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Abstract: In this study, the thermodynamic simulation model and system of the copper side-blown
smelting process were established using the chemical equilibrium constant method, based on the
process reaction mechanism, multiphase equilibrium principle, and MetCal software platform (Met-
Cal v7.81). Under typical production conditions, the composition of the product and the distribution
behavior of impurity elements were simulated. The results indicate that the average relative error
between the calculated mass fractions of major elements such as Cu, S, Fe, SiO2, CaO, MgO, and
Al2O3 in copper matte and smelting slag, and the actual production values, is 4.25%. Additionally,
the average relative error between the calculated distribution ratios of impurity elements such as Pb,
Zn, As, Bi, Mo, Au, and Ag in copper matte and smelting slag, and the actual production data, is
6.74%. Therefore, this model and calculation system accurately reflects the actual production situation
of the copper side-blown smelting process well and has potential to predict process output accurately
while optimizing process parameters, effectively guiding production practice.

Keywords: copper side-blown smelting; multiphase equilibrium; MetCal; thermodynamic simulation;
mathematical model

1. Introduction

The side-blown smelting process is a modern and intensified new technology for
copper smelting in a bath independently innovated by China [1]. It boasts advantages such
as strong adaptability to raw materials, high production efficiency, low investment, low
production costs, and environmental friendliness. It is also currently one of the preferred
processes for treating complex lead-zinc ore, copper-bearing solid waste and hazardous
waste, urban mines, and other difficult-to-treat secondary resources [2–4]. More than
20 production lines have been established in China, with an annual capacity of cathode
copper accounting for more than 20%, demonstrating a promising application prospect.
With the implementation of the national strategies of “carbon peaking and carbon neutral-
ity” and “digitalization”, the digital and intelligent transformation and upgrading of the
copper smelting production process has become an important means to further improve
quality and efficiency, as well as to conserve energy and reduce emissions.

However, the copper side-blown oxidation smelting process belongs to a complex py-
rometallurgical reaction system that involves high temperature, multiple phases, multiple
variables, and unstable states [5]. It differs from other bath smelting processes, such as
top-blowing [6] and bottom-blowing [7], in terms of the position of air or oxygen-rich gas
injection, reaction conditions, control strategies, and technical indicators. Several factors,
including raw material degradation, extensive use of recycled materials, unstable batching,
and intensified smelting, lead to variable thermodynamic behaviors in the side-blown
furnace during raw material decomposition, melting, oxidation, matte formation, and slag-
ging. These behaviors involve phase transformation, reaction evolution, and component
migration and distribution. The current manual and empirical approach faces technical
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challenges in quantitatively and directionally controlling these processes, resulting in fre-
quent abnormal furnace conditions such as slag and flue blockage, difficulties in slag–metal
separation, increased copper content in slag, accelerated furnace corrosion, and heightened
environmental pollution risks [8]. These issues ultimately impact operational efficiency
and performance indicators.

In recent years, to overcome the conditional limitations of traditional experimental
methods, improve the efficiency of experimental research, and reduce the cost of experi-
mental research, scholars at home and abroad have applied thermodynamic simulation
modeling and analysis techniques to pyrometallurgical research on copper, lead, and other
metals, achieving research results that can guide production practices. Guo et al. [9,10],
Wang et al. [11,12], Li et al. [13,14], and other researchers focused on pyrometallurgical
processes such as bottom-blowing copper smelting furnaces and flash smelting furnaces.
Based on the principle of multiphase equilibrium, they employed the methods of minimum
free energy and chemical equilibrium constant to conduct process optimization analysis
on the technological processes after establishing thermodynamic simulation models. On
the other hand, Wang et al. [15], Chen et al. [16], Liu et al. [17,18], and others conducted
thermodynamic simulation analysis on lead smelting processes such as flash smelting,
bottom-blown smelting, and side-blown smelting by establishing a multiphase equilibrium
mathematical model based on the method of chemical equilibrium constants. It can be seen
that the main thermodynamic simulation modeling and analysis methods for complex py-
rometallurgical multiphase reaction systems include the minimum free energy method [19]
and the chemical equilibrium constant method [20]. The former has a simple modeling
process but lacks satisfactory convergence in solving, while the latter exhibits good con-
vergence and adaptability to trace element systems. However, most existing studies on
the copper side-blown smelting process focus on qualitative analysis of the causes of pro-
duction problems and empirical summaries of improvement measures based on long-term
production practices. There is insufficient research on the mechanisms of phase evolution,
component migration and distribution, and phase equilibrium analysis during the smelting
process. This has led to the inability to quantitatively determine effective control strategies
for the complex side-blown oxidative smelting process of copper concentrates. Currently,
the main software platforms that can perform thermodynamic simulation modeling and
quantitative calculations for copper pyrometallurgical processes include FactSage, HSC
Chemistry, Thermal-Cal, MetCal, and others. Among them, the MetCal software platform
(MetCal v7.81) is jointly developed by Jiangxi University of Science and Technology and
Jiangxi Maikai Technology Co., Ltd. It features comprehensive thermodynamic data and
high efficiency in the secondary development of models. Leveraging this platform, it is
possible to quickly construct mathematical models for chemical equilibrium, thermal equi-
librium, and mass balance in metallurgical and chemical processes. Currently, the MetCal
software platform (MetCal v7.81) has been widely used in thermodynamic simulation
analysis research on smelting processes of copper, lead, and other metals [21–24].

Because of this, based on the principle of multiphase equilibrium in the copper side-
blown smelting process, this article establishes a thermodynamic simulation model and
calculation system for the copper side-blown smelting process using the method of chemi-
cal equilibrium constants and the MetCal software platform (MetCal v7.81). The model
simulates and calculates the composition of products and key technical indicators and
compares them with industrial production data to verify the accuracy of the model cal-
culations. This is aimed at providing software tools for subsequent predictions of the
process output, revealing the behavior patterns of impurity distribution, and optimizing
process parameters.

2. Process Mechanism and Mathematical Model Establishment
2.1. Process Reaction Mechanism

The copper side-blown smelting process is usually under the temperature condition
of 1200~1350 ◦C, blowing oxygen-rich air into the tuyeres on both sides of the copper
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side-blown smelting furnace shown in Figure 1. The raw materials, including copper
concentrate, flux, reverts, and pulverized coal, are mixed uniformly in a certain proportion
and fed into the furnace through a quantitative belt conveyor and feeder from the top of
the furnace. The high-speed oxygen-rich air blown into the furnace vigorously agitates
the raw materials and melts, creating favorable gas–liquid–solid three-phase heat and
mass transfer kinetic conditions, and the particle size of the raw material to be fed into the
furnace is generally less than 50 mm. This allows the raw materials to quickly undergo
physicochemical evolution processes such as drying, decomposition, melting, slagging,
and matte formation. The produced copper melt enters the electric settling furnace through
a siphon and chute to complete the clarification and separation of slag and matte, resulting
in copper matte and smelting slag. The flue gas generated during the reaction is cooled
in a waste heat boiler, and dust is collected in an electric precipitator and then sent to the
sulfuric acid system for acid production.
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Figure 1. Schematic diagram of copper side-blown smelting furnace. 1—molten pool; 2—feed
opening; 3—furnace stack; 4—flue gas; 5—furnace slag; 6—slag basin; 7—fire bricklayer; 8—blast
main; 9—sidewall water jacket; 10—tuyere; 11—copper matte; 12—copper matte pool.

The main reactions occurring during the side-blown smelting process of copper con-
centrate include the decomposition of high-valent sulfides, oxidation of sulfides, matte
formation, and slagging.

Decomposition of high-valence sulfides:

2FeS2 = 2FeS + S2 (1)

4CuFeS2 = 2Cu2S + 4FeS + S2 (2)

Sulfide oxidation:

2CuFeS2 + 4O2 = Cu2S + 2FeO + 3SO2 (3)

2CuS + O2 = Cu2S + SO2 (4)

4FeS2 + 11O2 = 2Fe2O3 + 8SO2 (5)

3FeS2 + 8O2 = Fe3O4 + 6SO2 (6)

Matte formation reaction:

FeS + Cu2O = FeO + Cu2S (7)

xFeS + yCu2S = yCu2S · xFeS (8)
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Slagging reaction:
2FeS + 3O2 = 2FeO + 2SO2 (9)

2FeO + SiO2 = 2FeO · SiO2 (10)

Through the above reactions, a copper matte with a higher grade, a smelting slag
with a lower copper content, and a suitable slag type, as well as flue gas and dust, can
be obtained.

2.2. Modeling Assumption

Based on the reaction mechanism of the copper side-blown smelting process, the
products of this process include copper matte, smelting slag, flue gas, and dust. When
constructing a multiphase equilibrium model, the equilibrium product phases only include
copper matte, smelting slag, and flue gas. Dust is usually considered to be formed by
a small amount of unreacted raw materials and fine particle product droplets driven by
high-speed airflow in the furnace. Therefore, it is assumed that the composition of dust is
consistent with that of a small amount of unreacted raw materials and fine particle product
droplets. Based on the above analysis and literature reports, the chemical composition of
each product is assumed to be as shown in Table 1. “Other” in the table refers to trace
impurity elements, which do not participate in the reaction, but affect the operations
involved in modeling the mass conservation relationship.

Table 1. The chemical composition of the product.

Phase Chemical Components

Copper matte (Mt) Cu2S, FeS, FeO, Fe3O4, PbS, ZnS, As, Sb, Bi, MoS, Au, Ag2S, Other1

Smelting slag (Sl) Cu2S, Cu2O, FeS, FeO, Fe3O4, SiO2, CaO, MgO, Al2O3, PbO, ZnO,
As2O3, Sb2O3, Bi2O3, MoO, Au, Ag, Other2

Flue gas (Gas) SO2, SO3, N2, O2, S2, PbO, PbS, ZnS, ZnO, Zn, AsO, AsS, As2, SbO, SbS,
Sb, BiO, BiS, Bi, CO2, CO, H2O

Dust (Dt) Cu2S, Cu2O, FeS, FeO, Fe3O4, PbS, PbO, ZnS, ZnO, As2O3, As, Sb2O3,
Sb, Bi, Bi2O3, MoS, MoO, Au, Ag, Ag2S, SiO2, CaO, MgO, Al2O3, Other3

2.3. Model Construction

The copper side-blown smelting process belongs to a multiphase and multicomponent
reaction system, and its thermodynamic model can be constructed using the chemical
equilibrium constant method [22], also known as the K-value method. This method
involves establishing a mathematical model composed of nonlinear equations based on the
total molar number of each element in the system and the independent chemical reactions
that occur when the system reaches or approaches equilibrium under constant temperature
and pressure conditions. The composition of equilibrium products can then be calculated
by solving the model.

For any multiphase multicomponent reaction system, assuming that the number of
element types is Ne, and the number of chemical species is Nc, all the components of the
system can be determined through reactions among the components. Among them, the
number of independent reactions Nb is equal to Nc −Ne, and the independent reactions can
be represented by matrix Equation (11).(

Vj,i
)
(Ai,k) =

(
Bj,k

)
(11)

In Equation (11), Vj,i represents the stoichiometric coefficient matrix, Ai,k represents the
molecular equation matrix of independent components, and Bj,k represents the molecular
equation matrix of dependent components. i, j, and k represent the number of indepen-
dent components, the number of dependent components, and the number of element
types, respectively.
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According to the rules of matrix operations, this can be obtained through the operation
of Equation (12): (

Vj,i
)
=
(

Bj,k

)
(Uk,i) (12)

In Equation (12), Uk,i is the computable inverse matrix of Aj,k.
For the copper side-blown smelting reaction system, it is assumed that 20% of the

inert elements (components) labeled as “Other” are distributed into the copper matte, inert
elements refer to trace impurity elements that do not participate in chemical reactions,
such as Se, Te, Pt, etc., while 80% of “Other” elements are distributed into the smelting
slag. Based on modeling assumptions and phase equilibrium principles, when constructing
a multiphase equilibrium model for the copper side-blown smelting process using the
chemical equilibrium constant method, the reaction system includes 19 different elements
such as Cu, S, Fe, O, Pb, Zn, As, Sb, Bi, Mo, Ag, Au, Si, Ca, Mg, Al, N, H, and C. There are
51 chemical components in the copper matte, smelting slag, and flue gas products involved
in the reaction. The molecular equation matrix of independent chemical components
consisting of 19 elements is shown in Appendix A Table A1, while the molecular equation
matrix of dependent components consisting of the other 32 dependent chemical components
is shown in Appendix A Table A2. Therefore, the number of independent reactions in this
reaction system is 32. The chemical reactions and their equilibrium constants Kj of the listed
independent components are shown in Table 2. The equilibrium constants of independent
reactions can be expressed by Equation (13). In Equations (11) and (12), i ranges from 1 to
19, j ranges from 1 to 32, and k ranges from 1 to 19.

Kj = exp

−

(
∆G0

bj − ∑ Vji∆G0
ai

)
RT

 (13)

Table 2. Independent component reaction and equilibrium constant.

Equilibrium Reaction Kj Equilibrium Reaction Kj

Cu2S(Mt) + FeO(Mt) = Cu2O(Sl) + FeS(Sl) K1 2CO(gas) + O2(gas) = 2CO2(gas) K17
2FeS(Mt) + 3O2(gas) = 2FeO(Sl) + 2SO2(gas) K2 2AsS + 2O2(gas) = As2(gas) + 2SO2(gas) K18

FeS(Mt) = FeS(Sl) K3 As2(gas) + O2(gas) = 2AsO(gas) K19
6FeO(Mt) + O2(gas) = 2Fe3O4(Mt) K4 SbS(gas) + O2(gas) = Sb(gas) + SO2(gas) K20

2PbS(Mt) + 3O2(gas) = 2PbO(gas) + 2SO2(gas) K5 2Sb(gas) + O2(gas) = 2SbO(gas) K21
ZnS(Mt) = ZnS(gas) K6 BiS(gas) + O2(gas) = Bi(gas) + SO2(gas) K22
2As(Mt) = As2(gas) K7 2Bi(gas) + O2(gas) = 2BiO(gas) K23

Sb(Mt) = Sb(gas) K8 2PbS(gas) + 3O2(gas) = 2PbO(gas) + 2SO2(gas) K24
Bi(Mt) = Bi(gas) K9 ZnS(gas) + O2(gas) = Zn(gas) + SO2(gas) K25

2MoS(Mt) + 3O2(gas) = 2MoO(Sl) + 2SO2(gas) K10 PbO(gas) = PbO(Sl) K26
Au(Mt) = Au(Sl) K11 4AsO(gas) + O2(gas) = 2As2O3(Sl) K27

Ag2S(Mt) + O2(gas) = 2Ag(Sl) + SO2(gas) K12 4SbO(gas) + O2(gas) = 2Sb2O3(Sl) K28
2Cu2S(Sl) + 3O2(gas) = 2Cu2O(Sl) + 2SO2(gas) K13 4BiO(gas) + O2(gas) = 2Bi2O3(Sl) K29

6FeO(Sl) + O2(gas) = 2Fe3O4(Sl) K14 2Zn(gas) + O2(gas) = 2ZnO(Sl) K30
FeO(Sl) = FeO(Mt) K15 S2(gas) + 2O2(gas) = 2SO2(gas) K31

2SO2(gas) + O2(gas) = 2SO3(gas) K16 2ZnS(gas) + 3O2(gas) = 2ZnO(gas) + 2SO2(gas) K32

In Equation (13), R represents the gas constant, T represents the equilibrium tempera-
ture of the system, ∆G0

ai represents the standard Gibbs free energy of formation for the i
independent component, and ∆G0

bi represents the standard Gibbs free energy of formation
for the j dependent component.

When the copper side-blown smelting multiphase reaction system reaches equilibrium,
the relationship between its independent components and dependent components can be
expressed by Equation (14).
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Yj =

(
Zm,j

γj

)(
Kj
)
∏

i

(
γiXi
Zm,i

)
(14)

In Equation (14), Xi represents the molar quantity of the i independent component,
γi represents the activity coefficient of the i independent component, Yj represents the
molar quantity of the j dependent component, γj represents the activity coefficient of the j
dependent component, Zm,i represents the molar quantity of the phase belonging to the i
independent component, m represents the product phase, and Zm,j represents the molar
quantity of the phase belonging to the j dependent component.

For a closed multiphase reaction system, the mass of each element can be calculated
using Equation (15) based on the law of conservation of mass.

Qk = ∑
i

Ai,kXi + ∑
j

Bj,kYj (15)

In Equation (15), Qk represents the molar quantity of the element k.
The total molar quantity Zm of all components in m product phase in Equation (15)

can be calculated using Equation (16).

Zm = ∑
i(m)

Xi + ∑
j(m)

Yj (16)

In Equation (16), i(m) represents the summation only when the i independent compo-
nent belongs to the m product phase, and j(m) represents the summation only when the j
dependent component belongs to the m product phase.

For the copper side-blown smelting multiphase reaction system, assuming that the
number of product phases is Np, the system temperature, pressure, and the quantities of
each element are given and are close to equilibrium, it can be known from Equations (13)–(15)
that the system has a total of

(
Nc + Np

)
equations and

(
Xi + Yj + Zm

)
variables to be

solved, with the number of equations equal to the number of variables to be solved.
For the thermodynamic simulation model composed of the nonlinear equations from
Equations (13)–(16), the Newton–Raphson algorithm and the algorithm flowchart shown
in Figure 2 can be used to solve the model, obtaining the molar quantities of each component
in the equilibrium products of each phase in the system.
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3. Basic Data and Digital–Analog System
3.1. Raw Materials and Their Composition

The main raw materials used by a domestic copper side-blown smelting production
enterprise include mixed copper concentrate, reverts, burning coal, lime powder, quartz
sand, air, and industrial oxygen (with an oxygen volume concentration of 95%). Among
them, the mixed copper concentrate is configured from copper concentrates from different
origins in proportion, the burning coal is configured from coke powder and anthracite in
proportion, and air and industrial oxygen are blown into the furnace through primary and
secondary air. The elemental composition of the raw materials used by the enterprise from
January to December 2018 was obtained through XRF (X-ray fluorescence spectroscopy)
analysis. Combined with the analysis results of the main phases of the raw materials
through XRD (phase analysis of X-ray diffraction), the phase calculation models of each
raw material were constructed separately based on the MetCal platform (MetCal v7.81),
and the phase composition of each raw material was calculated and shown in Tables 3–8.
During the detection processes of XRF and XRD, in order to reduce experimental errors,
each sample was tested three times, and the average value was taken as the final result.

Table 3. Elemental content of raw materials (wt.%).

Raw Material Cu S Fe SiO2 CaO MgO Al2O3 Pb Zn As

Mixed copper
concentrate 17.999 22.314 23.583 15.219 1.201 0.889 1.224 0.352 0.770 0.101

Reverts 21.200 10.000 31.037 18.340 2.336 1.240 4.422 - - -
Burning coal - 0.808 0.604 7.179 0.368 0.049 0.200 - - -

Limestone - - 0.194 4.370 50.768 - - - - -
Quartz sand - - 0.466 88.755 0.970 0.582 0.970 - - -

Raw Material Sb Bi Mo Au Ag O C H N Other

Mixed copper
concentrate 0.011 0.012 0.159 8.29 × 10−4 3.90 × 10−3 11.076 0.522 1.036 - 3.527

Reverts - - - - - 6.858 - - - 4.566
Burning coal - - - - - 4.923 76.405 4.111 1.343 4.011

Limestone - - - - - 31.688 10.873 0.336 - 1.770
Quartz sand - - - - - 3.418 0.208 0.336 - 4.296

Table 4. Chemical composition of mixed copper concentrate (wt.%).

CuFeS2 Cu5FeS4 FeS2 FeS SiO2 CaCO3 MgCO3 Al2O3 PbS ZnS As2S3

32.785 6.708 12.888 4.658 15.219 2.143 1.861 1.224 0.406 1.148 0.166

Sb2S3 Bi2S3 MoS Au Ag2S H2O FeO Fe2O3 Cu2O Other

0.016 0.014 0.213 0.001 0.004 9.263 4.672 0.385 2.701 3.525

Table 5. Chemical composition of reverts (wt.%).

Cu2S Cu2O FeS FeO Fe3O4 SiO2 CaO MgO Al2O3 Other

26.411 0.123 12.834 25.552 4.176 18.34 2.336 1.240 4.422 4.566

Table 6. Chemical composition of burning coal (wt.%).

C CH4 CO2 H2 N2 H2S Fe2O3 SiO2

75.397 1.2 0.4 3.703 1.343 0.1 0.863 7.179

CaO MgO Al2O3 H2O O2 S Other

0.368 0.049 0.2 0.9 3.573 0.714 4.011
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Table 7. Chemical composition of limestone (wt.%).

CaCO3 FeO SiO2 H2O Other

90.61 0.25 4.37 3 1.77

Table 8. Chemical composition of quartz sand (wt.%).

SiO2 Fe2O3 CaCO3 Al2O3 MgO H2O Other

88.755 0.666 1.731 0.97 0.582 3 4.296

3.2. Thermodynamic Basic Data

Based on the relationship between the standard molar reaction enthalpy and tempera-
ture as shown in Equation (17) and the relationship between the standard molar reaction
entropy and temperature as shown in Equation (18), the Gibbs free energy of the product
components in the copper side-blown smelting process is calculated by Equation (19). The
standard thermodynamic parameters of the product components are obtained by querying
the MetCal software (MetCal v7.81), as detailed in Appendix A Table A3. To eliminate
the influence of reaction kinetics, the activity coefficients of some product phases were
corrected based on the results of production sampling analysis and concerning the data
reported in the literature. Details are shown in Appendix A Table A4. Among them, MQC
indicates that the activity of the component is calculated using the modified quasi-chemical
solution activity calculation model provided by MetCal v7.81. It is assumed that the flue
gas is ideal; therefore, the activity coefficients of the flue gas components are all 1.

∆Hθ
T = ∆Hθ

298 +
∫ T

298
CpdT (17)

∆Sθ
T = ∆Sθ

298 +
∫ T

298

Cp

T
dT (18)

∆Gθ
T = ∆Hθ

298 − T · ∆Sθ
298 +

∫ T

298
CpdT − T

∫ T

298

Cp

T
dT (19)

3.3. Digital–Analog Computing System

Based on the reaction mechanism of the copper side-blown smelting process and
the multiphase equilibrium mathematical model constructed for the copper side-blown
smelting process, the thermal equilibrium relationship of this smelting process was es-
tablished according to the equation shown in Equation (20). The self-developed MetCal
software platform (MetCal v7.81) was then utilized to develop a multiphase equilibrium
thermodynamic calculation system for the copper side-blown smelting process, as depicted
in Figure 3.

nA

∑
i

∆H298,Ai +
nA

∑
i

∫ Ti

298
CpAi dT =

nB

∑
j

∆H298,Bj +
nB

∑
j

∫ Tj

298
CpBj

dT + QLoss (20)

In Equation (20), Ai is the reactant; Ti is the initial temperature of the reactant Ai; Bj is
the product; Tj is the temperature of the product Bj; nA is the amount of reactant; nB is the
amount of product; H is the enthalpy; Cp is the heat capacity; QLoss is the heat loss.



Metals 2024, 14, 840 9 of 16

Metals 2024, 14, x FOR PEER REVIEW 9 of 17 
 

 

process, the thermal equilibrium relationship of this smelting process was established 
according to the equation shown in Equation (20). The self-developed MetCal software 
platform (MetCal v7.81) was then utilized to develop a multiphase equilibrium 
thermodynamic calculation system for the copper side-blown smelting process, as depicted in 
Figure 3. 

 
Figure 3. Thermodynamic calculation system of multiphase equilibrium for copper side-blown 
smelting process. 

A A B B

298,A A 298,B B Loss298 298
d dΔ + = Δ + +    

i j

i i j j

n n n nT T

p
i i j j

H Cp T H C T Q  (20)

In Equation (20), Ai is the reactant; Ti is the initial temperature of the reactant Ai; Bj is 
the product; Tj is the temperature of the product Bj; nA is the amount of reactant; nB is the 
amount of product; H is the enthalpy; Cp is the heat capacity; QLoss is the heat loss. 

4. Calculation Examples and Model Verification 
4.1. Computational Condition 

Using the developed multiphase equilibrium thermodynamic calculation system for 
the copper side-blown smelting process, the composition of the products in the copper 
side-blown oxidative smelting production process of a domestic copper smelting 
enterprise was calculated based on the average operating parameters of the side-blown 
oxidative smelting section of the enterprise from January to December 2018. The total 
input of raw materials is 92.6 t/h, and the composition of each raw material is described 
in Section 3.1. Among them, the mixed copper concentrate is 80.5 t/h, the reverts is 2.01 
t/h, the burning coal is 3.40 t/h, the limestone is 4.27 t/h, and the quartz sand is 2.42 t/h. 
The circulating volume of cooling water is 1100 t/h. The oxygen-to-material ratio is 210 
Nm3/t, and the oxygen-rich concentrations of primary air and secondary air are 78% and 
26%, respectively. The volume ratio of primary air to secondary air is 4.5. The reverts rate 
is 2.5%, the burning coal rate is 4.22%, the limestone flux rate is 4.9%, the quartz flux rate 
is 2.69%, and the smoke dust rate is 1.75%. The temperatures of various smelting products 
are obtained through thermal balance calculations. It is assumed that the temperature of 
copper matte is 20 °C lower than that of smelting slag, and the temperature of flue gas and 
smoke dust is 40 °C higher than that of smelting slag. 

Figure 3. Thermodynamic calculation system of multiphase equilibrium for copper side-blown
smelting process.

4. Calculation Examples and Model Verification
4.1. Computational Condition

Using the developed multiphase equilibrium thermodynamic calculation system for
the copper side-blown smelting process, the composition of the products in the copper
side-blown oxidative smelting production process of a domestic copper smelting enterprise
was calculated based on the average operating parameters of the side-blown oxidative
smelting section of the enterprise from January to December 2018. The total input of raw
materials is 92.6 t/h, and the composition of each raw material is described in Section 3.1.
Among them, the mixed copper concentrate is 80.5 t/h, the reverts is 2.01 t/h, the burning
coal is 3.40 t/h, the limestone is 4.27 t/h, and the quartz sand is 2.42 t/h. The circulating
volume of cooling water is 1100 t/h. The oxygen-to-material ratio is 210 Nm3/t, and the
oxygen-rich concentrations of primary air and secondary air are 78% and 26%, respectively.
The volume ratio of primary air to secondary air is 4.5. The reverts rate is 2.5%, the burning
coal rate is 4.22%, the limestone flux rate is 4.9%, the quartz flux rate is 2.69%, and the
smoke dust rate is 1.75%. The temperatures of various smelting products are obtained
through thermal balance calculations. It is assumed that the temperature of copper matte is
20 ◦C lower than that of smelting slag, and the temperature of flue gas and smoke dust is
40 ◦C higher than that of smelting slag.

4.2. Computation

Under the calculation conditions of the above copper side-blown smelting process,
the thermodynamic numerical model and calculation system constructed were used to
perform simulation calculations on the process. The chemical composition of copper matte,
smelting slag, and dust, as well as the results of thermal balance calculations, are shown in
Tables 9–12.

Table 9. Chemical composition of copper matte (wt.%).

Cu2S FeS FeO Fe3O4 PbS ZnS As Sb Bi MoS Au Ag2S Other

71.534 22.111 0.797 0.997 1.036 0.793 0.032 0.008 0.009 0.015 0.003 0.014 2.651
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Table 10. Chemical composition of smelting slag (wt.%).

Cu2S Cu2O FeS FeO Fe3O4 SiO2 CaO MgO Al2O3

1.917 0.552 0.001 32.437 13.164 33.240 7.034 1.655 2.416

PbO ZnO As2O3 Sb2O3 Bi2O3 MoO Au Ag Other

0.146 1.274 0.133 0.018 0.010 0.320 7.44 × 10−5 3.61 × 10−4 5.682

Table 11. Chemical composition of dust (wt.%).

Cu2S FeS FeO Fe3O4 PbS ZnS As Sb Bi

20.018 5.750 24.211 10.000 0.269 0.206 0.008 0.002 0.002

MoS Au Ag2S Cu2O SiO2 CaO MgO Al2O3 PbO

0.004 0.001 0.004 0.409 24.598 5.205 1.225 1.788 0.108

ZnO As2O3 Sb2O3 Bi2O3 MoO Ag Other

0.943 0.098 0.014 0.007 0.237 0.000 4.894

Table 12. Heat balance calculation results of copper side-blown smelting process.

Heat Income Heat Expense

Heat Type Supplies Temp./◦C MJ/h % Heat Type Supplies Temp./◦C MJ/h %

Physical
heat

Mixed copper
concentrate 25 0.00 0.00

Physical heat

Mt 1173 16,873.44 8.26

Reverts 25 0.00 0.00 Sl 1193 56,541.64 27.70

Burning coal 25 0.00 0.00 Gas 1233 80,056.76 39.22

Limestone 25 0.00 0.00 St 1233 1708.54 0.84

Quartz sand 25 0.00 0.00

Primary oxygen 25 0.00 0.00

Primary air 25 0.00 0.00

Secondary oxygen 25 0.00 0.00

Secondary air 25 0.00 0.00

Chemical
heat 25 204,219.43 100.00 Chemical heat 25 0.00 0.00

Exchange
heat

Cooling inlet
water 39 Exchange heat Cooling

outlet water 45 27,612.06 13.52

Natural heat
dissipation 200 18,807.43 9.21

Hydrocooling 2500 1.23

Total 204,219.43 100.00 Total 204,219.43 100.00

4.3. Model Verification

In addition to the main elements, the content of impurity elements is one of the
important criteria for measuring product quality and is also a key focus in the production
process of enterprises, especially the distribution behavior of impurity elements in products
such as copper matte and smelting slag. Therefore, to verify the reliability of the constructed
model and system, the main element contents and impurity element distribution ratios of
products such as copper matte, smelting slag, and smoke dust obtained from simulation
calculations were compared with actual production data measured by XRF. The results
are listed in Tables 13 and 14 and Figure 4. The error analysis diagram related to the
measurement of production value is shown in Figure 5.
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Table 13. Comparison of main element content of products with production data (wt.%).

Type Phase Cu S Fe SiO2 CaO MgO Al2O3

Production data
Mt

57.793 22.420 17.027 0.178 - - -
Modeling results 57.124 22.879 15.388 - - - -
Production data

Sl
2.048 0.421 34.643 32.131 7.381 1.821 2.351

Modeling results 2.022 0.387 34.739 33.240 7.034 1.655 2.416

Table 14. Comparison of impurity element distribution ratio of products with production data.

Type Dx Pb Zn As Bi Mo Au Ag

Production data
Mt/Sl

6.388 0.498 0.350 1.000 0.039 32.350 32.863
Modeling results 6.628 0.443 0.316 1.081 0.041 34.651 33.647
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According to the results in Tables 13 and 14 and Figure 4, the relative errors between
the calculated values and production data for the contents of Cu, S, and Fe in copper matte
are 1.16%, 2.05%, and 9.63%, respectively. The relative errors for the contents of Cu, S, Fe,
SiO2, CaO, MgO, and Al2O3 (pseudo-elements) in smelting slag are 1.27%, 8.08%, 0.28%,
3.45%, 4.70%, 9.12%, and 2.76%, respectively. The relative errors between the calculated
values and production data for the distribution ratios of major impurity elements such as
Pb, Zn, As, Bi, Mo, Au, and Ag in copper matte and smelting slag are 3.76%, 11.01%, 9.66%,
8.10%, 5.13%, 7.11%, and 2.39%, respectively. The reasons for these errors may include
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inaccuracies in analysis and detection, as well as inherent errors in the model itself. In order
to further improve accuracy and reliability, it is still necessary to optimize the model and
conduct more precise detection in the future. Although there are certain errors between
the production data and calculated values of the model, these errors are currently within a
controllable range. This indicates that the distribution behavior of impurity elements in
copper matte and smelting slag obtained from simulation calculations is basically consistent
with production practice. It can be seen that the established mathematical model can better
reflect the thermodynamic reaction mechanism and characteristics of the copper side-
blown smelting process and can be used as an analytical tool for subsequently revealing
the material evolution and element distribution behavior patterns of the process.

5. Conclusions

1. Based on the reaction mechanism and characteristics of the copper side-blown smelt-
ing process, a multiphase equilibrium thermodynamic calculation model was con-
structed using the method of chemical equilibrium constants. Based on this, a thermo-
dynamic simulation calculation system was developed, providing a software tool for
subsequent thermodynamic simulation analysis of the process;

2. Using the constructed model and calculation system, an example validation of the
model was conducted based on the typical operating conditions of the copper side-
blown smelting process in a domestic enterprise. The calculated results of the products
basically matched the production practice, indicating that the model can basically re-
flect the reaction characteristics of the copper side-blown process and has the potential
to predict the refining production process accurately;

3. Through calculation and comparison, it was found that the calculated values of the
main element contents and impurity element distribution ratios in the products of
the copper side-blown smelting process had small errors compared with the average
measured values of production data. The relative errors of the calculated mass
fractions of Cu, S, Fe, SiO2, CaO, MgO, and Al2O3 in copper matte and smelting slag
are less than 10%. The relative errors of the distribution ratios of impurity elements
such as Pb, Zn, As, Bi, Mo, Au, and Ag in copper matte and smelting slag are less
than 11.5%. This indicates that the constructed simulation mathematical model can
basically reflect the actual production situation of the copper side-blown smelting
process and can be used as an effective tool for subsequent systematic thermodynamic
analysis of the process.
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Appendix A

Table A1. Stoichiometry matrix for independent species.

Component Phase Cu S Fe O Pb Zn As Sb Bi Mo Ag Au Si Ca Mg Al N H C

Cu2S Mt 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeS Mt 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeO Mt 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fe3O4 Mt 0 0 3 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbS Mt 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ZnS Mt 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
As Mt 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Sb Mt 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Bi Mt 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

MoS Mt 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Ag2S Mt 0 1 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
Au Mt 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

SiO2 Sl 0 0 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
CaO Sl 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
MgO Sl 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Al2O3 Sl 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0

N2 Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0
CO2 Gas 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
H2O Gas 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0

Table A2. Stoichiometry matrix for dependent species.

Component Phase Cu S Fe O Pb Zn As Sb Bi Mo Ag Au Si Ca Mg Al N H C

Cu2S Sl 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cu2O Sl 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeS Sl 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeO Sl 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fe3O4 Sl 0 0 3 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbO Sl 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ZnO Sl 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

As2O3 Sl 0 0 0 3 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Sb2O3 Sl 0 0 0 3 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0
Bi2O3 Sl 0 0 0 3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
MoO Sl 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Ag Sl 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Au Sl 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
SO2 Gas 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SO3 Gas 0 1 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O2 Gas 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S2 Gas 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PbO Gas 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbS Gas 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ZnS Gas 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
ZnO Gas 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Zn Gas 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

AsO Gas 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
AsS Gas 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
As2 Gas 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
SbO Gas 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
SbS Gas 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Sb Gas 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

BiO Gas 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
BiS Gas 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Bi Gas 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

CO Gas 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
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Table A3. Standard thermodynamic parameters of product components.

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

Cu2S Liquid −68.100 132.462 89.665 0.000 0.000 0.000
Cu2O Liquid −130.224 96.402 99.916 0.000 0.000 0.000
FeS Liquid −64.631 91.208 62.552 0.000 0.000 0.000
FeO Liquid −257.276 57.591 68.201 0.000 0.000 0.000

Fe3O4 Liquid −993.334 198.385 213.389 0.000 0.000 0.000
SiO2 Liquid −927.548 9.310 85.774 0.000 0.000 0.000
CaO Liquid −572.908 40.980 62.762 0.000 0.000 0.000
MgO Liquid −561.018 12.833 66.946 0.000 0.000 0.000
Al2O3 Liquid −595.568 45.145 144.866 0.000 0.000 0.000

PbS Liquid −93.143 84.129 66.946 0.000 0.000 0.000
PbO Liquid −202.249 73.379 65.000 0.000 0.000 0.000
ZnS Liquid −203.005 58.661 67.002 0.000 0.000 0.000
ZnO Liquid −309.542 47.920 60.669 0.000 0.000 0.000
As Liquid 21.568 53.284 28.833 0.000 0.000 0.000

As2O3 Liquid −643.439 128.135 152.720 0.000 0.000 0.000
Sb Liquid 17.531 62.712 31.381 0.000 0.000 0.000

Sb2O3 Liquid −675.490 143.628 156.904 0.000 0.000 0.000
Bi Liquid 9.271 71.980 27.197 0.000 0.000 0.000

Bi2O3 Liquid −578.024 149.814 202.005 0.000 0.000 0.000
MoS Liquid −407.113 114.979 156.904 0.000 0.000 0.000
MoO Liquid 358.015 302.620 38.457 −1.797 −0.517 0.825
Au Liquid 0.000 47.489 −268.634 237.139 1418.47 −52.813
Ag Liquid 6.393 43.220 33.473 0.000 0.000 0.000

Ag2S Liquid −32.791 142.893 93.002 0.000 0.000 0.000
SO2 Gas −296.820 248.226 54.781 3.350 −24.745 −0.241
SO3 Gas −395.774 256.778 77.834 4.032 −42.617 −0.369
N2 Gas 0.000 191.615 35.369 1.041 −41.465 0.111
O2 Gas 0.000 205.154 34.860 1.312 −14.141 0.163
S2 Gas 128.603 228.169 34.672 3.286 −2.816 −0.312

CO2 Gas −393.515 213.774 54.437 5.116 −43.579 −0.806
CO Gas −110.544 197.665 29.932 5.415 −10.814 −1.054

H2O Gas −241.832 188.837 31.438 14.106 −24.952 −1.832
PbS Gas 127.959 251.416 37.350 0.194 −2.096 0.140
PbO Gas 68.139 240.048 41.612 −3.526 −20.136 1.014
ZnS Gas 204.322 236.404 27.713 7.021 251.297 −1.105
ZnO Gas 136.518 242.811 37.671 −0.286 −1.954 0.735
Zn Gas 130.403 160.992 20.898 −0.133 −0.067 0.034

AsO Gas 43.807 230.408 43.664 −4.280 −11.197 0.946
AsS Gas 181.400 242.065 44.417 −4.409 −6.808 0.916
As2 Gas 190.711 240.888 36.702 1.152 −1.774 −0.507
SbO Gas −103.502 238.351 47.257 −3.650 −40.324 0.512
SbS Gas 190.794 249.701 46.218 −2.657 −34.352 0.255
Sb Gas 267.181 180.273 8.955 6.151 80.063 −0.315

BiO Gas 125.690 246.413 36.508 0.526 −3.663 0.001
BiS Gas 176.552 257.878 38.237 −1.090 −3.599 0.765
Bi Gas 208.742 187.011 21.189 −0.732 −0.203 0.320
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Table A4. Activity coefficients of product components.

Component Product Activity Coefficient References

Cu2S Mt 1 [25–27]
FeS Mt 0.925/(xCu2S + 1) [25]
FeO Mt exp[5.1 + 6.2(ln xCu2S) + 6.4(ln xCu2S)

2 + 2.8(ln xCu2S)
3] [25]

Fe3O4 Mt exp[4.96 + 9.9(ln xCu2S) + 7.43(ln xCu2S)
2 + 2.55(ln xCu2S)

3] [25]
PbS Mt exp[−2.716 + 2441/T + (0 .815 − 3610/T)(80 − [Pct · Cu]mt)/100] [25]
ZnS Mt exp[−2.054 + 6917/T − (1 .522 − 1032/T)(80 − [Pct · Cu]mt)/100] [25]
As Mt exp((2180 + 3093(80 − [Pct · Cu]mt)/100)/T) [28]
Sb Mt exp((4478 + 3388(80 − [Pct · Cu]mt)/100)/T) [28]
Bi Mt exp(1900/T − 0.885) [29]

MoS Mt MQC Activity model
Au Mt 10(−3310/T+3.15) [30,31]

Ag2S Mt 10(−425/T−0.074+0.09xFeS) [30,31]
Cu2O Sl 57.14xCu2O [25]
Cu2S Sl exp(2.46 + 6.22NCu2S(mt)) [25]
FeS Sl 70 [25]
FeO Sl 1.42xFeO − 0.044 [25]

Fe3O4 Sl 0.69 + 56.8xFe3O4 + 5.45xSiO2 [25]
SiO2 Sl 2.1 [32]
CaO Sl 1 [32]
MgO Sl 1 [32]
Al2O3 Sl 1 [32]
PbO Sl exp(−3926/T) [30]
ZnO Sl exp(400/T) [33]

As2O3 Sl 3.838 exp(1523/T) · P0.158
O2

[30]
Sb2O3 Sl exp(1055.66/T) [30]
Bi2O3 Sl exp(−1055.66/T) [30]
MoO Sl MQC Activity model
Au Sl 480 [31,34]
Ag Sl 920 [31,35]
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