Units [wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%] 

36 Temp, [°C] 1250 1250 1250 250 Condenser 250 

37 Pb 1.56 0.00 7.56 27.95 O 44.53 

38 Cu 0.47 0.00 78.91 6.92 C 14.23 

39 Fe 10.52 8.95 0.15 0.83 N 40.27 

40 [O] 3.99 7.21 0.00 2.80 H 0.98 

41 S 0.00 0.00 0.24 0.12 Others 0.00 

42 SiO2 45.80 0.00 0.00 3.53 [MW] 

43 Al2O3 17.94 59.17 0.00 1.40 Heat balance -4.6

44 CaO 14.30 0.00 0.00 1.10 

45 MgO 2.07 6.16 0.00 0.16 

46 Zn 3.14 17.77 0.56 33.30 

47 Ni 0.02 0.74 5.31 0.46 Reactor [atm] 

48 Sn 0.16 0.00 6.98 0.73 log[P(O2)] -9.93

49 As 0.00 0.00 0.01 0.00 [MW]

50 Sb 0.00 0.00 0.01 0.00 Heat balance -3.6

51 Ag(ppm) 2 0 1791 210 [wt%]

52 Au(ppm) 0 0 899 78 Solids 0.44
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Figure 3 Projection of multicomponent slag compositions on two sections: Al2O3-FeO-SiO2, and 
Al2O3-CaO-SiO2 for reduction smelting of black copper from WEEE production. Only 
liquid slag region is shown. 

Figure 4: a) Thermodynamically predicted partial pressures of predominant gaseous metal-contain-
ing species and b) equilibrium partitioning of tin between gas, slag and metal phases as a 
function of P(O2). The conditions correspond to those given in Tables 2 and 3, with t/d 
O2 as the only variable. 

Sn in slag

Sn in Black 
copper

(b) Partitioning of
tin

Sn in gas

0
10
20
30
40
50
60
70
80
90

100

-11 -10 -9 -8 -7 -6

Pa
rti

tio
nin

g 
of

 ti
n, 

%

Log10[P(O2), atm]

(a) Partial pressures of
gaseous species

Zn

SnO

SnS Pb

PbO

PbS

Ag

Sn2O2

-6.0
-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0

-11 -10 -9 -8 -7 -6

Lo
g 1

0[P
, a

tm
]

Log10[P(O2), atm]



 Integrated experimental and thermodynamic modelling research in pyrometallurgy 

Proceedings of EMC 2019 599 

3.4 Systematic analysis of phase equilibria with new type of phase 
diagrams using new thermodynamic database  

Another application of the thermodynamic modelling with the new database is demonstrated below 
for the advanced analysis of complex multi-component systems. 

Multicomponent systems are not easily visualised and displayed as phase diagrams, so a number of 
pseudo-ternary projection methods are used. An approach that has been developed in the present 
study has significant potential for better informing the selection of experiments and improving the 
accuracy of thermodynamic model description of multi-component systems. This approach involves 
projecting the liquidus surface for a given primary phase field in a multi-component system onto a 
pseudo-ternary plane. Importantly, the origin of the projection is selected to be the composition of the 
high-melting temperature primary phase ; the apices of the pseudo-ternary are selected from the re-
maining components of the system. 

As an example, a PbO-“FeO”-“Cu2O”-SiO2 system in equilibrium with metal (liquid Pb-Cu alloy, 
solid Cu, or solid Fe) is considered below. Using the proposed new approach, the projection of com-
positional data for the PbO-“FeO”-“Cu2O”-SiO2 system shown in Figure 5 is made from “Fe3O4” 
spinel apex onto the PbO-“CuO0.5”-SiO2 plane; the points on the PbO-“CuO0.5”-SiO2 triangle repre-
sent the liquidus of a second solid oxide phase precipitating from the slag. The borders of the projec-
tion correspond to the boundaries of spinel primary phase field in the “Cu2O”-“FeO”-SiO2, PbO-
“FeO”-SiO2 and PbO-“Cu2O”-“FeO” systems; two of these systems have been experimentally stud-
ied [40, 41]. 

The advantage of this viewpoint through compositional space is that the range of liquid compositions 
that are possible in this complex multicomponent systems and potential fluxing strategies are more 
readily identified. 

Construction of these types of diagrams is possible now facilitated by availability of the reliable ther-
modynamic database. 
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Figure 5 Projection of the PbO-“FeO”-“Cu2O”-SiO2 system in equilibrium with Pb-Cu-Fe metal 
from the FeOx corner onto the PbO-“CuO0.5”-SiO2 plane, representing the liquidus of a 
second solid phase precipitating from the slag already saturated with spinel, with experi-
mental data from [40, 41]. 

4 Concluding statements 
A comprehensive research program is currently underway with the aim of providing a new advanced 
thermodynamic database describing the system Cu2O-PbO-ZnO-Al2O3-CaO-MgO-FeO-Fe2O3-SiO2-S 
as major components and As-Bi-Ni-Sb-Sn-Ag-Au as minor components. The database can be used in 
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conjunction with the FactSage computer platform. The database contains optimised thermodynamic 
descriptions of all solid and liquid phases, including slag, matte and alloys. 

The database enables detailed calculations to be made predicting the outcomes of pyrometallurgical 
processes containing these chemical species; this includes the proportions and compositions of all 
phases, the partitioning of elements between phases and enthalpies of reactions. This provides a pow-
erful predictive capability for applications in industry with the potential to identify ways in which 
process efficiencies, metal recoveries and energy utilisation can be improved, and the outcomes of 
complex process routes optimised.  
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