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Abstract: In this paper, the thermodynamic properties of the PbO-ZnO-FeO-Fe2O3-SiO2-CaO six-
component slag system were studied by using the molecular-ion coexistence theory, and the influence
of slag composition changes on the activity of each structural unit was analyzed. The results show
that the calculated value of the activity model is in good agreement with the measured value of the
experiment, and the activity of each structural unit is greatly affected by the composition of the slag,
but less affected by the temperature. High temperature is conducive to the decomposition of lead
silicate and the formation of calcium-containing compounds, but the activity of ZnO will decrease.
When the mass fraction of PbO increases, the main reaction is to combine with PbO·SiO2 to form
2PbO·SiO2. Increasing the mass fraction of ZnO and CaO is beneficial to the decomposition of lead
silicate and an increase in PbO activity. When the iron-silicon ratio increases, it will promote the
decomposition of lead silicate and the formation of ZnO·Fe2O3, so the activity of PbO will increase
and the activity of ZnO will decrease. When the calcium-silicon ratio is low, the binary combination
product of CaO and SiO2 is mainly CaO·SiO2, and when the calcium-silicon ratio rises above 0.5, the
activities of 2CaO·SiO2 and 3CaO·2SiO2 will increase rapidly.

Keywords: high-lead slag; molecular-ion coexistence theory; activity; thermodynamic model

1. Introduction

Because lead-based solid waste has the characteristics of scattered sources, miscella-
neous mineral phases, and is low grade and polymetallic, there are still many problems in
the treatment, and an energy-saving and environmentally friendly treatment system has
not been designed [1,2]. One of the current solutions is the co-smelting of lead-based solid
waste and primary ore. Its advantages are mainly manifested in the following aspects. First
of all, one of the common characteristics of lead-based solid waste is that there are no self-
heating materials, and most of them are mainly metal oxides and sulfates. If they are treated
separately, more energy will be consumed. The primary ore lead smelting is autothermal
smelting, which relies on the oxidation reaction of sulfide and low-priced iron compounds
to provide heat; the lead-based solid waste and primary ore are smelted together, and the
heat released during primary ore smelting can be used as solid waste. Melting provides
energy, which has a good effect on energy saving. Secondly, many elements in the lead-
based solid waste can complement the elements in the primary ore to complete the slagging
reaction during smelting, which can reduce the amount of auxiliary materials added in the
smelting of the primary ore and can also play a role in saving resources. Therefore, primary
ore collaborative lead-based solid waste smelting has obvious advantages in hazardous
waste treatment, energy and resource conservation, etc., and the development of primary
ore collaborative lead-based solid waste green smelting technology will help solve the
environmental problems and problems caused by lead-based solid waste stockpiling. It is
of great significance to promote the effective utilization of secondary resources.

A large number of studies by metallurgical workers have shown that there are many
components and complex structures in the slag of the pyrometallurgical process. The
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activity of each component in the slag largely determines the reaction that occurs in the
pyrometallurgical process and has a significant impact on the phase composition of the
slag. The research methods of activity mainly include the electromotive force method [3],
the slag-gas equilibrium experiment method [4,5], etc. In addition, some scholars use
theoretical models to predict the activity of melts, mainly including molecular structure
theory [6,7], ionic structure theory [8], ion-molecule coexistence theory [9], polyelectron
theory [10], etc. Although some scholars at home and abroad have conducted relevant
phase equilibrium and activity studies on smelting slag systems containing PbO [11,12],
there are few thermodynamic studies on primary ore collaborative lead-based solid waste
smelting. Due to the shortcomings of high-temperature experimental measurement, such
as complex operation, low precision, and high cost, it is very necessary to study the
thermodynamic properties of high-temperature melts theoretically.

Among the many theoretical models of slag activity, the most widely used is the
ion-molecule coexistence theory (IMCT). The prototype of this theory is the “Slag Ion
Theory Considering Undecomposed Compounds” proposed by a professor from the former
Soviet Union. Based on this theory, Professor Zhang Jian of Beijing University of Science
and Technology conducted further analysis, induction, and demonstration of the activity
model, and renamed it the “Slag Structure Coexistence Theory” [13–15]. The molecular-
ion coexistence theory is considered to be able to better reflect the structure of the slag.
The mass action concentration calculated by this theoretical model can be approximately
regarded as the activity of each structural unit in the slag.

In this paper, combined with the high-temperature phase diagram of the binary slag
system and the ternary slag system in the PbO-ZnO-FeO-Fe2O3-SiO2-CaO six-component
slag system, the structural units existing in the slag are determined, and the sum of the
action concentrations of all components is stipulated to be equal to 1. Based on the principle
of mass conservation of each component of the slag, a component action concentration
(activity) model was established to analyze the influence of the slag composition changes
on the activity of each structural unit.

2. Activity Model Building
2.1. Assumptions for Thermodynamic Models

The molecular-ion coexistence theory replaces the traditional activity with the ion
pair or molecular mass action concentration in the slag, which is used to characterize the
reactivity of each component and simplifies the complex situation in the slag. That is, the
mass action concentration of structural units such as ion pairs or molecules in the PbO-ZnO-
FeO-Fe2O3-SiO2-CaO slag system can characterize its reaction ability just like the activity
in the traditional sense. In order to establish a general thermodynamic model of the mass
action concentration (activity) of each structural unit In the PbO-ZnO-FeO-Fe2O3-SiO2-CaO
slag system, it is necessary to make the following basic assumptions about the properties of
the slag:

(1) The slag is composed of simple ions (Pb2+, Zn2+, Fe2+, Ca2+, O2−, etc.) and simple
molecules such as SiO2 and Fe2O3, as well as complex molecules such as silicates and
ferrites. The structural units are independent and synergistic;

(2) The coexistence of ions and molecules is continuous throughout the composition range;
(3) Simple structural units and complex structural units can be transformed into each

other and are in dynamic equilibrium;
(4) The form that should be taken when expressing the activity of MeO is: aMeO =

NMeO = NMe2+ + NO2−

(5) The chemical reactions involving all ion pairs and molecules in the slag should obey
the law of mass action.

These assumptions establish the relationship between the number of moles of the
basic components in the slag and the mass action concentration of each structural unit, and
link the mass action concentrations of the basic components and complex molecules to the
chemical reaction equilibrium constants.
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2.2. The Mass Action Concentration of Each Structural Unit

According to the IMCT theory, there are five simple ions of Pb2+, Zn2+, Fe2+, Ca2+, and
O2−, and two simple molecules of SiO2 and Fe2O3 in the PbO-ZnO-FeO-Fe2O3-SiO2-CaO
slag system. Meanwhile, according to the phase diagrams of PbO-SiO2, CaO-SiO2, FeO-
SiO2-CaO, FeO-Fe2O3-CaO, and ZnO-Fe2O3-SiO2, in the temperature range of 1373 K~1573
K, the PbO-ZnO-FeO-Fe2O3-SiO2-CaO slag may form 16 kinds of composite molecules,
and its structural units are listed in Table 1.

Table 1. Structural unit of the PbO-ZnO-FeO-Fe2O3-SiO2-CaO slag system.

Slag Simple Ions and Molecules Complex Molecule Ref.

PbO-SiO2 Pb2+, O2−, SiO2
PbSiO3, Pb2SiO4,

Pb4SiO6
[16]

CaO-SiO2 Ca2+, O2−, SiO2
CaSiO3, Ca2SiO4,

Ca3SiO5, Ca3Si2O7, [17]

FeO-SiO2-CaO Fe2+, Ca2+,
O2−, SiO2

Ca2Fe2O5, CaFe2O4,
CaFe3O5, Fe3O4

[17]

FeO-Fe2O3-CaO Fe2+, Ca2+,
O2−, Fe2O3

Fe3O4, Ca2Fe2O5
CaFe2O4, CaFe3O5

[17]

ZnO-Fe2O3-SiO2
Zn2+, O2−,

Fe2O3, SiO2

ZnSiO3, Zn2SiO4,
ZnFe2O4

[17]

The mass action concentrations of the 22 ion pairs and molecules in Table 1 are N1,
N2, N3 . . . N22 respectively. According to the definition of mass action concentrations, the
formula for calculating Ni is shown in Formula (1). The molar numbers and mass action
concentrations are listed in Table 2.

Ni =
xi

∑ x
(1)

Table 2. Molarity and mass action concentration of each structural unit in the slag.

Structural Unit Type Structural Unit Structural Unit
Mole Number

Structural Unit Mass
Action Concentration

simple ion pair

(Pb2+ + O2−) x1 N1 = 2x1/Σx
(Zn2+ + O2−) x2 N2 = 2x2/Σx
(Fe2+ + O2−) x3 N3 = 2x3/Σx
(Ca2+ + O2−) x4 N4 = 2x4/Σx

simple molecule SiO2 x5 N5 = x5/Σx
Fe2O3 x6 N6 = x6/Σx

complex molecule

Fe3O4 x7 N7 = x7/Σx
CaO·SiO2 x8 N8 = x8/Σx

2CaO·SiO2 x9 N9 = x9/Σx
3CaO·SiO2 x10 N10 = x10/Σx
3CaO·2SiO2 x11 N11 = x11/Σx

PbO·SiO2 x12 N12 = x12/Σx
2PbO·SiO2 x13 N13 = x13/Σx
4PbO·SiO2 x14 N14 = x14/Σx
CaO·Fe2O3 x15 N15 = x15/Σx
2CaO·Fe2O3 x16 N16 = x16/Σx

CaO·FeO·Fe2O3 x17 N17 = x17/Σx
2FeO·SiO2 x18 N18 = x18/Σx

CaO·FeO·SiO2 x19 N19 = x19/Σx
ZnO·SiO2 x20 N20 = x20/Σx

ZnO·Fe2O3 x21 N21 = x21/Σx
2ZnO·SiO2 x22 N22 = x22/Σx
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In the formula, Ni is the mass action concentration of the structural unit i, xi is the
mole fraction of the structural unit i at equilibrium, and Σx is the sum of the moles of all
structural units in the slag at equilibrium, namely:

∑ x = 2
4

∑
1

xi +
22

∑
5

xi (2)

2.3. Determination of the Standard Gibbs Free Energy for the Formation Process of
Complex Molecules

All complex molecules in the slag are formed by chemical reactions of simple molecules
and ion pairs, so that the equilibrium constant of each complex molecule formation reaction
is Ki; then the mass action concentration Ni of complex molecules can be expressed by Ki
and N1~N6. Each expression of the formula is listed in Table 3.

Table 3. Complex molecule generation reaction equations and their ∆Gi
θ and Ni.

Reaction Equation ∆Gi
θ (J/mol) Ni Ref.

(Fe 2+ + O2−) + Fe2O3 = Fe3O4 −45,846 + 10.6 T N7 = K1N3N6 [18]
(Ca2+ + O2−)+ SiO2 = CaO·SiO2 −36,425 − 30.6 T N8 = K2N4N5 [18]

2(Ca2+ + O2−)+ SiO2 = 2CaO·SiO2 −118,905 − 11.3 T N9 = K3N4
2N5 [18]

3(Ca2+ + O2−)+ SiO2 = 3CaO·SiO2 −118,905 − 7.2 T N10 = K4N4
3N5 [18]

3(Ca2+ + O2−)+ 2 SiO2 = 3CaO·2SiO2 −236,973 + 9.6 T N11 = K5N4
3N5

2 [18]
(Pb2+ + O2−) + SiO2 = PbO·SiO2 −25,121 + 1.3 T N12 = K6N1N5 [18]

2(Pb2+ + O2−) + SiO2 = 2PbO·SiO2 −33,494 − 6.7 T N13 = K7N1
2N5 [18]

4(Pb2+ + O2−) + SiO2 = 4PbO·SiO2 −67,118 − 615.9T + 99.1 TlnT − 0.05T2 N14 = K8N1
4N5 [11]

(Ca2+ + O2−)+ Fe2O3 = CaO·Fe2O3
−99,218 + 526.6T − 152.83 TlgT (700~1216 ◦C)

51,672.2 + 205.21 T − 83.46 TlgT (1216~1460 ◦C) N15 = K9N4N6 [11]

2(Ca2+ + O2−) + Fe2O3=2CaO·Fe2O3 −53,172 − 2.5 T N16 = K10N4
2N6 [18]

(Ca2+ + O2−) + (Fe2+ + O2−) + Fe2O3 = CaO·FeO·Fe2O3 −14,654 − 27.2 T N17 = K11N3N4N6 [18]
2(Fe2+ + O2−) + SiO2 = 2FeO·SiO2 −32,260 + 15.3 T N18 = K12N3

2N5 [18]
(Fe2++ O2−) + SiO2 + (Ca2+ + O2−) = CaO·FeO·SiO2 −72,997 − 29.3 T N19 = K13N3N4N5 [18]

(Zn 2+ + O2−) + SiO2 = ZnO·SiO2 −1180.89 − 0.2035 T N20 = K14N2N5 [18]
(Zn 2 + + O2−) + Fe2O3 = ZnO·Fe2O3 −1133.88 − 0.2568 T N21 = K15N2N6 [18]

2(Zn 2+ + O2−) + SiO2 = ZnO·SiO2 −1156.79 − 0.3117 T N22 = K16N2
2N5 [18]

The equilibrium constant Ki in the above chemical reaction is calculated from the
standard Gibbs free energy change ∆Gi

θ of the reaction according to Formulas (3) and (4).

∆Gθ
i = −RT ln Ki (3)

Namely:

Ki = e−
4Gθ

i
RT (4)

It is worth mentioning that when calculating the standard Gibbs free energy change
∆Gi

θ of complex molecules composed of ion pairs and simple molecules, the ∆Gi
θ in which

the reactants and products are both in solution should be calculated, that is, ∆Gθ
solution.

Taking the reaction of metal oxide MeO and SiO2 to generate mMeO·nSiO2 as an example,
the reaction formula is as follows:

m(Me2+ + O2−) + nSiO2 = mMeO · nSiO2, ∆Gθ
solution (5)

where m and n are positive integers, ∆Gθ
solution is the Gibbs free energy change in the

reaction when the reactants and products are in solution. However, it is often difficult
to obtain thermodynamic data in the dissolved state, and it is relatively easy to obtain
thermodynamic data if the reaction is carried out in the solid state. The solid state reaction
equation is:

m(Me2+ + O2−)s + n(SiO2)s = (mMeO · nSiO2)s, ∆Gθ
solid (6)



Metals 2023, 13, 734 5 of 14

where ∆Gθ
solid is the Gibbs free energy change in the reaction when both the reactants and

the products are solid.
Dissolving a certain solid phase component into the slag can be divided into two steps.

The first step is to melt the component from the solid phase to the liquid phase, and the
second step is to dissolve the molten liquid phase into the slag. Thus there are:

∆Gθ
solution = ∆Gθ

solid + ∆ f usGθ
i + ∆solGθ

i (7)

Among them, ∆ f usGθ
i is the standard Gibbs free energy change in the melting process,

and ∆solGθ
i is the standard Gibbs free energy change for dissolving the molten liquid phase

into the slag.
Studies have shown that [19], the standard Gibbs free energy change in the component

melting process ∆ f usGθ
i and the standard Gibbs free energy change in the component

dissolving into the slag from the liquid state ∆solGθ
i are equal in magnitude and opposite

in sign, so they can cancel each other out. That is, the standard Gibbs free energy for the
formation of complex molecules, whether in solid state or in solution, so ∆Gθ

solid=∆Gθ
solution.

Therefore, in this paper, the Gibbs free energy change in complex molecular formation
reactions is calculated using ∆Gθ

solid.
In the studied PbO-ZnO-FeO-Fe2O3-SiO2-CaO six-component slag system, the ∆Gi

θ

of partial reactions can be directly obtained by consulting the literature or thermodynamic
handbooks. Some that are difficult to obtain directly can be obtained from thermodynamic
handbooks or basic data in the literature to make a derivation. The derived formula is
shown in Formulas (8)–(10).

∆Hθ
298K = ∑ (np∆Hθ

p,298K)−∑ (nr∆Hθ
r,298K) (8)

∆ΦT = ∑ (npΦp,T)−∑ (nrΦr,T) (9)

∆Gθ
T = ∆Hθ

298K − T∆ΦT (10)

In the formula, np and nr are the stoichiometric coefficients of the products and reac-
tants, respectively; ∆Hθ

p, 298 K and ∆Hθ
r, 298 K are the standard molar formation enthalpy

of the products and reactants at 298 K, Φp,T and Φr,T, respectively. The standard Gibbs
function of products and reactants at temperature T, ∆Hθ

298K is the standard formation
enthalpy of the whole reaction at temperature T, and ∆ΦT is the standard Gibbs function
of the whole reaction at temperature T. By calculating ∆GT at different temperatures T,
a series of ∆GT-T data for each reaction can be obtained, and the relationship between
∆Gi and temperature T for each reaction can be obtained through linear fitting, that is,
∆Gi = A + B T.

2.4. Calculation of Mass Action Concentration

We assume that the mole numbers of PbO, ZnO, FeO, CaO, SiO2, and Fe2O3 in the
PbO-ZnO-FeO-Fe2O3-SiO2-CaO slag system before equilibrium are n1, n2, n3, n4, n5, and n6,
and that for each structural unit ‘i’ the mole number is xi, and the mass action concentration
is Ni.

According to the ion-molecule coexistence theory, when the equilibrium is reached,
the sum of the mass action concentrations of all structural units in the slag is 1, as shown in
Formula (11):

∑ Ni = 1 (11)

According to the law of conservation of mass, the following equations can be obtained,
see Equations (12)–(18):
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(1) The total amount of PbO remains unchanged before and after the reaction:

n1 = (0.5N1 + N12 + 2N13 + 4N14)∑ x (12)

(2) The amount of total species of ZnO remains unchanged before and after the reaction:

n2 = (0.5N2 + N20 + N21 + 2N22)∑ x (13)

(3) The total amount of FeO remains unchanged before and after the reaction:

n3 = (0.5N3 + N7 + N17 + 2N18 + N19)∑ x (14)

(4) The total amount of CaO remains unchanged before and after the reaction:

n4 = (0.5N4 + N8 + 2N9 + 3N10 + 3N11 + N15 + 2N16 +

N17 + N19)∑x
(15)

(5) The total substance amount of SiO2 remains unchanged before and after the reaction:

n5 = (N5 + N8 + N9 + N10 + 2N11 + N12 + N13 + N14 +

N18 + N19 + N20 + N22)∑x
(16)

(6) The total amount of Fe2O3 remains unchanged before and after the reaction:

n6 = (N6 + N7 + N15 + N16 + N17 + N21)∑ x (17)

Formula (18) can be transformed from Formula (12):

∑ x =
n1

0.5N1 + N12 + 2N13 + 4N14
(18)

Bring Formula (13) into Formulas (8)–(12), and eliminate ∑x to obtain Formulas (19)–(23):

n2(0.5N1 + N12 + 2N13 + 4N14)− n1(0.5N2 + N20 + N21 + 2N22) = 0 (19)

n3(0.5N1 + N12 + 2N13 + 4N14)− n1(0.5N3 + N7 + N17 + 2N18 +
N19) = 0

(20)

n4(0.5N1 + N12 + 2N13 + 4N14)− n1(0.5N4 + N8 + 2N9 + 3N10 +
3N11 + N15 + 2N16 + N17 + N19) = 0

(21)

n5(0.5N1 + N12 + 2N13 + 4N14)− n1(N5 + N8 + N9 + N10 + 2N11 +
N12 + N13 + N14 + N18 + N19 + N20 + N22) = 0

(22)

n6(0.5N1 + N12 + 2N13 + 4N14)− n1(N6 + N7 + N15 + N16 + N17 +
N21) = 0

(23)

Putting the mass action concentrations N7 ~N22 of each complex molecule in Table 3
into the Formulas (11) and (19)–(23), the Formulas (24)–(29) can be obtained:

N1 + N2 + N3 + N4 + N5 + N6 + K1N3N6 + K2N4N5 + K3N2
4 N5 +

K4N3
4 N5 + K5N3

4 N2
5 + K6N1N5 + K7N2

1 N5 + K8N4
1 N5 + K9N4N6 +

K10N2
4 N6 + K11N3N4N6 + K12N2

3 N5 + K13N3N4N5 + K14N2N5 +

K15N2N6 + K16N2
2 N5 − 1 = 0

(24)
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n2(0.5N1 + K6N1N5 + 2K7N2
1 N5 + 4K8N4

1 N5)− n1(0.5N2 + K14N2N5 +

K15N2N6 + 2K16N2
2 N5) = 0

(25)

n3(0.5N1 + K6N1N5 + 2K7N2
1 N5 + 4K8N4

1 N5)− n1(0.5N3 + K1N3N6 +

K11N3N4N6 + 2K12N2
3 N5 + K13N3N4N5) = 0

(26)

n4(0.5N1 + K6N1N5 + 2K7N2
1 N5 + 4K8N4

1 N5)− n1(0.5N4 + K2N4N5 +

2K3N2
4 N5 + 3K4N3

4 N5 + 3K5N3
4 N2

5 + K9N4N6 + 2K10N2
4 N6 +

K11N3N4N6 + K13N3N4N5) = 0

(27)

n5(0.5N1 + K6N1N5 + 2K7N2
1 N5 + 4K8N4

1 N5)− n1(N5 + K2N4N5 +

K3N2
4 N5 + K4N3

4 N5 + 2K5N3
4 N2

5 + K6N1N5 + K7N2
1 N5 + K8N4

1 N5 +

K12N2
3 N5 + K13N3N4N5 + K14N2N5 + K16N2

2 N5) = 0

(28)

n6(0.5N1 + K6N1N5 + 2K7N2
1 N5 + 4K8N4

1 N5)− n1(N6 + K1N3N6 +

K9N4N6 + K10N2
4 N6 + K11N3N4N6 + K15N2N6) = 0

(29)

Equations (24)–(29) are the activity models of the PbO-ZnO-FeO-Fe2O3-SiO2-CaO
slag system. When the composition and temperature of the slag system are determined,
n1~n6 and K1~K16 are known numbers, so there are six equations in the nonlinear equation
system composed of Equations (24)–(29), and N1~N6 are unknown numbers, which can be
solved iteratively by least squares programming.

3. Validation of the Activity Model
3.1. Verification of PbO Activity

D. Matsura studied the activity of PbO in the FeOx-CaO-SiO2-Na2O slag system
through the slag-gold equilibrium experiment [20]. In order to simplify the slag composi-
tion, the literature defines the following:

R =
ωCaO

ωCaO + ωSiO2
(30)

Q =
ωFeOx

ωFeOx + ωCaO + ωSiO2
(31)

In the formula, R is the basicity; Q is the ratio of iron oxides; ωFeOx , ωCaO, and ωSiO2
are the mass fractions of FeOx, CaO, and SiO2, respectively.

When FeO: Fe2O3 = 5:1, the mass fraction of PbO is 1%, and the temperature is 1573 K;
the comparison between the mass action concentration value of NPbO calculated by the
activity model and the experimentally measured activity value is shown in Figure 1:
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It can be seen from Figure 1 that the calculated value of the activity model is in good
agreement with the experimental measured value, but the deviation from the experimental
measured value increases with the increase in Q, which may be caused by the fact that the
two types of slag are not completely the same. In the case of Q ≤ 0.42, the model has good
accuracy in calculating the activity of PbO. It can be considered that this model can reflect
the structural characteristics of the PbO-ZnO-FeO-Fe2O3-SiO2-CaO slag system.

3.2. Verification of ZnO Activity

Taskinen [21], Sugimoto [22], and Richardson [23] studied the activity of ZnO in the
PbO-SiO2-CaO slag system, respectively, and the comparison results of the experimental
measurement value (aExp) and the model calculation value (NCal) are as follows in Figure 2.
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It can be seen from Figure 2 that the calculated value of ZnO mass action concentration
is in good agreement with the measured value obtained from previous experimental
studies, with an average deviation of 18.86%. The calculated mass action concentration is
in better agreement with Taskinen’s measurement results, and there are some deviations
from Sugimoto’s measurement results. The area of deviation is that the activity of zinc
oxide is between 0.25 and 0.75.

3.3. Verification of FeO Activity

The experimental measurement data of Iwase [24], Fujita [25], and Distin [26] were
used to verify the calculated value of FeO activity, and the results are shown in Figure 3.
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It can be seen from Figure 3 that the calculated activity of FeO is in good agreement
with the measured value as a whole. In the area with high FeO activity, the calculated
value is very close to the predicted value, and the area with a large deviation is mainly
concentrated in the range of the FeO activity value between 0.4 and 0.7; the calculated
value of FeO will be slightly lower than the measured activity value.

4. Results and Discussion

In order to study the influence of temperature and slag type on the activity of each
structural unit of high-lead slag, the slag type shown in Table 4 was designed. F/S and C/S
are the iron-silicon ratio and the calcium-silicon ratio, respectively, and they will affect the
physical properties of the slag.

Table 4. Composition of the designed slag type (mass fraction).

Number PbO ZnO FeO Fe2O3 SiO2 CaO F/S C/S

1 35.00 5.00 20.00 4.00 24.00 12.00 0.76 0.50
2 40.00 5.00 18.33 3.67 22.00 11.00 0.76 0.50
3 45.00 5.00 16.67 3.33 20.00 10.00 0.76 0.50
4 50.00 5.00 15.00 3.00 18.00 9.00 0.76 0.50
5 55.00 5.00 13.33 2.67 16.00 8.00 0.76 0.50
6 50.00 5.00 10.71 2.14 21.43 10.71 0.46 0.50
7 50.00 5.00 13.04 2.61 19.57 9.78 0.61 0.50
8 50.00 5.00 16.67 3.33 16.67 8.33 0.92 0.50
9 50.00 5.00 18.10 3.62 15.52 7.76 1.07 0.50

10 50.00 5.00 17.86 3.57 21.43 2.14 0.76 0.10
11 50.00 5.00 16.30 3.26 19.57 5.87 0.76 0.30
12 50.00 5.00 13.89 2.78 16.67 11.67 0.76 0.70
13 50.00 5.00 12.93 2.59 15.52 13.97 0.76 0.90
14 50.00 1.00 16.33 3.27 19.60 9.80 0.76 0.50
15 50.00 3.00 15.67 3.13 18.80 9.40 0.76 0.50
16 50.00 7.00 14.33 2.87 17.20 8.60 0.76 0.50
17 50.00 9.00 13.67 2.73 16.40 8.20 0.76 0.50

4.1. Influence of Temperature on the Activity of Each Structural Unit of Slag

We calculated the activity of each structural unit of 4# slag in Table 4 in the temperature
range of 1373 K to 1573 K, and the calculation results are shown in Figure 4.

It can be seen from Figure 4 that among all lead-containing compounds, PbO has the
largest activity, followed by 2PbO·SiO2 and PbO·SiO2, while the activity of 4PbO·SiO2 is
very small, and the maximum activity is in the range of 1373 K~1573 K; The value is also
only 4.75 × 10−4. It shows that the main forms of Pb in high-lead slag are PbO, 2PbO·SiO2,
and PbO·SiO2. As the temperature increases, the activity of PbO increases continuously,
while the activities of 2PbO·SiO2 and PbO·SiO2 decrease continuously, indicating that high
temperature is beneficial to the decomposition of lead silicate.

The activities of zinc-containing compounds from large to small are ZnO, ZnO·Fe2O3,
ZnO·SiO2, and 2ZnO·SiO2. As the temperature increases from 1373 K to 1573 K, the activity
of ZnO decreases from 0.14297 to 0.13507. The activities of ZnO·Fe2O3 and ZnO·SiO2
increased, and the activity of 2ZnO·SiO2 decreased slightly. It can be considered that
the temperature has little effect on the activity of zinc-containing compounds, but the
tendency of ZnO to transform into zinc iron spinel and zinc silicate increases when the
temperature increases.

Among all iron-containing compounds, FeO has the highest activity. In the studied
temperature range, its activity remains above 0.27 and increases to 0.2834 at a temperature
of 1573 K. It is the largest activity structural unit of the slag type in the range of 1373~1573 K.
It is worth noting that with the increase in temperature, the activity of FeO and Fe2O3 will
increase slightly, and the activity of Fe3O4 will decrease slightly. The trend of combining
FeO and Fe2O3 to form Fe3O4 is weakened at high temperature. As the temperature
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increases, the activities of CaO·FeO·Fe2O3, CaO·Fe2O3, and 2CaO·Fe2O3 ferrite calcium
salts all increase, and the activities of CaO·FeO·SiO2 and 2FeO·SiO2 decrease, which also
shows that when the temperature increases, part of Fe combined with SiO2 will be combined
with CaO instead.
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Unlike other initial components such as PbO, ZnO, FeO, etc., the activity of free CaO
in the slag is very small, indicating that most of CaO will react with SiO2 and iron oxides
in the slag to form various complex molecules. Among them, CaO·FeO·SiO2 has the
largest activity. Among the complex molecules formed by the combination of CaO and
SiO2, the activity of CaO·SiO2 is much greater than that of 2CaO·SiO2, 3CaO·2SiO2, and
3CaO·SiO2. The reason may be that the CaO content is not much or the temperature is not
high enough. When the temperature rises, it can be found that the activity of 3CaO·SiO2
increases significantly, indicating that the rise in temperature is beneficial to its formation.

4.2. Effect of Slag Composition Variation on Activity of Pb-Zn Compounds

In order to explore the influence of slag composition changes on the activity of lead-
zinc compounds, the mass concentration of each structural unit of 1#~17# slag at 1473 K
was calculated, and the results are shown in Figure 5.

It can be seen from Figure 5a that when the mass fraction of PbO is 35%, the activity
of PbO is only 0.1056, and when the mass fraction of PbO is 55%, the activity is 0.2498.
With the increase in the mass fraction of PbO, the activity of PbO increased rapidly, and
the increasing trend became faster and faster. At the same time, the activity of PbO·SiO2
decreases and the activity of 2PbO·SiO2 increases. It shows that when the mass fraction of
PbO is low, it mainly combines with SiO2 to form PbO·SiO2, and when the mass fraction of
PbO increases, part of PbO will continue to combine with PbO·SiO2 to form 2PbO·SiO2.
The activity of ZnO will also increase with the increase in the mass fraction of PbO, which
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may be caused by the decrease in the amount of ZnO combined with SiO2 due to the
increase in PbO.
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As shown in Figure 5b, when the mass fraction of ZnO increases, in addition to the
activity of various zinc-containing compounds increasing, the activity of PbO will also
increase, while the activities of PbO·SiO2 and 2PbO·SiO2 will decrease; it shows that the
increase in ZnO will decompose part of PbO·SiO2 and 2PbO·SiO2. It can be seen that the
activity and increase rate of ZnO are much greater than those of other zinc-containing
compounds, indicating that zinc in this slag system mainly exists in the form of ZnO.

According to Figure 5c, the increase in the iron-silicon ratio will lead to an increase
in the activity of PbO, and the activity of PbO·SiO2 and 2PbO·SiO2 will decrease, which
is also caused by the reduction in SiO2 that can be combined with PbO. At the same time,
the activity of ZnO and ZnO·SiO2 will also decrease, while the activity of ZnO·Fe2O3 will
increase significantly. When the iron-silicon ratio increases from 0.46 to 1.07, the activity
of ZnO·Fe2O3 increases from 0.00350 to 0.01965, indicating that when the iron content
increases, a part of ZnO will react with it to form the zinc-iron spinel phase.

It can be seen from Figure 5d that the increase in the calcium-silicon ratio has a great
influence on the activity of lead-containing compounds. When the calcium-silicon ratio
increases to 0.9, the activity of PbO increases sharply to 0.362, while the activity of PbO·SiO2
will also decrease rapidly, and the activity of 2PbO·SiO2 will also decrease after the calcium-
silicon ratio is greater than 0.5. The possible reason is that the binding ability of CaO to
SiO2 is stronger than that of PbO. Similar to PbO, the activity of ZnO also increases with
the increase in the calcium-silicon ratio, but its increasing trend gradually tends to be flat,
probably because the ZnO·SiO2 and 2ZnO·SiO2 in the slag are less and less at this time.
ZnO almost all exist in free form.
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4.3. The Change in Calcium Silicate Activity When Calcium-Silicon Ratio Increases

It can be seen from the previous research that the change in the calcium-silicon ratio
has a great influence on the composition and properties of the slag, so it is necessary to
study the activity of calcium-silicate in the slag when the calcium-silicon ratio changes.
When the calcium-silicon ratio increases from 0.1 to 0.9, the calculated activity values of the
binary calcium silicate in the slag are shown in Figure 6.
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Figure 6. Activity of binary binding products of CaO and SiO2 at different CaO/SiO2.

Figure 6 shows the activities of CaO·SiO2, 2CaO·SiO2, and 3CaO·2SiO2 at different
calcium-silicon ratios at a temperature of 1473 K (the activity value of 3CaO·SiO2 is not
shown in the figure). It can be seen that when the calcium-silicon ratio is low, CaO and SiO2
are mainly combined into CaO·SiO2, and as the calcium-silicon ratio increases, 2CaO·SiO2
and 3CaO·2SiO2 with higher melting points appear, and the activity continues to increase.
When the calcium-silicon ratio is 0.5, the activity of 2CaO·SiO2 is still relatively small,
but when the calcium-silicon ratio increases to 0.7, the activity of 2CaO·SiO2 increases by
6.2 times. In order to reduce the viscosity of the slag, the calcium-silicon ratio should be
around 0.5.

5. Conclusions

The calculated results of the activity model are in good agreement with the experi-
mental measurements, which can better reflect the real structural characteristics of the slag.
The activity of each structural unit is greatly affected by the composition of the slag, but
less affected by temperature. High temperature is conducive to the decomposition of lead
silicate and the formation of calcium-containing compounds, but the activity of ZnO will
decrease, and the tendency of FeO and Fe2O3 to form Fe3O4 will be weakened. When the
mass fraction of PbO increases, the main reaction is to combine with PbO·SiO2 to form
2PbO·SiO2. Increasing the mass fraction of ZnO and CaO is beneficial to the decomposition
of lead silicate and an increase in PbO activity. When the iron-silicon ratio increases, it will
promote the decomposition of lead silicate and the formation of ZnO·Fe2O3, so the activity
of PbO will increase and the activity of ZnO will decrease. When the calcium-silicon ratio
is low, the binary combination product of CaO and SiO2 is mainly CaO·SiO2, and when
the calcium-silicon ratio rises above 0.5, the activities of 2CaO·SiO2 and 3CaO·2SiO2 will
increase rapidly.
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