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Abstract: With the increasingly complicated sources of lead smelting materials, it is becoming more
difficult to optimize process parameters during the bottom-blowing lead oxidation smelting process.
Building a bottom-blowing lead smelting thermodynamic model has significant importance for the
green production of the lead smelting process. In this study, we built a multi-phase equilibrium ther-
modynamic model and simulation system for the oxygen-enriched bottom-blowing lead oxidation
smelting process using the MetCal software platform (MetCal v7.81) according to the chemical equi-
librium constant method. The equilibrium products composition and important technical indicators
were calculated under factory operating conditions. Compared with the industrial data, the calcula-
tion results demonstrated that the average relative error of the calculation value of the mass fraction
in the crude lead, lead-rich slag, and dust was 3.76%. The average relative error of important technical
indicators, including dust rate, crude lead yield, lead-rich slag temperature, slag iron–silica ratio
(RFe/SiO2), and slag calcium–silica ratio (RCaO/SiO2), was 6.39%. As a result, the developed modeling
and simulation system was able to reflect the current state of the oxygen-enriched bottom-blowing
lead smelting. It also demonstrated the potential to enhance the smelting process and optimize the
process parameters. Therefore, it is expected to provide a useful tool for thermodynamic analysis.

Keywords: lead pyrometallurgy; oxygen-enriched bottom-blowing smelting process; multi-phase
equilibrium; MetCal; simulation

1. Introduction

The main production process for primary lead is pyrometallurgy [1]. The mainstream
processes of lead smelting include bottom-blowing (SKS) [2], Queneau–Schuhmann–Lurgi
(QSL) [3], oxygen-enriched side-blowing [4], Ausmelt [5], Isasmelt [6,7], Kivcet [8], and
Outokumpu. Among them, the bottom-blowing smelting process, also known as the SKS
technique, was developed by China Enfi Engineering Technology Co., Ltd. in 1998. Because
of its advantages of wide adaptability of raw materials, low energy consumption, and
environmental friendliness, this process occupies an important position in China’s lead
smelting process. As a result of the complicated sources of raw materials and variable
compositions [9], it is more challenging to optimize process parameters for the bottom-
blowing lead oxidation smelting process. How to optimize process parameters is a crucial
and challenging issue in enhancing the bottom-blowing lead smelting process.

These parameters are closely related to the thermodynamics of the bottom-blowing
lead smelting process. Oxygen-enriched bottom-blowing smelting is a high-temperature,
multi-phase, and multicomponent complex system. Conventional static experiments can-
not be used to carry out systematic thermodynamic analysis [10]. Due to the vigorous
agitation of oxygen-enriched air on the high-temperature molten pool, the mass and
heat transfer processes in the reactor are intensified, which brings the reaction close to
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thermodynamic equilibrium rapidly [8,11–14]. Therefore, using a computer to build ther-
modynamic models to study the fundamental theory of the lead smelting process has
increasingly attracted the attention of researchers. Constructing thermodynamic models
is mainly based on the minimum Gibbs free energy method [11] or the chemical equilib-
rium constant method [15,16]. Chen et al. [17] established thermodynamic models for
the oxygen-enriched bottom-blowing lead oxidation smelting process with the minimum
Gibbs free energy method. Tan et al. [18] and Zhang et al. [19] constructed thermodynamic
models for the QSL process based on the chemical equilibrium constant method. However,
the existing QSL thermodynamic models did not consider As, Sb, Bi and other impurity
elements. They were unable to adapt to the complicated raw materials [9]. Therefore,
we used the chemical equilibrium constant method to construct a thermodynamic model,
taking into account the impurity elements such as As, Sb, Bi, Mg, and Al.

In the lead smelting research, there were many papers that simulated lead smelting by
constructing thermodynamic models [18–20], but few of them further developed thermody-
namic models into visual operation interfaces. The learning and usage of thermodynamic
models became more challenging without visual operation interfaces. In copper smelting,
Wang et al. [12] constructed a thermodynamic model for bottom-blown copper smelting
and further developed the SKSSIM simulation software (SKSSIM v1.0) with C# program lan-
guage. The software significantly dropped the difficulty of model usage and improved the
efficiency of optimizing process parameters. However, with the increasing importance of
the bottom-blowing lead smelting process in China, there is still no researcher who has con-
structed a thermodynamic model with a visual operating interface for the bottom-blowing
lead smelting process. In this study, we adopted the MetCal v7.81 [21,22], which features a
modular construction for thermodynamic models, to rapidly develop a thermodynamics
simulation system with visual operation interfaces. This simulation system integrates the
process flowchart and the calculation flowchart, providing an intuitive visualization of the
bottom-blowing lead oxidation smelting process. It is expected to provide a useful tool for
thermodynamic analysis.

In this study, we used the chemical equilibrium constant method and the MetCal
v7.81 to develop a multi-phase equilibrium thermodynamic model and simulation system
for the oxygen-enriched bottom-blowing lead oxidation smelting process. This process is
based on the multi-phase equilibrium principle and the mechanism of the bottom-blowing
lead oxidation smelting process. We simulated the equilibrium product composition and
key technical indicators and compared them with industrial data in order to verify the
accuracy of the model. It is expected to provide an effective tool for predicting the output
of the bottom-blowing lead oxidation smelting process, revealing the impurity distribution
behavior pattern, and optimizing the process parameters.

2. Modeling Principles
2.1. Lead Bottom-Blowing Oxidation Smelting Process

The lead smelting process has three stages: oxidation smelting, reduction smelting,
and slag fuming. We studied the bottom-blowing lead oxidation smelting process. The
oxygen-enriched bottom-blowing lead smelting process took place in a bottom-blowing
furnace. The main structure is shown in Figure 1. After mixing and granulation, the carbide
slag, lead glass, lead concentrate, lead mud, zinc leaching residue, return dust, and coal
were added to the furnace from the air-sealed feeding port above the furnace at a certain
ratio. A specific ratio of industrial oxygen was injected into the molten pool from the
oxygen lance at the bottom of the furnace. The injected oxygen formed a large number of
microbubbles, which entered the molten pool and dispersed throughout the melt. At the
same time, the injected oxygen played a stirring role, forming good heat and mass transfer
conditions. This enables the reaction to quickly approach an equilibrium state [13,14,17].
The granular material added from the feed opening fell onto the surface of the molten pool
and was quickly swept into the molten pool. Under high oxygen potential, a part of lead
oxide and lead sulfide interacted to form metal lead. Part of the lead oxide and silica reacted
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to form slag. The sulfides of iron and zinc were oxidized, and then, the metal oxides reacted
with silica and calcium oxide to form the slag. The melted lead and lead-rich slag formed
a lead layer and a slag layer in the molten pool because of the different densities. Finally,
we obtained crude lead containing less than 0.5% S, lead-rich slag containing about 40%
Pb, and flue gas containing 8–12% SO2. Part of the melt was lifted up by a high-pressure
jet stream, forming oxidized dust. The furnace was kept at a specific negative pressure so
that the high-temperature flue gas could enter the waste heat boiler. The crude lead was
discharged into the refining furnace through the crude lead port. The slag port released the
lead-rich slag into the reduction furnace.

Figure 1. Schematic diagram of the structure of a bottom-blowing lead oxidation furnace.

2.2. Modeling Assumptions

According to the reaction mechanism of the bottom-blowing lead oxidation smelt-
ing process, the products of the lead concentrate oxidation smelting process consisted of
primary crude lead, lead-rich slag, flue gas, and dust. In constructing a multi-phase equi-
librium model for oxidation smelting, the equilibrium product consisted of only primary
crude lead, lead-rich slag, and flue gas, while the dust consisted of mechanical dust and
flue gas cooling dust. We assumed that the chemical composition of the product was at
equilibrium, which is shown in Table 1.

Table 1. The chemical composition of the product.

Phases Chemical Components

Primary crude lead (Ld) Pb, PbS, Zn, ZnS, Cu, CuS0.5, Fe, FeS, As, Bi, Sb, Ag, Au, Cd, Others;

Lead-rich slag (Sl)

PbO, PbS, PbSO4, PbSiO3, ZnO, Zn2SiO4, ZnFe2O4, CuO0.5, CuS0.5,
CuFe2O4, FeO, FeO1.33, FeS, 2FeO·SiO2, CaO, MgO, AlO1.5, SiO2,
KO0.5, NaO0.5, BaSO4, AsO1.5, BiO1.5, SbO1.5, CdO, AgO0.5,
Au, Others;

Flue gas (Gas) O2, Pb, PbO, PbS, Zn, ZnO, ZnS, CdO, CdS, SO2, S2, CO, CO2, N2,
AsO1.5, AsS1.5, SbO1.5, SbS1.5, H2O;

Dust (Dt)

Ca(OH)2, CaCO3, CaSO4, SiO2, AlO1.5, FeO1.33, MgSiO3, K2SiO3,
Na2SiO3, H2O, PbO·SiO2, CaSiO3, PbS, PbSO4, ZnS, CuS0.5, FeS2,
FeO1.5, AsS1,5, SbS1.5, BiS1.5, CdS, AgO0.5, Au, PbO, BaSO4, ZnSO4,
FeSO4, ZnO, CuO, FeO, CaO, Ag, AsO1.5, SbO1.5, BiO1.5, CdO,
PbSiO3, Zn2SiO4, Ag2SO4, CuO0.5, Pb, Zn, Cu, Fe, FeS, As, Bi, Sb, Cd,
ZnFe2O4, CuFe2O4, 2FeO•SiO2, MgO, KO0.5, NaO0.5, Others;

2.3. Model Construction

According to the chemical equilibrium constant method, also known as the K-value
method, the system reaches equilibrium at constant temperature and pressure. We estab-
lished a nonlinear system of equations based on the chemical equilibrium constant equation
and the mass conservation equation for each element. Then, we solved the nonlinear system
of equations algorithmically to obtain the amount of each component of each phase in
the system.
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From the model assumptions and the phase rule:

P + F = C + 2 (1)

where P is the number of phases, F is the degree of freedom, and C is the number
of components.

The bottom-blowing lead oxidation smelting system has 22 components and 60 chemi-
cal species. The system has a set of linearly independent molecular formula vectors, which
are called independent species, and the remaining species are called dependent species.
We selected the elements Pb, Zn, Cu, Fe, S, As, Sb, Bi, Ag, Au, Cd, Mg, Al, K, Na, Ba,
O, C, H, and N and the oxides SiO2 and CaO as the “components,” which formed the
stoichiometry matrix for the 22 independent species shown in Table A1 of Appendix A and
the stoichiometry matrix for the 38 dependent species shown in Table A2 of Appendix A.
The stoichiometric coefficient matrix of the reactions could be obtained from the stoichiom-
etry matrix of the independent species and dependent species. The chemical reactions
consisting of a linearly independent set of row vectors in the stoichiometric coefficient
matrix of reactions formed the independent reaction equations. Assuming that the number
of elements contained in the reaction system was Ne and the number of compound species
was Nc, the amount of each species within the system was determined by independent
reaction equations, where the independent reaction number Nb is equal to Nc−Ne and the
Nb independent reactions can be expressed as follows:

(Vj,i)(Ai,k) = (Bj,k) (2)

where Vj,i is the stoichiometric coefficient matrix of reactions, Ai,k and Bj,k are the matrices
of the constituent components of the independent species and the dependent species,
respectively; and i, j, and k denote the independent species number, the dependent species
number, and the species number, respectively.

According to the rules of matrix operations, Vj,i can be obtained as follows:

(Vj,i) = (Bj,k)(Uk,i) (3)

where (Uk,i) denotes the inverted matrix of (Ai,k) and must be calculable. i ∈ [1, 22],
k ∈ [1, 22], and j ∈ [1, 38].

The chemical equilibrium constants Kj for the 38 independent reactions (Table 2) of
the 38 dependent species produced from the 22 independent species are given by

Kj= exp

−
(

∆G0
bj −∑ Vji∆G0

ai

)
RT

 (4)

where R is the molar gas constant, T is the equilibrium temperature of the system, ∆G0
ai

is the standard Gibbs free energy of formation of ith independent species, and ∆G0
bj is the

standard Gibbs free energy of formation of the jth dependent species.
When the bottom-blowing lead oxidation smelting reaction system reaches equilib-

rium, the resulting relationship between the 22 independent species and the 38 dependent
species can be expressed as follows:

Yj =

(
Zm,j

γj

)(
Kj
)
∏

i

(
γiXi

Zm,i

)Vj,i

(5)

where Xi is the mole number of the ith independent species; γi is the activity factor of the
ith independent species; Zm,i is the mole number of the phase to which the ith independent
species belongs; Yj is the mole number of the jth dependent species; γj is the activity factor
of the jth dependent species; and Zm,j is the mole number of the phase to which the jth
dependent species belongs.
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Table 2. Equilibrium reactions for the bottom-blowing lead oxidation smelting process.

Equilibrium Reaction Kj Equilibrium Reaction Kj

Pb(Ld) + 0.5O2(gas) = PbO(Sl) K1 Zn(gas) + 0.5O2(gas) = ZnO(gas) K20
PbS(Ld) + O2(gas) = Pb(Sl) + SO2(gas) K2 ZnS(gas) + 1.5O2(gas) = ZnO(gas) + SO2(gas) K21

Zn(Ld) + 0.5O2(gas) = ZnO(Sl) K3 S2(gas) + 2O2(gas) = 2SO2(gas) K22
CuS0.5(Sl) + 1.5O2(gas) = CuO0.5(Sl) + 0.5SO2(gas) K4 CO(gas) + 0.5O2(gas) = CO2(gas) K23

FeS(Ld) + 1.5O2(gas) = FeO(Sl) + SO2(gas) K5 FeO(Sl) + 0.165O2(gas) = FeO1.33(Sl) K24
Pb(Ld) = Pb(gas) K6 FeS(Sl) + 1.5O2(gas) = FeO(Sl) + SO2(gas) K25

Cd(Ld) + 0.5O2(gas) = CdO(Sl) K7 CuS0.5(Sl) + 0.75O2(gas) = CuO0.5(Sl) + 0.5SO2(gas) K26
Pb(gas) + 0.5O2(gas) = PbO(gas) K8 PbS(Sl) = PbS(gas) K27

PbS(Sl) + 2PbO(Sl) = 3Pb(Ld) + SO2(gas) K9 CdO(Sl) = CdO(gas) K28
AsO1.5(Sl) = AsO1.5(gas) K10 FeO(Sl) + CO(gas) = Fe(Ld) + CO2(gas) K29

AsS1.5(gas) + 2.25O2(gas) = AsO1.5(gas) + 1.5SO2(gas) K11 ZnS(Ld) + 1.5O2(gas) = ZnO(Sl) + SO2(gas) K30
As(Ld) + 0.75O2(gas) = AsO1.5(Sl) K12 ZnO(Sl) + 0.5SiO2(Sl) = 0.5Zn2SiO4(Sl) K31
Bi(Ld) + 0.75O2(gas) = BiO1.5(Sl) K13 Zn(Ld) = Zn(gas) K32

SbO1.5(Sl) = SbO1.5(gas) K14 CuO0.5(Sl) + 0.5CO(gas) = Cu(Ld) + 0.5CO2(gas) K33
SbS1.5(gas) + 2.25O2(gas) = SbO1.5(gas) + 1.5SO2(gas) K15 Au(Ld) = Au(Sl) K34

Sb(Ld) + 0.75O2(gas) = SbO1.5(Sl) K16 PbO(Sl) + SiO2(Sl) = PbSiO3(Sl) K35
AgO0.5(Ld) + 0.5CO(gas) = Ag(Ld) + 0.5CO2(gas) K17 FeO(Sl) + SiO2(Sl) = FeO·SiO2(Sl) K36

PbS(Sl) + PbSO4(Sl) = 2Pb(Ld) + 2SO2(gas) K18 ZnO(Sl) + 2FeO1.33(Sl) + 0.167O2(gas) = ZnFe2O4(Sl) K37
CdS(gas) + 1.5O2(gas) = CdO(gas) + SO2(gas) K19 CuO0.5(Sl) + 2FeO(Sl) + 0.75O2(gas) = CuFe2O4(Sl) K38

The total mole number of the m product phase in Equation (5), Zm, is given by

Zm = ∑
i(m)

Xi + ∑
j(m)

Yi (6)

where i(m) means that only the independent species i that belongs to the product phase m
is included in the summation; similarly, j(m) means that only the dependent species j that
belongs to the product phase m is included in the summation.

According to the law of conservation of mass, the mole number of each element is
calculated as follows:

Qk = ∑
i

Ai,kXi + ∑
j

Bj,kYi (7)

where Qk is the mole number of element k.
The amount of each species in each phase at the equilibrium of this system can be

obtained by solving the system of nonlinear equations consisting of Equations (5)–(7)
according to the Newton–Raphson algorithm.

3. Basic Data and Simulation System
3.1. Raw Materials and Their Compositions

The main raw materials input included carbide slag, lead glass, lead concentrate,
lead mud, zinc leaching slag, return dust, coal, air, and industrial oxygen (oxygen volume
concentration of 95%). Based on the elements analysis data of raw material in the factory
and the composition of common industrial raw materials [23–25], models for each raw
material were constructed using the MetCal v7.81 to calculate their composition, as shown
in Tables 3–9.

Table 3. Chemical composition of carbide slag (wt%).

Ca(OH)2 CaCO3 CaSO4 SiO2 Al2O3 Fe3O4

51.56 0.022 0.25 1.14 0.51 0.20

MgSiO3 K2SiO3 Na2SiO3 H2O Other

1.49 0.089 0.18 33 12.87
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Table 4. Chemical composition of lead concentrate (wt%).

PbS PbSO4 ZnS Cu2S FeS2 Fe2O3 CaCO3 SiO2

51.16. 5.19 7.88 1.49 15.59 2.57 2.23 5.07

As2S3 Sb2S3 Bi2S3 CdS Ag2O Au H2O Other

0.73 0.40 0.25 0.03 0.15 0.0003 7.2 0.0597

Table 5. Chemical composition of zinc leaching slag (wt%).

PbS PbSO4 PbSiO3 ZnSO4 Zn2SiO4 ZnO ZnS CdO

7.24 32.12 4.28 6.23 5.71 2.43 2.92 1.11

Fe3O4 CaSO4 SiO2 Al2O3 AgSO4 H2O Other

0.39 3.30 0.22 1.07 0.04 2 30.94

Table 6. Chemical composition of return dust (wt%).

PbS PbO PbSO4 ZnSO4 ZnO CuO FeO

0.33 5.34 50.85 32.40 2.33 0.03 0.37

CaO SiO2 Ag Au As2O3 As2S3 Sb2O3

0.3 0.1 0 0 0.09 0.55 0.31

Sb2S3 Bi2O3 Bi2S3 CdO CdS Other

0.05 0.39 0.06 5.89 0.44 0.17

Table 7. Chemical composition of lead mud (wt%).

PbO PbSO4 BaSO4 CaSO4 ZnSO4 FeSO4 SiO2 H2O Other

18.38 54.04 1.52 0.52 0.22 0.04 0.27 10 15.01

Table 8. Chemical composition of lead glass (wt%).

PbS·SiO2 SiO2 CaSiO3 K2SiO3 Na2SiO3 MgSiO3 H2O Other

33.18 19.88 9.36 16.26 8.42 4.43 0 8.47

Table 9. Chemical composition of coal (wt%).

C CH4 CO2 H2 N2 H2S Fe2O3

80 5.05 1.88 0.98 1.15 0.53 1.00

CaO MgO Al2O3 H2O Other SiO2

0.24 0.05 3.28 0.39 0.64 4.81

3.2. Thermodynamic Basic Data

The Gibbs free energy of equilibrium product phase components in the bottom-
blowing lead oxidation smelting process can be calculated by Equation (8), which is derived
from Kirchhoff’s formula and the relationship between standard molar reaction entropy
and temperature in Appendix B. The standard Gibbs free energy and other relevant ther-
modynamic parameters for each product component were obtained through the MetCal
v7.81, as shown in Table A3 of Appendix A. To eliminate the influence of reaction kinetics,



Processes 2023, 11, 3043 7 of 14

the product phase activity coefficient was corrected based on the literature [11,17–19,26], as
shown in Table A4 of Appendix A. The activity factor of the components in flue gas was 1.

∆Gθ
T = ∆Hθ

298 − T·∆Sθ
298 +

T∫
298

cP dT − T
T∫

298

cP
T

dT (8)

3.3. System Development

The model described in Section 2.3 was calculated according to the algorithm flowchart
shown in Figure 2. Then, according to Equation (9), we considered the thermal equilib-
rium of this smelting process and applied the MetCal v7.81 to develop a thermodynamic
simulation system for bottom-blowing lead oxidation smelting, as shown in Figure 3.

nA

∑
i

∆H298,Ai +
nA

∑
i

∫ Ti

298
cp,Ai

dT =
nB

∑
j

∆H298,Bj +
nB

∑
j

∫ Tj

298
cp,Bj

dT + QLoss (9)

where Ai is the ith reactant; nA is the amount of reactant; Ti is the initial temperature of
the reactant Ai; Bj is the jth product; nB is the amount of product; Tj is the temperature of
product Bj; ∆H is the enthalpy; cp is the specific heat at constant pressure; and QLoss is the
heat loss.

Figure 2. Calculation flowchart of thermodynamic model.
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Figure 3. Thermodynamic simulation system for bottom-blowing lead oxidation smelting.

4. Model Validation
4.1. Calculation Conditions

We used the developed thermodynamic simulation system for bottom-blowing lead
oxidation smelting to calculate the equilibrium product composition for a lead smelter in
China. We used their average operating parameters from December 2021 to February 2022
as the calculating conditions. The total feedstock input was 105 t/h, which was granulated
by 65.5% lead concentrate, 2% calcium carbide slag, 3.5% lead mud, 6% zinc leach slag, 20%
return dust, 0.5% lead glass, and 2.5% coal. The oxygen-enriched concentration was 90%.
The oxygen/feed ratio was 110 Nm3/t, and the melting temperature was obtained from
heat balance calculations. We assumed that the primary crude lead temperature was 50 ◦C
lower than the lead-rich slag temperature and the flue gas and dust temperature was 50 ◦C
higher than the lead-rich slag temperature.

4.2. Calculation Result Verification

Based on the industrial data of a Chinese lead smelter from December 2021 to February
2022, the industrial elements analysis data of primary crude lead, lead-rich slag, and dust
were averaged and compared with the model calculated data. The results are shown in
Figure 4.

Figure 4. Relative error of product element composition between calculated values and indus-
trial data.
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The calculated values of the elements in the product, excluding some elements that
were not detected in production, closely matched the industrial data. The relative errors of
the elemental compositions of Pb, Zn, Cu, S, As, Sb, Bi, and Cd in the primary crude lead
were 0.18%, 6.25%, 0.66%, 5.92%, 3.38%, 7.65%, 0.97%, and 3.33%, respectively. The relative
errors of the elemental compositions of Pb, Zn, Cu, S, FeO, SiO2, CaO, Mg, Al, As, and Sb
in the lead-rich slag were 1.95%, 5.23%, 4.83%, 6.05%, 2.03%, 3.09%, 5.80%, 7.14%, 5.95%,
1.12%, and 0.90%, respectively. The relative errors of the compositions of Pb, S, ZnO, As, Sb,
Ag and Cd in dust were 2.83%, 3.94%, 2.60%, 1.48%, 2.78%, 4.17% and 3.45%, respectively.

According to the results of the data presented in Figure 4, the relative error of element
Sb in primary crude lead was the largest, 7.65%. In lead-rich slag, the relative error of
Mg was the largest, 7.14%, and the relative error of Ag in dust was the largest, 4.17%.
The relative errors of some elements are relatively large, which may be caused by three
factors. Firstly, there is a lack of thermodynamic parameters for some elements in the
high-temperature smelting system of lead, and the deviation of activity coefficients affects
the accuracy of the calculated results. Secondly, the model assumed that the oxidation
smelting process is at a constant temperature, but in reality, the temperature of the oxidation
smelting process is in a dynamic state of change. Finally, during the iterative calculation of
the model, errors will gradually accumulate, and these errors will gradually accumulate as
iterations increase. The average relative error of all elements was 3.76%. The error range
of these results was small, and the results showed that the model reflected the smelting
characteristics of bottom-blowing lead oxidation and provided a useful tool for subsequent
thermodynamic analysis of the system.

The calculated values of key technical indicators, such as the iron–silica ratio and
the calcium–silica ratio in slag, soot rate, primary crude lead productivity, and lead-rich
slag temperature, were 1.98, 0.46, 15.4%, 21.01%, and 1030 ◦C, respectively, and the cor-
responding production averages were 1.90, 0.45, 15%, 24%, and 1150 ◦C, with relative
errors of 4.21%, 2.22%, 2.66%, 12.45%, and 10.43%, respectively. The main reasons for the
deviations in the primary crude lead productivity and the temperature of the lead-rich slag
are as follows: the heat transfer behavior during the lead oxidation smelting process is
very complex, including convection, diffusion, radiation, and other heat transfer modes
between the furnace shell and furnace lining, as well as between the outer wall of the
furnace shell and the outer environment. Therefore, there were errors in the calculation
of thermal equilibrium, which in turn led to errors in the primary crude lead productivity.
The results obtained by the constructed thermodynamic simulation system for the bottom-
blowing lead oxidation smelting process closely reflected the actual production situation
and reflected the bottom-blowing lead oxidation smelting production process, which can
be used as an effective tool for subsequent industrial production parameter optimization.

5. Conclusions

(1) Based on the mechanism of the bottom-blowing lead oxidation smelting process, we
constructed a multi-phase equilibrium mathematical model of the bottom-blowing
lead oxidation smelting process using the chemical equilibrium constant method. We
developed a bottom-blowing lead oxidation smelting thermodynamic simulation sys-
tem based on the MetCal v7.81 and provided an effective tool for the thermodynamic
calculation of the process.

(2) We validated the model using the average operating parameters of the bottom-
blowing lead oxidation smelting of a Chinese lead smelter as the calculation con-
ditions. The average relative error of the calculation value of the mass fraction in
the crude lead, lead-rich slag, and dust was 3.76%. The results closely matched the
production values, indicating that the model could reflect the multi-phase reaction
characteristics of the bottom-blowing lead oxidation smelting process. Therefore, it is
a useful tool for the subsequent thermodynamic analysis of the system.

(3) The calculated values of the key technical indicators of the lead bottom-blowing
smelting process had small errors with the average measured values of industrial
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production. The average relative error of important technical indicators, including
dust rate, crude lead productivity, lead-rich slag temperature, slag iron–silica ratio
(RFe/SiO2), and slag calcium–silica ratio (RCaO/SiO2), was 6.39%, which indicated that
the constructed model closely reflected the actual lead bottom-blowing smelting
process and had the potential to improve the production process and optimize the
process parameters.
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Appendix A

Table A1. Stoichiometry matrix for 22 independent species.

Com. Phase Pb Zn Cu Fe S As Sb Bi Ag Au Cd Mg Al K Na Ba SiO2 CaO O C H N

Pb Ld 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbS Ld 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zn Ld 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cu Ld 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe Ld 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
As Ld 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sb Ld 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bi Ld 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ag Ld 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Au Ld 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Cd Ld 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

PbO Sl 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
PbSiO3 Sl 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0
CaO Sl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
MgO Sl 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0
AlO1.5 Sl 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1.5 0 0 0
KO0.5 Sl 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0.5 0 0 0
NaO0.5 Sl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0.5 0 0 0
BaSO4 Sl 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 4 0 0 0
CO Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0
N2 Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

H2O Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0
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Table A2. Stoichiometry matrix for 38 dependent species.

Com. Phase Pb Zn Cu Fe S As Sb Bi Ag Au Cd Mg Al K Na Ba SiO2 CaO O C H N

ZnS Ld 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CuS0.5 Ld 0 1 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FeS Ld 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbS Sl 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PbSO4 Sl 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
ZnO Sl 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Zn2SiO4 Sl 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0
ZnFe2O4 Sl 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
CuO0.5 Sl 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 0
CuS0.5 Sl 0 0 1 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CuFe2O4 Sl 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
FeO Sl 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

FeO1.33 Sl 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.33 0 0 0
FeS Sl 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2FeO·SiO2 Sl 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0
SiO2 Sl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

AsO1.5 Sl 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1.5 0 0 0
SbO1.5 Sl 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1.5 0 0 0
BiO1.5 Sl 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1.5 0 0 0
CdO Sl 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0

AgO0.5 Sl 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0
Au Sl 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
O2 Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0
Pb Gas 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PbO Gas 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
PbS Gas 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zn Gas 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ZnO Gas 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
ZnS Gas 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CdO Gas 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0
CdS Gas 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
SO2 Gas 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0
S2 Gas 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CO2 Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0
AsO1.5 Gas 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1.5 0 0 0
AsS1.5 Gas 0 0 0 0 1.5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SbO1.5 Gas 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1.5 0 0 0
SbS1.5 Gas 0 0 0 0 1.5 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table A3. Thermodynamic parameters of species.

Component State ∆Hθ
298/

(kJ·mol−1)
∆Sθ

298/
(J·K−1·mol−1)

cp = a + b × 10−3T + c × 105T−2 + d × 10−6T2

a b c d

Pb Liquid 3.873 70.506 27.159 1.029 0 0
Zn Liquid 5.727 48.549 31.381 0 0 0
Cu Liquid 8.028 34.236 32.845 0 0 0
Fe Liquid 8.006 23.521 40.879 1.674 0 0
S Liquid 0 32.071 32.005 −0.002 −0.038 0

As Liquid 21.568 53.284 28.833 0 0 0
Sb Liquid 17.531 62.712 31.381 0 0 0
Bi Liquid 9.271 71.980 27.197 0 0 0
Cd Liquid 5.607 60.717 29.707 0 0 0
Au Liquid 0 47.489 −268.634 237.139 1418.47 −52.813
Ag Liquid 6.393 43.220 33.473 0 0 0

PbO Liquid −202.249 73.379 65.000 0 0 0
PbS Liquid −93.143 84.129 66.946 0 0 0
ZnO Liquid −309.542 47.920 60.669 0 0 0
ZnS Liquid −203.005 58.661 49.753 4.448 −4.551 −0.005

AsO1.5 Liquid −643.439 128.125 152.720 0 0 0
SbO1.5 Liquid −675.490 143.628 156.904 0 0 0
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Table A3. Cont.

Component State ∆Hθ
298/

(kJ·mol−1)
∆Sθ

298/
(J·K−1·mol−1)

cp = a + b × 10−3T + c × 105T−2 + d × 10−6T2

a b c d

BiO1.5 Liquid −578.024 149.814 202.005 0 0 0
CdO Liquid −258.996 54.812 47.264 6.364 −4.908 0
Pb Gas 195.205 175.377 28.063 −11.029 −9.310 4.728

PbO Gas 68.139 240.048 41.612 −3.526 −20.136 1.014
PbS Gas 127.959 251.416 37.350 0.194 −2.096 0.140
Zn Gas 130.403 16.992 20.898 −0.133 −0.067 0.034

ZnO Gas 136.518 242.811 37.671 −0.286 −1.985 0.735
ZnS Gas 204.322 236.404 166.350 −85.742 −166.125 21.952

AsO1.5 Gas −322.845 371.925 82.134 6.444 −5.356 0
AsS1.5 Gas 27.042 314.289 96.201 1.071 −8.213 0
SbO1.5 Gas −708.564 129.903 180.004 0 0 0
SbS1.5 Gas 119.661 409.820 107.636 0.209 −7.255 0
CdO Gas 127.003 231.570 43.560 −10.649 −11.819 5.291
CdS Gas 175.662 244.987 36.257 −3.867 18.611 3.678
O2 Gas 0 205.154 34.860 1.312 −14.141 0.163

SO2 Gas −296.820 248.226 54.781 3.350 −24.745 −0.241
S2 Gas 128.603 228.169 34.672 3.286 −2.816 −0.312

CO Gas −110.544 197.665 29.932 5.415 −10.814 −1.054
CO2 Gas −393.515 213.774 54.437 5.116 −43.579 −0.806
N2 Gas 0 191.615 23.529 12.117 1.210 −3.076

H2O Gas −241.832 188.837 31.438 14.106 −24.952 −1.832

Table A4. Activity factor of species.

Com. Phase Activity
Factor Com. Phase Activity

Factor Com. Phase Activity
Factor

Pb Ld 0.0196 PbO Sl 0.0036 PbO Sl 0.0036
PbS Ld 80 PbS Sl 50 PbS Sl 50
Zn Ld 150 PbSO4 Sl 0.01 PbSO4 Sl 0.01

ZnS Ld 1450 PbSiO3 Sl 0.01 PbSiO3 Sl 0.01
Cu Ld 0.3 ZnO Sl 1 ZnO Sl 1

CuS0.5 Ld 40 Zn2SiO4 Sl 1 Zn2SiO4 Sl 1
Fe Ld 10 ZnFe2O4 Sl 1 ZnFe2O4 Sl 1

FeS Ld 10 CuO0.5 Sl 1 CuO0.5 Sl 1
As Ld 50 CuS0.5 Sl 1 AsO1.5 Sl 1
Bi Ld 4 CuFe2O4 Sl 1 BiO1.5 Sl 1
Sb Ld 7 FeO Sl 1 SbO1.5 Sl 1
Ag Ld 1 FeO1.33 Sl 0.1 NaO0.5 Sl 1
Au Ld 1 FeS Sl 1 AgO0.5 Sl 1
Cd Ld 8 2FeO·SiO2 Sl 1 Au Sl 1

MgO Sl 1 CaO Sl 1 CdO Sl 1
AlO1.5 Sl 1 BaSO4 Sl 1 Other Sl 1
SiO2 Sl 1 KO0.5 Sl 1

Appendix B

The derivation of Equation (8) is as follows:

∆Hθ
T = ∆Hθ

298 +

T∫
298

cP

∫
dT

∆SθT = ∆Sθ298 +

T∫
298

cP

T
dT
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∆Gθ
T = ∆Hθ

T − T·∆SθT = ∆Hθ
298 − T·∆Sθ

298 +

T∫
298

cP dT − T
T∫

298

cP
T

dT
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