
Academic Editor: Mark E. Schlesinger

Received: 7 November 2025

Revised: 23 November 2025

Accepted: 30 November 2025

Published: 9 December 2025

Citation: Wang, Z.; Zhou, M.; Wang,

Y.; Du, X.; Zhao, Q. Study on the

Kinetics of Zinc Leaching Residue

Smelting Reduction. Metals 2025, 15,

1351. https://doi.org/10.3390/

met15121351

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Study on the Kinetics of Zinc Leaching Residue Smelting Reduction
Zihao Wang 1, Mei Zhou 1, Yingjiang Wang 1, Xinwei Du 1 and Qiuyue Zhao 2,*

1 School of Metallurgy, Northeastern University, Shenyang 110819, China; wangzh56@mails.neu.edu.cn (Z.W.);
mei.zhou331949@seres.cn (M.Z.); 18213190476@163.com (Y.W.); duxw2@mails.neu.edu.cn (X.D.)

2 National Frontier Science Center for Industrial Intelligence and System Optimization, Shenyang 110819, China
* Correspondence: zhaoqy@mail.neu.edu.cn

Abstract

This study investigates the desulfurization and smelting reduction processes of zinc leach-
ing residue and analyzes the kinetics of the desulfurization and smelting reduction pro-
cesses of zinc leaching residue. The results showed that, when the desulfurization tempera-
ture was 1623 K and the desulfurization time was 27 min, the desulfurization rate of zinc
leaching residue was over 95%. When the melting reduction temperature is 1773 K and
the melting reduction time is 40 min, the zinc reduction rate is over 98%, and when the
melting reduction time is 100 min, the iron reduction rate is over 98%. The desulfurization
process of zinc leaching residue is jointly controlled by mass transfer diffusion and interfa-
cial chemical reactions (1373~1623 K), and the kinetic equation is [1 − (1 − x)1/3]2 =
21,897.11 × exp[−202.881/RT]t. The smelting reduction process of desulfurization
slag is jointly controlled by interfacial chemical reactions and mass transfer diffusion
(1673~1773 K). The kinetic equation of the zinc smelting reduction process is 1 − 2R/3 −
(1 − R)2/3 = 4185.03 × exp[−194.78/RT]t. The kinetic equation of the iron smelting
reduction process is 1 − (1 − R)1/3 = 8672.22 × exp[−207.13/RT]t.

Keywords: zinc leaching residue; desulfurization; melting reduction; dynamics research

1. Introduction
At present, more than 85% of zinc smelters in the world adopt the wet zinc smelting

process. During the wet zinc smelting process, a large amount of zinc leaching residue is
inevitably generated during the leaching stage [1]. Zinc leaching residue contains various
valuable metals. As shown in Table 1, almost all zinc leaching residues contain a high
amount of zinc and iron [2]. The increasing amount of zinc leaching residue not only
causes a large amount of valuable metal waste, such as Fe, Zn, and Pb, but also results in a
significant waste of land resources, and safety hazards such as dam collapse also arise [3].

This study proposes the smelting reduction treatment of zinc leaching residue. In
the zinc leaching residue recovery process, in terms of wet metallurgy, because of rela-
tively high iron content in the zinc sulfide ore, a significant portion of zinc is unavoidably
converted into zinc ferrite [4,5]. Zeqiang X et al. [6] used CaO to degrade the structure of
zinc ferrite, and then the ammonia leaching method was applied to recover zinc; Zhang C
et al. [7] adopted the sulfur dioxide reduction leaching process instead of the traditional
hot-acid leaching method. In addition, multiple studies have replaced traditional processes
with innovative methods to recover valuable metals from zinc leaching slag, in order to
improve recovery efficiency [8–10]. Huimin X et al. [11] developed an ultrasonic-assisted
one-stage leaching process and compared it with a two-stage leaching process under con-
ventional conditions. In terms of pyrometallurgy, the applications and the development
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of pyrometallurgy are impeded by some drawbacks like high energy and resource con-
sumption, expensive operating costs, and serious air pollution [12–14]. However, with
the continuous improvement in process optimization and exhaust gas treatment tech-
nology [15], the pyrometallurgical process is still widely used as a zinc slag treatment
technology. Ao Z et al. [16] investigated the industrial application of this process, and the
material balance was analyzed using data collected by field sampling and quantitative
analysis; Zhang Z et al. [17] proposed a novel technology for the recovery of zinc from the
zinc leaching residue by the bottom-blown reduction process. The effects of reduction tem-
perature, reduction time, coal rate, and lime addition on the metal content in the slag and
the volatilization rate of lead and zinc during reduction were evaluated. In other aspects,
Yunpeng D et al. [18] studied the recovery of zinc (Zn) and silver (Ag) from ZLR wastes
from zinc hydrometallurgy workshops using water leaching followed by flotation. Liu J
et al. [19] studied the effect of key parameters, i.e., grinding fineness, dosage of collectors,
and dosage of sodium chloride on the flotation performance. Zeng W et al. [20] studied the
process of treating zinc leaching residue by cavitation and dissociation technology. Through
the process optimization test, the control technology of zinc leaching residue monomer
is formed.

Table 1. Valuable metal components and contents in zinc leaching residue from domestic zinc smelters [2].

Factory Address Zn(%) Pb(%) Ag/(G·t−1) Fe(%) Cu(%) Mn(%)

Hunan 35.99 1.73 - 15.39 0.52 0.74
Guangdong 19.88 3.77 550 24.72 - -

Yunnan 24.75 0.099 97.2 25.68 1.12 0.13
Western Hunan 3.941 6.401 - 7.757 - 0.46

Shandong 7.85 5.20 350 9.51 - -
Inner Mongolia 3.34 6.81 600 17.04 0.18 -

This study proposes the smelting reduction treatment of zinc slag while extracting
metallic iron and zinc elements together. The aim of this study is to analyze the effects
of reduction temperature, reduction time, and other factors on the desulfurization and
smelting reduction processes of zinc leaching residue; to determine the applicable kinetic
model; and to provide basic data for the technology of collaborative extraction of iron and
zinc in the smelting reduction treatment of zinc leaching residue.

2. Materials and Methods
The zinc leaching residue used in this study comes from Henan, China. Its main

chemical composition and XRD pattern (BRUKER, Billerica, MA, USA) are shown in
Table 2 and Figure 1, respectively. Table 2 shows that the iron content in the zinc leaching
residue is the highest, followed by zinc. Figure 1 shows that iron in the zinc leaching
residue mainly exists in the form of ZnFe2O4; zinc mainly exists in three forms: ZnSO4,
ZnFe2O4, and ZnS; silicon mainly exists in the form of SiO2; lead mainly exists in the form
of PbSO4, and calcium mainly exists in the form of CaSO4.

The reducing agent is coke. The main components of coke are shown in Table 3. The
slag-forming agent used is CaO (analytical grade, Tianjin Yongda Ltd., Tianjin, China). By
adding CaO, the alkalinity of the slag is adjusted; the melting point of the slag system is
lowered, and the separation of slag and metal is promoted.

The experimental parameters for desulfurization of zinc leaching residue are shown
in Table 4. The ground zinc leaching residue (50 g) was thoroughly mixed with coke
and calcium oxide in proportion and placed in a resistance furnace (Northeastern Uni-
versity, Shenyang, Liaoning, China) to raise the temperature to the preset experimental
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temperature. After the reaction was completed, the samples obtained from desulfurization
were analyzed.

Figure 1. XRD pattern of zinc leaching residue.

Table 2. Main chemical components of zinc leaching residue.

Component Si Ca S TFe Zn Pb

Content (wt.%) 7.14 5.40 8.45 19.70 14.00 2.49

Table 3. Main components of coke.

Component Fixed Carbon Volatile
Matter

Ash
Compositions Moisture

Content (%) 83.57 5.39 9.24 1.80

Table 4. Zinc leaching residue desulfurization parameters.

Factor Parameter

Temperature/◦C 1100 1200 1250 1300 1350

Desulfurization Time/min 3 9 15 21 27

In the pre-reduction experiment, we investigated the effect of 0.6–1.0 W (CaO)/W
(SiO2) on melt reduction. When the calcium silicon ratio was 0.6–0.9, the reduction rates
of iron and zinc gradually increased with the increase in calcium oxide addition. When
W (CaO)/W (SiO2) exceeded 0.9, the reduction rates of iron and zinc changed weakly, so
we chose W(CaO)/W(SiO2) = 0.9. The main parameters of desulfurization slag smelting
reduction are shown in Table 5. A total of 180g of uniformly mixed desulfurization slag,
calcium oxide, coke, and other raw materials and reagents are taken for the smelting
reduction reaction.

The equipment used in this study is a resistance furnace, as shown in Figure 2. The
size of the reaction vessel used in the experiment is a corundum crucible with a height
of 120 mm and an inner diameter of 48 mm. The Pt− 13 pct Rh/Pt thermocouple at the
bottom of the crucible is used to measure the temperature of the slag. The temperature
control program of the computer can control the temperature of the electric furnace and
adjust the heating rate, with a temperature control accuracy of 1 ◦C.
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Table 5. Melting reduction parameters of desulfurization slag.

Factor Temperature/K Reduction
Time/min W(CaO)/W(SiO2) Charcoal Ratio

Parameter 1673, 1723, 1773 0~100 0.9 20:3
Note: Charcoal ratio represents quality of slag/quality of coke.

Figure 2. Experimental resistance furnace.

3. Results and Discussion
3.1. Desulfurization Process

Figure 3 shows the variation of the desulfurization rate with temperature and time.
It can be seen that the overall desulfurization rate increases with the increase in reaction
temperature and time. The growth is relatively slow from 1373 K to 1473 K, and the
desulfurization rate increases significantly with the increase in temperature from 1473 K
to 1573 K at a desulfurization time of 27 min. When the temperature reaches 1623 K, the
desulfurization rate is over 95%, which is consistent with the research results of Liu Yang
et al. [21]. In this study, 1623 K was selected as the appropriate desulfurization temperature.
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Figure 3. Effect of temperature and time on desulfurization rate.
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At a desulfurization temperature of 1623 K and a desulfurization time of 3–27 min,
the desulfurization rate increased from 90.39% to 95.47%. In this study, 1623 K and 27 min
were selected as the appropriate desulfurization temperature and time.

3.2. Smelting Reduction Process

Table 6 shows the main chemical components of desulfurization slag, from which
the experimental carbon content and calcium oxide addition amount were calculated.
Figure S1 shows the XRD pattern of desulfurization slag.

Table 6. Main chemical components of desulfurization slag.

Component CaO PbO Al2O3 SiO2 Fe2O3 ZnO Other Components

Content (wt.%) 8.83 3.56 2.71 14.4 37.8 22.9 9.8

When the smelting reduction temperature is 1773 K, the relationship between the
smelting reduction rate of zinc and iron and time is shown in Figure 4. Figure S2 shows
the XRD patterns of slag at different temperatures after 100 minutes of reduction. Within
5–20 min, the smelting reduction rate of zinc increases from 30.1% to 85%, an increase of
54.9%. Within 20–40 min, the smelting reduction rate of zinc increases from 85% to 98.6%,
an increase of 13.6%. From 0 to 40 min, the iron smelting reduction rate increased from
20.4% to 70.2%, an increase of 49.8%. From 40 to 100 min, the iron smelting reduction
rate increased from 70.2% to 98.4%, an increase of 28.2%. At 100 min, the iron smelting
reduction rate reached 98.4%, approaching the endpoint of the smelting reduction.
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Figure 4. Smelting reduction rates of zinc and iron at different melting reduction times.

When the zinc smelting reduction time is 40 min and the iron smelting reduction
time is 100 min, the relationship between the smelting reduction rate of zinc and iron
and temperature is shown in Figure 5. At 1673 K~1773 K, the zinc smelting reduction
rate increases from 80.1% to 98.6%, an increase of 18.5%; the iron smelting reduction rate
increased from 81.5% to 98.4%, an increase of 16.9%. This study selected 1773 K as the
appropriate melting reduction temperature for zinc and iron.
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Figure 5. Smelting reduction rates of zinc and iron at different melting reduction temperatures.

3.3. Kinetics Analysis of Zinc Leaching Residue Desulfurization Process

The desulfurization process of zinc leaching residue is mainly the decomposition
process of sulfate, and from a kinetic perspective, it should belong to the solid–gas reaction
model. The construction of this model is based on the unreacted core model, assuming
that the decomposition of sulfate is based on a quasi-steady state and only occurs at the
interface of the unreacted core. During the decomposition of sulfate, the production of
metal oxides is gradual, and according to the different order of metal oxide production, it is
believed that the product layer has a layered phenomenon. As the decomposition reaction
progresses, the thickness of the product layer (r0−rc) gradually increases, and the reaction
core gradually shrinks. The SO2 and O2 produced by decomposition can diffuse outward
through the gaps in the product layer.

If the desulfurization process of zinc leaching residue is controlled by interfacial
chemical reactions, the reaction rate can be expressed by the Mckwan Equation (1):

1 − (1 − x)1/3 = kt (1)

If the desulfurization process of zinc leaching residue is controlled by gas-phase
diffusion based on Fick’s first law, the reaction rate can be described by the Ginstling
Equation (2) and the Jander Equation (3):

1 − 2
3

x − (1 − x)
2
3 = kt (2)

[1 − (1 − x)
1
3 ]2 = kt (3)

In the above equation, x is the desulfurization rate; k is the surface chemical reaction
rate constant, and t is the desulfurization time.

Calculate k at different temperatures based on the fitting results and determine the
activation energy E and correlation coefficient A (1373~1723K) of the desulfurization
reaction using the Arrhenius empirical equation.

Based on the exploration of desulfurization process in Section 3.1, at the appropriate
desulfurization temperature (1623 K), as shown in Figure 6, the best linear correlation was
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obtained: [1 − (1 − x)
1
3 ]2 = kt, with a correlation coefficient of 0.955 and high credibility.

According to the Arrhenius empirical equation, an lnk−1/T relationship diagram was
drawn, as shown in Figure 7.
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Figure 6. Relationship between reaction rate equation and time at different temperatures.

(a) 1 − (1 − x)
1
3 = kt. (b) 1 − 2

3
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2
3 = kt. (c) [1 − (1 − x)

1
3 ]2 = kt.

Figure 7. Arrhenius diagram of desulfurization process.

The slope of the fitted line shown in Figure 7 is −24,402.31. According to the Arrhenius
equation, the activation energy of the reaction in the desulfurization process of zinc leaching
residue is 202.881 kJ·mol−1. Therefore, the kinetic equation of the desulfurization process
of zinc leaching residue can be simply expressed as follows:

[1 − (1 − x)
1
3 ]2 = 21897.11 × exp[−202.881/RT]t (4)
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For general chemical reactions, according to reference [22], as shown in Table 7, there
are the following criteria:

Table 7. Criteria for determining control steps.

Activation Energy Range (kJ.mol−1) E ≤ 150 150 ≤ E ≤ 400 E ≥ 400

Control steps Reaction is controlled
by diffusion

Reaction is
jointly controlled

Reaction is controlled by interfacial
chemical reactions

The desulfurization process of zinc leaching residue used in this study is jointly
controlled by interfacial chemical reactions and diffusion mass transfer.

3.4. Kinetics Analysis of Smelting Reduction Process

The smelting reduction process involves multiphase reactions, including solid–liquid
reactions, solid–gas reactions, and liquid–liquid reactions, but the main reaction is the solid–
liquid reaction. Solid–liquid reaction is the slowest operation and reaction rate control
process; using the solid–liquid (gas) reaction model, the smelting reduction process can be
expressed as follows:

1⃝ Fe3+, Fe2+, and Zn2+ in the slag diffuse towards the slag carbon reaction interface.
2⃝ Interface chemical reaction occurs, where Fe3+, Fe2+, Zn2+, CO2 react with

solid carbon.
3⃝ Products such as zinc vapor and CO undergo growth, polymerization, and rupture

to diffuse outward from the reaction interface.
The expression for the reaction rate in the smelting reduction process is the same as in

Section 3.3, where the desulfurization rate x corresponds to the reduction rate R; k is the
surface chemical reaction rate constant, and t is the reduction time.

The kinetic results of zinc and iron reduction were obtained using the method de-
scribed in Section 3.3, as shown in Figures 8–10.
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Figure 8. Relationship between reaction rate equation of iron and time at different temperatures.

(a) 1 − (1 − R)
1
3 = kt. (b) 1 − 2
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2
3 = kt. (c) [1 − (1 − R)

1
3 ]2 = kt.
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Figure 9. Relationship between reaction rate equation of zinc and time at different temperatures.
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Figure 10. Arrhenius diagram of the smelting reduction process (a) Zinc smelting reduction process.
(b) Iron smelting reduction process.

According to the Arrhenius equation and Figure 10a, the slope of the fitted line is
−23,428.53; the activation energy of the zinc smelting reduction process is calculated to
be 194.78 kJ·mol−1, and the kinetic equation of the zinc smelting reduction process can be
simply expressed as follows:

1 − 2
3

R − (1 − R)
2
3 = 4185.03 × exp[−194.78/RT]t (5)

Based on the activation energy results, the zinc smelting reduction process should
belong to mixed control. Hou et al. [23] suggests that zinc is controlled by interfacial
chemical reactions in the initial stage of smelting reduction and by diffusion mass transfer
in the second stage, which is consistent with the experimental results in this paper.

According to the Arrhenius equation and Figure 10b, the slope of the fitted line is
−24,913.72; the activation energy of the zinc smelting reduction process is calculated to
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be 207.13 kJ·mol−1, and the kinetic equation of the iron smelting reduction process can be
simply expressed as follows:

1 − (1 − R)
1
3 = 8672.22 × exp[−207.13/RT]t (6)

According to the activation energy results, the iron smelting reduction process is
jointly controlled by interfacial chemical reactions and diffusion. Sasaki Kang et al. [24]
believe that the iron smelting reduction process is controlled by the gasification reaction of
carbon (i.e., indirect reduction of carbon). The experimental results of Zhou Longwen [25]
show that the iron smelting reduction process is jointly controlled by interfacial chemical
reactions and diffusion mass transfer. Based on previous research, this study used some
empirical formulas, and the results showed that the iron smelting reduction process is
jointly controlled by interfacial chemical reactions and diffusion mass transfer.

4. Conclusions
(1) This study investigated the desulfurization and smelting reduction processes of

zinc leaching residue and found that the desulfurization conditions for zinc leaching
residue were 1623K. When the desulfurization time was 27 min, the desulfurization rate
was over 95%. The melting reduction conditions for desulfurization slag are 1773 K with a
W(CaO)/W(SiO2) ratio of 0.9. When the melting reduction time is 40 min, the zinc melting
reduction rate is over 98%. When the melting reduction time is 100 min, the iron melting
reduction rate is over 98%. According to Table S1, it can be seen that the final product is pig
iron, with an iron content of 93.86%, a carbon content of 3.97%, and sulfur and phosphorus
contents of 0.03% and 0.09%, respectively. According to Table S2, it can be seen that recycled
pig iron can be used in steelmaking.

(2) This study analyzed the kinetics of the zinc leaching residue desulfurization process
and the smelting reduction process. The desulfurization process mainly involves gas–solid
reactions, which follow the gas–solid reaction model and are jointly controlled by mass
transfer diffusion and interfacial chemical reactions. The smelting reduction process of
desulfurization slag mainly involves liquid–solid reactions, following the liquid–solid
reaction model. The smelting reduction process of zinc and iron is jointly controlled by
mass transfer diffusion and interfacial chemical reactions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/met15121351/s1, Figure S1: XRD pattern of desulfuriza-
tion slag; Figure S2: XRD patterns of slag at different temperatures after 100 minutes of reduction;
Table S1: Main components of the recycled metals; Table S2: National pig iron standards.
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