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Abstract: An efficient process based on chlorination roasting with CaCl2 was proposed to recover zinc from copper 
smelting slag. The reaction mechanism and the kinetics of the chlorination process were investigated by thermodynamic 
calculation, thermogravimetry and differential scanning calorimetry (TG−DSC) analysis and X-ray diffraction (XRD) 
methods. The results demonstrated that the temperatures of oxidative decomposition of CaCl2 and chlorination of all 
Zn-containing phases were above 774.3 and 825 °C, respectively. The chlorination roasting process was divided into 
four stages: precipitation of adsorbed water, extraction of crystallized water, oxidation of Fe-containing phases, and 
chlorination volatilization of zinc. The average apparent activation energies of the iron oxidation and zinc chlorination 
were 101.70 and 84.4 kJ/mol, respectively. The most probable mechanism function for the iron oxidation process was 
the Avrami−Erofeev model (n=2). Zinc chlorination followed the shrinking unreacted core model, and the chemical 
reaction was the rate-controlling step. 
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1 Introduction 
 

Copper is a strategic raw material widely used 
in the defense industry and new technological 
revolution [1]. At present, more than 95% of  
refined copper in China is produced by the 
pyrometallurgical process, which produce a large 
amount of copper smelting slag [2]. Copper 
smelting slag is a typical secondary resource of 
nonferrous metals, containing large amounts of 
valuable components (e.g., Cu, Zn and Pb) with 
great recycling value [3]. However, it is difficult to 
recover the valuable components from copper 
smelting slag by traditional metallurgical processes 
because of its stable structure and complicated 
multi-component system [4].  

Generally, slow-cooling flotation is the 
primary method for recovering copper from copper 

smelting slags, which is widely used in copper 
pyrometallurgy [5]. Flotation technology can 
efficiently recover copper with low energy 
consumption; however, other components in the 
copper smelting slag cannot be recycled. At present, 
many studies have been focused on the 
comprehensive utilization of copper smelting slags. 
ZHANG et al [6] proposed alkali disaggregation of 
fayalite coupled with an acid leaching process to 
extract valuable metals from copper smelting slag; 
the total leaching efficiencies of As, Zn, Fe, Cu, and 
Pb were 99.7%, 62.5%, 41.5%, 99.9%, and 99.1%, 
respectively, in the HNO3–H2O2 system. WAN    
et al [7] investigated the recovery of Co, Ni, and Cu 
from copper smelting slag by utilizing waste SO2 
gas and residual heat. The results showed that the 
recovery efficiencies of Ni, Co, and Cu were 95.8%, 
91.8%, and 81.6%, respectively, under optimized 
sulfation roasting conditions followed by water 
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leaching. ZULHAN et al [8] proposed a production 
process for ferro−silicon−manganese from a 
mixture of manganese ore and copper smelting slag 
at a temperature above 1450 °C. Although the 
above recycling methods have better recovery 
effects, the recovery processes are complex and 
require harsh operating conditions. Thus, a simple 
and efficient method to recover valuable metals 
from copper smelting slags is necessary. 

Chlorination roasting can effectively separate 
valuable metals from metallurgical solid waste, 
which has a stable structure and complicated 
multi-component system [9]. Based on the different 
properties of the raw materials and subsequent 
treatment methods, the chlorination metallurgy 
method can be divided into high-temperature and 
moderate-temperature chlorination roasting. The 
high-temperature chlorination roasting allows 
certain raw material components to react with a 
chlorine source to generate volatile chlorides, which 
can be directly collected by condensation. This 
method is typically used to recover metals whose 
chlorination reaction requires a high temperature 
(e.g., Au, Ag, Pb, and Zn) [10,11]. The moderate- 
temperature chlorination roasting can reconstruct 
targeted refractory mineral phases into easily 
leached phases. The chlorinated product can be 
treated using a hydrometallurgical process to extract 
the target metal [12]. The moderate-temperature 
chlorination roasting is usually used to recover rare 
metals (e.g., Ni, Co, Li, Ga and Rb) from nickel 
sulfide ore and electronic waste because the 
chlorination reaction temperatures of these metals 
are lower than the boiling points of their metal 
chlorides [13,14]. Both gaseous (e.g., Cl2 and HCl) 
and solid (e.g., CaCl2, MgCl2, NH4Cl, NaCl, and 
AlCl3) chlorinating agents are used [15]; however, 
as gaseous chlorinating agents easily corrode 
expensive pipelines, solid chlorinating agents are 
more suitable for the industrial production [16]. 

In our previous study, the effects of 
temperature, holding time, the dosage of CaCl2, 
roasting atmosphere on the zinc recovery efficiency 
during high-temperature chlorination volatilization 
roasting method were investigated [17]. In this 
study, we explored the mechanism of chlorination 
roasting through thermodynamic and kinetic 
analysis. The transformation law of the chloride 
source was determined by FactSage 7.1 software. 

The iron oxidation process during chlorination 
roasting was investigated by thermal analysis, 
providing theoretical basis for recovering iron from 
copper smelting slags. The critical kinetic 
parameters and mechanism of the Zn recovery 
process were determined by analyzing the reaction 
kinetics. Through this study, a new theory and 
method for resource utilization of copper smelting 
slag were established. 
 
2 Experimental 
 
2.1 Materials 

The copper smelting slag was obtained from a 
copper smeltery in Shandong Province, China, and 
the slag was depleted copper by slow-cooling 
flotation. Analytical reagent CaCl2·2H2O was used 
as the chlorinating agent. Chemical analysis of   
the copper smelting slag was performed using an 
inductively coupled plasma-optical emission 
spectrometry (ICP-OES, Optima 7300 V, Perkin 
Elmer), and the results are given in Table 1. The 
main contents in the copper smelting slag were  
2.80% Zn, 45.27% Fe, 35.07% O, and 11.75% Si. 
The occurrences of Zn and Fe in different phases of 
the copper smelting slag are given in Table 2 and 
Table 3, respectively (Detection was carried out   
in Changsha Research Institute of Mining and 
Metallurgy, China). The occurrence of Zn in 
different phases in the copper smelting slag was as 
 
Table 1 Chemical composition of copper smelting slag 
(wt.%) 

Zn Fe O Si Ca Na 

2.80 45.27 35.07 11.75 1.76 1.36 

K Cu Pb S As 

0.58 0.55 0.45 0.41 0.096 
 
Table 2 Occurrence of Zn in different Zn-containing 
phases in copper smelting slag 

Phase Content/(kg·t−1) Distribution/% 

Zn2SiO4 13.1 46.74 

ZnFe2O4 9.75 34.79 

ZnO 3.15 11.23 

ZnS 1.93 6.88 

ZnSO4 0.1 0.36 

Total 28.03 100 
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Table 3 Occurrence of Fe in different Fe-containing 
phases in copper smelting slag 

Phase Content/(kg·t−1) Distribution/% 
Fe2SiO4 242.5 53.57 
Fe3O4 202.5 44.73 
Fe2O3 3.1 0.68 
Fe2S3 2.8 0.62 

Fe 1.8 0.4 
Total 452.7 100 

 
follows: 46.74% Zn2SiO4, 34.79% ZnFe2O4,  
11.23% ZnO, 6.88% ZnS, and 0.36% ZnSO4. The 
main Fe-containing phases were Fe2SiO4 and Fe3O4 
with 53.57% and 44.73% of Fe, respectively. The 
X-ray diffraction (XRD, TTR III, Rigaku) pattern of 
the copper smelting slag is shown in Fig. 1(a). 
Fayalite, magnetite, and hedenbergite were the 

significant minerals present in the copper smelting 
slag. Due to the encapsulation of magnetite and 
fayalite, the minor minerals (e.g., Zn-containing 
phases) in the copper smelting slag cannot be 
accurately characterized by XRD. The particle size 
distribution of the copper smelting slag analyzed by 
the laser particle size analyzer (Mastersizer 3000, 
Malvern PANalytical) is shown in Fig. 1(b). The 
mean diameter of the volume surface, average 
particle diameter, and specific surface area of the 
copper smelting slag were 8.368 μm, 30.989 μm, 
and 717.0 m2/kg, respectively. The scanning 
electron microscopy–energy dispersive spectroscopy 
(SEM–EDS, MIRA3, TESCAN) mapping (Fig. 1(c)) 
showed the distribution of main elements in the 
copper smelting slag. Further, the mapping results 
support the occurrence states of Fe, Si, O, and Ca, 
consistent with the XRD results. 

 

 

Fig. 1 X-ray diffraction pattern (a), particle size distribution (b), and scanning electron microscopy–energy dispersive 
spectroscopy mapping (c) of copper smelting slag 
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2.2 Roasting experiment 
All experiments were conducted in a high- 

temperature stainless-steel tube furnace, as shown 
in Fig. 2. The 10 g sample of dried copper smelting 
slag and different amounts of CaCl2 were mixed 
and placed in a steel boat. The furnace temperature 
was increased to the target temperature at a heating 
rate of 15 °C/min. Subsequently, the steel boat was 
pushed into the center of the invariable-temperature 
zone of the furnace by the tongs. Air was 
introduced at a flow rate of 100 mL/min. Upon 
completion of roasting, rapid cooling of the sample 
was achieved by fetching the steel boat outside the 
furnace using the tongs. Further, the roasted slags 
were ground into powder and analyzed using 
ICP-OES and XRD. During the experiment, the 
volatilized flue gas was gathered through a gas 
scrubber containing 250 mL of 30% NaOH at the 
tube furnace outlet. The recovery efficiency of Zn is 
calculated as  

g g s s

g g
=

w m w m
R

w m
⋅ − ⋅

⋅
                     (1) 

 
where R is the recovery efficiency (%), wg is the 
mass fraction of an element in the copper smelting 
slag, mg is the mass of the copper smelting slag in 
the steel boat, ws is the mass fraction of an element 
in the roasting slag, and ms is the mass of the 
roasting slag. 
 
2.3 TG−DSC experiment 

The thermogravimetry and differential 
scanning calorimetry (TG–DSC, Diamond 6300, 
PerkinElmer) analysis was used to investigate the 
phase transition mechanism and process kinetics 
during the chlorination roasting. The sample was 
placed in the analysis instrument in a corundum 

crucible and heated from room temperature to 
1000 °C in a stable mixed gas atmosphere (20%  
O2 + 80% N2) at a 100 mL/min flow rate under 
specified heating rate. 
 
3 Results and discussion 
 
3.1 Thermodynamic analysis 

To determine the feasibility of recovering Zn 
from the copper smelting slag by chlorination 
roasting, the decomposition mechanism of 
CaCl2·2H2O in the air was examined using the 
results of the TG−DSC system at a heating rate of 
10 °C/min (Fig. 3). Three stages of mass loss were 
observed between 30 and 1030 °C. The mass  
losses of the first stage (30−94 °C) and the second 
stage (94−160 °C) were 1.99% and 24.76%, 
respectively, and the corresponding differential 
scanning calorimetry (DSC) peak values were 47.7 
and 178.4 °C. The first and second stages of mass 
loss were caused by the removal of adsorbed and 
crystallized water from CaCl2·2H2O, respectively. A 
heat absorption peak of DSC was observed at 
774.3 °C; however, there was no mass loss, since 
the solid CaCl2 began to melt and turned into liquid 
CaCl2. The third stage of mass loss occurred above 
774.3 °C, attributed to the evaporation of CaCl2. 
These results are consistent with the physic- 
chemical property analysis using alkaline earth 
metals as chlorinating agents [18,19]. 

During the roasting process, CaCl2 can be 
dissociated to generate Cl2 or HCl in air atmosphere. 
The possible dissociation reactions of CaCl2 in 
different phases are shown as  
2CaCl2+O2(g)=2Cl2(g)+2CaO               (2)  
2CaCl2+O2(g)+2SiO2=2Cl2(g)+2CaSiO3          (3) 

 

 
Fig. 2 Experimental setup of chlorination roasting experiment: 1−Air compressor pump; 2−Flowmeter; 3−Insulating 
brick; 4−Temperature control system; 5−Silicon molybdenum bar; 6−Sample and steel boat; 7−Stainless steel tube; 
8−Safety bottle; 9−Absorber bottle containing 30% NaOH 
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Fig. 3 Thermogravimetry and differential scanning 
calorimetry curves of CaCl2·2H2O in air 
 
CaCl2+H2O(g)=CaO+2HCl(g)              (4) 
 
CaCl2+H2O(g)+SiO2=CaSiO3+2HCl(g)        (5) 
 
2CaCl2(l)+O2(g)=2Cl2(g)+2CaO             (6) 
 
2CaCl2(l)+O2(g)+2SiO2=2Cl2(g)+2CaSiO3       (7) 
 
CaCl2(l)+H2O(g)=CaO+2HCl(g)             (8) 
 
CaCl2(l)+H2O(g)+SiO2=CaSiO3+2HCl(g)      (9) 
 
2CaCl2(g)+O2(g)=2Cl2(g)+2CaO            (10) 
 
2CaCl2(g)+O2(g)+2SiO2=2Cl2(g)+2CaSiO3     (11) 
 
CaCl2(g)+H2O(g)=CaO+2HCl(g)           (12) 
 
CaCl2(g)+H2O(g)+SiO2=CaSiO3+2HCl(g)    (13) 
 

The possible chlorination reactions of each 
Zn-containing phase in the copper smelting slag can 
be expressed as   
Zn2SiO4+2Cl2(g)=2ZnCl2(g)+SiO2+O2(g)     (14) 
 
Zn2SiO4+4HCl(g)=2ZnCl2(g)+SiO2+2H2O(g)  (15) 
 
2ZnFe2O4+2Cl2(g)=2ZnCl2(g)+2Fe2O3+O2(g)  (16) 
 
ZnFe2O4+2HCl(g)=ZnCl2(g)+Fe2O3+H2O(g)  (17) 
 
2ZnO+2Cl2(g)=2ZnCl2(g)+O2(g)            (18) 
 
ZnO+2HCl(g)=ZnCl2(g)+H2O(g)           (19) 
 
ZnS+Cl2(g)+O2(g)=ZnCl2(g)+SO2(g)        (20) 
 
ZnS+2HCl(g)+1.5O2(g)= 

ZnCl2(g)+SO2(g)+H2O(g)              (21) 
 
ZnSO4+Cl2(g)=ZnCl2(g)+SO2(g)+O2(g)      (22) 
 

The Gibbs free energy changes (ΔGΘ) of these 
chemical reactions were calculated by FactSage 7.1 
software, and the results are shown in Fig. 4. 
According to the TG−DSC results of CaCl2, the 

 

 
Fig. 4 Gibbs free energy change as function of temperature 
for chemical reactions during chlorination roasting:    
(a) CaCl2; (b) Zn-containing phases 
 
solid CaCl2 could be melted and gradually 
volatilized above 774.3 °C. Hence, the calculated 
temperature of Reactions (2)−(13) was divided  
into 0−774.3 °C (solid phase) and 774.3−1200 °C 
(liquid/gas phase), as shown in Fig. 4(a). It is 
indicated that dissociation reactions of solid and 
liquid CaCl2 are difficult to proceed, while the gas 
CaCl2 can be easily dissociated to Cl2 or HCl.   
The correlation of ΔGΘ with temperature for 
Reactions (14)−(22) are shown in Fig. 4(b). It could 
be speculated that all chlorination reactions of ZnS 
can occur in the temperature range of 0−1200 °C; 
Zn2SiO4 and ZnFe2O4 are preferentially chlorinated 
by Cl2, and their initial reaction temperatures are 
635 and 706 °C, respectively; ZnO is preferentially 
chlorinated by HCl at temperatures above 264 °C; 
ZnSO4 is more difficult to be chlorinated than other 
Zn-containing phases, and the initial temperature  
of chlorination reaction with Cl2 is 825 °C. In 
general, all zinc-containing phases in the copper 
smelting slag can be spontaneously chlorinated at 
temperatures above 825 °C. 
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3.2 Procedure analysis 
The chlorination roasting mechanism (copper 

smelting slag + 30 wt.% CaCl2) was determined 
through the thermogravimetric (TG) analysis, with 
an airflow rate of 100 mL/min and at a heating rate 
of 10 °C/min (Fig. 5(a)). The entire chlorination 
roasting process was divided into four stages. In the 
first stage, a mass loss of 1.13% was observed over 
the temperature range of 29.5−78.6 °C, attributed to 
the precipitation of adsorbed water. 
 

 

Fig. 5 TG−DTG−DSC curves of copper smelting slag 
after chlorination roasting: (a) With 30 wt.% CaCl2;   
(b) Without CaCl2 

 
The second stage took place over the 

temperature range of 78.6−312.4 °C, with a mass 
loss of 5.98% due to the extraction of crystallized 
water. The mass losses in the first and second stages 
were consistent with the DSC heat absorption peaks 
observed at 43.9 and 154.3 °C, respectively. The 
derivative thermogravimetric (DTG) analysis 
showed that the fastest mass loss rate during 
chlorination roasting occurred in the second stage. 

The third stage began at 312.4 °C and ended at 

543.9 °C, resulting in a mass gain of 2.75%. DSC 
analysis showed an exothermic peak at 466.5 °C, 
indicating that the oxidation of Fe-containing 
phases (Fe2SiO4/Fe3O4→Fe2O3) occurred in the 
third stage. 

The fourth stage began at 543.9 °C and ended 
at 1028.2 °C, in which the sample mass was 
reduced by 11.63%. The DSC curve showed an 
upward trend with no significant concave or  
convex peaks, possibly because of the continuous 
vaporization of CaCl2 with increasing temperature. 
The chlorination reaction of Zn was not confirmed 
by DSC, as there were traces of Zn in the copper 
smelting slag. 

The TG analyses of the roasting of copper 
smelting slag without CaCl2 in air are shown in 
Fig. 5(b). Since the DTG curve had no apparent 
characteristics, the TG and DSC curves were 
mainly analyzed. The entire blank roasting process 
was divided into three stages. In the first stage, 
mass loss of 0.31% was observed over the 
temperature range of 29.4−209.1 °C, attributed to 
the removal of adsorbed and crystallized water in 
the copper smelting slag. In the second stage, the 
sample mass increased by 3.52% and a DSC 
concave peak was observed at 452−554 °C, 
attributed to the oxidation of Fe-containing phases. 
This result is in good agreement with that of the 
third stage shown in Fig. 5(a). The temperature 
range of the third stage was 895.4−1028.1 °C, and 
the mass loss at this stage was 0.06%. The DSC 
curve of the third stage showed no obvious  
changes; therefore, it was concluded that the mass 
loss was caused by the volatilization of trace 
substances in the materials. 

To further investigate the phase transformation 
behavior during the roasting of copper smelting slag, 
contrast tests were performed at different roasting 
temperatures and with proportioning schemes.  
The copper smelting slag was roasted at 200, 600, 
and 1000 °C for 30 min with an airflow rate of 
100 mL/min. The XRD patterns are shown in 
Fig. 6(a). At 200 °C, the main phases in the roasting 
slag remained unchanged in contrast to that of   
the raw material (shown in Fig. 1(a)). At 600 °C, 
hematite and maghemite were the main Fe- 
containing phases in the roasting slag. When the 
temperature was increased to 1000 °C, the 
diffraction peaks of maghemite were no longer 
detected, and the only remaining Fe-containing 
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Fig. 6 X-ray diffraction patterns of slags at different 
roasting temperatures: (a) Copper smelting slag;      
(b) Copper smelting slag + 30 wt.% CaCl2 
 
phase was hematite, indicating that Fe was 
completely oxidized at 1000 °C. Under the same 
roasting conditions, chlorination roasting was 
conducted on the copper smelting slag with   
30 wt.% CaCl2. The XRD patterns (Fig. 6(b)) show 
that the CaCl2 was dehydrated completely and not 
decomposed to generate gaseous Cl2 at 200 °C, 
given that other chlorides cannot be detected in  
the XRD pattern and metal chloride cannot be 
volatilized at low temperatures. When the 
temperature reached 600 °C, the diffraction peaks 
of hematite and maghemite appeared and the 
diffraction peak of chloride disappeared, indicating 
that Fe in the raw material was oxidized. 
Meanwhile, the gaseous Cl2 was produced and 

directly volatilized at 600 °C. When the temperature 
reached 1000 °C, Ca from the chlorination agent 
reacted with Fe and Si and the diffraction peak of 
andradite appeared. During this stage, volatile 
ZnCl2 was produced by chlorination because the 
diffraction peak of chloride was not detected at 
1000 °C. 
 
3.3 Kinetics analysis of oxidation stage 

In this study, the kinetics analysis was used to 
analyze the roasting process [20]. The activation 
energy (E) of the Fe oxidation reaction and the 
kinetic equations were obtained by three methods: 
Flynn–Wall–Ozawa (FWO), Kissinger, and Coats–
Redfern. The non-isothermal DSC curves of the 
mixture of copper smelting slag and CaCl2·2H2O at 
an airflow rate of 100 mL/min and heating rates of 
5, 10, 15, and 20 K/min are presented in Fig. 7(a). 
The DSC curves exhibited the same trend at 
different heating rates in the temperature range of 
400−540 °C, and the peak area gradually became 
obvious with increasing heating rate, indicating the 
Fe oxidation reaction (as shown in Fig. 6(a)). The 
relationship between the conversion rate and 
temperature was obtained by integrating the 
oxidation reaction peak values at different heating 
rates (Fig. 7(b)). The activation energy of oxidation 
reaction kinetics was analyzed by FWO and 
Kissinger methods, and the most probable 
mechanism function of the iron oxidation was 
determined by Coats–Redfern method (Fig. 7(b)). 
The main equations are as follows [21]: 

Mass action law:  
d (1 )
d

na k a
t
= −                           (23) 

 
Arrhenius equation:  

k=Aexp[E/(RT)]                         (24) 
 

Flynn–Wall–Ozawa method:  

lg lg 0.4567 2.315
(1 )nβ

RTR a
ΑΕ Ε

= − −
−

      (25) 
 

Kissinger method:  

2
pp

ln lnβ R E
E RTT
Α

= −                     (26) 

 
Coats–Redfern method:  

2
( )ln lnG a AR E

βE RTT
= −                    (27) 



Bei-kai ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 563−575 570 

 

 
Fig. 7 Differential scanning calorimetry curves of chlorination roasting at different heating rates (a); relationship 
between conversion rate and temperature at different heating rates (b); relationship between lg β and 1/T at different 
conversion rates (c); relationship between ln(β/Tp

2) and 1/Tp (d) 
 
where α is the conversion rate, %; t is the time, s; k 
is the reaction rate constant, s−1; n is the reaction 
order; A is the pre-exponential factor, s−1; E is the 
apparent activation energy, kJ/mol; R is the molar 
gas constant, 8.314 J/(mol⋅K); T is the temperature, 
K; β is the heating rate, K/min; Tp is the peak 
temperature of the DSC curves shown in Fig. 7(a), 
K; G(α) is the integral form of the kinetic model 
function given in Table 4 [22]. 

The relationship between lg β (heating rate) 
and 1/T of the oxidation reaction under different 
conversion rates was fitted using the FWO method 
(Fig. 7(c)). The values of the slopes, coefficient of 
determination (r2), and activation energy (E) for 
different conversion rates are shown in Table 5. The 
average E value of the oxidation reaction obtained 
by the FWO method was 102.18 kJ/mol. The 
relationship between lg(β/Tp

2) and 1/T of the 
oxidation reaction was fitted using the Kissinger 
method (Fig. 7(d)), and the kinetic parameters were 
calculated (Table 6). The E value of the oxidation 

reaction obtained by the Kissinger method was 
99.77 kJ/mol, which is similar to that calculated by 
the FWO method. Further, to determine the reaction 
mechanism model of the oxidation reaction, the 
Coats–Redfern method was used and the average 
values of E, A, and r2 at different heating rates were 
obtained (Table 7). The average E of 103.16 kJ/mol 
calculated by Avrami–Erofeev model (A2) was 
comparable with that calculated by the FWO and 
Kissinger methods. Therefore, the most probable 
mechanism function for describing the iron 
oxidation process was the Avrami–Erofeev model 
(G(α)=[−ln(1−α)]1/2). The average values of E and 
ln A in the oxidation stage calculated by the above 
methods were 101.7 kJ/mol and 12.03, respectively 
(Table 8). Hence, the kinetic equation of the 
oxidation stage during chlorination roasting is 
expressed as follows: 
 

5
1/2 5 1.02 10[ ln(1 )] 1.68 10 exp( )a t

RT
×

− − = × −    (28) 
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Table 4 Reaction models and corresponding solid 
reaction functions 

Symbol Reaction model G(α) 

A1 Avrami–Erofeev (n=1) −ln(1−α) 

A2 Avrami–Erofeev (n=2) [−ln(1−α)]1/2 

D1 One-dimensional diffusion α2 

D2 Two-dimensional diffusion α+(1−α)ln(1−α) 

P2 Power law (n=2) α1/2 

P3 Power law (n=3) α1/3 

R1 Phase boundary reaction (n=1) α 

R2 Phase boundary reaction (n=2) 1−(1−α)1/2 

 
Table 5 Parameters calculated by Flynn–Wall–Ozawa 
method 

a/% Slope E/(kJ·mol−1) r2 
10 −7.74 142.62 0.97902 
20 −6.55 120.72 0.99938 
30 −6.17 113.72 0.99468 
40 −5.74 105.70 0.9957 
50 −5.32 97.97 0.99726 
60 −5.27 97.09 0.99698 
70 −4.80 88.49 0.99505 
80 −4.63 85.25 0.99549 
90 −4.46 82.48 0.99602 

100 −4.60 84.77 0.99169 
Average 102.18 

 
Table 6 Kinetic parameters calculated by Kissinger 
method 

Slope Intercept E/(kJ·mol−1) ln(A/s−1) r2 

−12.01 5.28 99.77 7.77 0.99502 

 
Table 7 Average model fitting data at different heating 
rates calculated by Coats–Redfern method 

Model 
Kinetic parameter 

E/(kJ·mol−1) ln(A/s−1) r2 
A1 217.91 36.57 0.95224 
A2 103.16 16.28 0.94691 
D1 284.37 46.97 0.88496 
D2 350.04 58.09 0.91688 
P2 62.35 6.23 0.85470 
P3 37.68 2.39 0.82803 
R1 136.36 21.62 0.87595 
R2 176.33 28.28 0.94102 

Table 8 Activation energy (E) and frequency factor (ln A) 
of oxidation reaction calculated by different methods and 
their average values 

Method 
Kinetic parameter 

E/(kJ·mol−1) ln(A/s−1) 

Flynn–Wall–Ozawa 102.18 − 

Kissinger 99.77 7.77 

Coats–Redfern 103.16 16.28 

Average 101.70 12.03 

 
3.4 Reaction kinetics of chlorination stage 
3.4.1 Effects of roasting temperature and time 

The effects of roasting temperature and time 
on the recovery efficiency of Zn were studied, with 
30 wt.% of CaCl2 at an airflow rate of 100 mL/min. 
The recovery efficiency of Zn increased with 
increasing roasting temperature and holding time 
(Fig. 8), due to the destruction of copper smelting 
slag frame at high temperatures, which enhanced 
the mass transfer process of chlorination [17]. The 
recovery efficiency of Zn was 97.99% at a roasting 
temperature of 1000 °C with a roasting time of 
16 min. At roasting temperatures of 800, 850, 900, 
and 950 °C, the chlorination almost reached 
equilibrium in 30, 30, 20, and 20 min, respectively. 
 

 

Fig. 8 Effects of roasting temperature on Zn recovery 
efficiency 
 
3.4.2 Determination of chlorination kinetic model 

It is assumed that the Zn-containing phases in 
the copper smelting slag are dense solid particles 
with identical chemical activities on their surfaces. 
The chlorination reaction can be divided into five 
consecutive steps as follows: 
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(1) Mass transfer step: Gaseous CaCl2 reacted 
with O2 and H2O in the air to form Cl2 and HCl, 
which diffused to the surface of the Zn-containing 
phases in the copper smelting slag. 

(2) Internal diffusion step: Under the action of 
molecular force field, the Zn-containing phases in 
the copper smelting slag adsorbed Cl2 and HCl. 

(3) Chemical reaction step: Gaseous ZnCl2  
was generated during chlorination roasting on the 
surface of the Zn-containing phases. 

(4) External diffusion step: Gaseous ZnCl2 
diffused into the gas film through the product layer. 

(5) Mass transfer step II: Gaseous ZnCl2 
diffused into the air from the gas film. 

The shrinking unreacted core model can be 
used to analyze the chlorination kinetic model 
because the reactant particles gradually shrink 
during chlorination [23]. Several studies [24,25] 
have demonstrated that the mass transfer is not the 
rate-controlling step during chlorination roasting.  
In this study, the rate-controlling step may be 
chemical reaction, external diffusion, or internal 
diffusion [26]. The kinetic equations of chemical 

reaction control, external diffusion control, and 
internal diffusion control in the shrinking unreacted 
core model can be expressed as Eqs. (29), (30), and 
(31), respectively:  
1−(1−a′)1/3=kt                           (29)  
1−(1−a′)2/3=kt                           (30) 
 
1+2(1−a′)−3(1−a′)2/3=kt                   (31) 
 
where a′ represents the recovery efficiency of 
Zn, %. 

The fitting results of the kinetic equations as 
functions of time are shown in Figs. 9(a−c). The 
coefficient of determination (r2) can be used to 
determine the goodness of fit of the regression line 
to the observed value [27]. The fit can be 
considered good when r2 approaches 1. F1(a′) 
provided excellent straight-line fits (the average r2 
of 0.987) for Zn recovery from copper smelting 
slags, indicating that the chlorination reaction rate 
was controlled by the chemical reaction (Fig. 9(a)). 
The relationship between ln k and 1/T of the 
chlorination reaction was fitted using the Arrhenius  

 

 

Fig. 9 Relationship between kinetic equations (F(a′)) and time (t) at different temperatures: (a) F1(a′)=1−(1−a′)1/3;    
(b) F2(a′)=1−(1−a′)2/3; (c) F3(a′)=1+2(1−a′)−3(1−a′)2/3; (d) Relationship between ln k and 1/T 
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equation, as shown in Fig. 9(d). The values of E and 
r2 of the chlorination reaction were 84.4 kJ/mol  
and 0.9798, respectively. Notably, the reaction 
process was controlled by the chemical reaction 
when the apparent activation energy was greater 
than 40 kJ/mol, thus confirming the significance  
of rate-determining step in the chlorination  
reaction [28]. The intercept of the fitted straight line 
in Fig. 9(d) was used to obtain the pre-exponential 
factor (A=128.85 s−1). 
 
3.5 Behavior of other elements during 

chlorination roasting process 
A copper smelting slag of 10 g, CaCl2 dosage 

of 30%, airflow rate of 100 mL/min, and roasting 
time of 16 min were used to study the influence   
of roasting temperature on the volatilization 
efficiencies of Pb, Cu, Fe, Si, S, and As in the 
copper smelting slag. The results are shown in 
Fig. 10. Fe was difficult to be evaporated from the 
copper smelting slag and retained in the roasting 
slag, even when the roasting temperature was as 
high as 1000 °C. The volatilization efficiency of As 
did not change significantly during the roasting 
process at 800−1000 °C. The volatilization 
efficiency of Si decreased slowly as the temperature 
increased. The volatilization efficiency of Pb 
increased significantly with increasing temperature 
and reached 99.81% at 1000 °C. This is because the 
Pb–containing phases in the copper smelting slag 
were easily chlorinated and produced gaseous  
PbCl2 at high temperatures [17]. The volatilization 
efficiency of S also increased significantly with 
increasing temperature, attributed to the thermal 
decomposition of sulfate [11]. Further, the recovery 
efficiency of Cu is noteworthy because 0.55 wt.% 
copper in the copper smelting slag has considerable 
recovery value. The volatilization efficiency of Cu 
increased slowly with increasing temperature 
(800−1000 °C); however, the highest volatilization 
efficiency was only 27.06%. Typically, Cu- 
containing phases in the copper smelting slag are 
easily chlorinated with chlorine sources (e.g., Cl2 
and HCl) and produce volatile CuCl [29]. However, 
Cu2O is formed through the reaction of CuCl and 
surplus O2, thereby reducing the volatilization 
efficiency of Cu. Here, it is demonstrated that   
the high-temperature chlorination roasting can 
selectively recover the target metal from copper 
smelting slag, and the effective recovery of Cu from 

the roasting slag will be investigated in future 
research. 
 

 
Fig. 10 Behavior of other elements in chlorination 
roasting process 
 
4 Conclusions 
 

(1) The TG−DSC and thermodynamics 
analyses indicated that CaCl2 can provide Cl2 and 
HCl to the chlorination reaction at temperatures 
above 774.3 °C. All Zn-containing phases in the 
copper smelting slag can be chlorinated by Cl2 and 
HCl at temperatures above 825 °C. 

(2) The TG−DSC analysis of the mixed 
materials indicated that the entire chlorination 
roasting process was mainly divided into four 
stages: precipitation of adsorbed water, extraction 
of crystallized water, oxidation of Fe-containing 
phases, and chlorination reaction of Zn. 

(3) The kinetics analysis revealed that the E 
value of the iron oxidation reaction during 
chlorination roasting was 101.70 kJ/mol and ln A 
was 12.03 . The most probable mechanism function 
for describing the iron oxidation process was 
G(α)=[−ln(1−α)]1/2. The kinetic equation for the 
iron oxidation reaction is [−ln(1−a)]1/2=1.68×105· 
exp[−1.02×105/(RT)]t. 

(4) Investigation of the reaction kinetics of 
zinc during chlorination roasting showed that the 
zinc chlorination process followed the shrinking 
unreacted core model, and the chemical reaction 
was the rate-controlling step. The apparent 
activation energy of the zinc chlorination process 
was 84.4 kJ/mol. 
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摘  要：提出一种以 CaCl2 为氯化剂，采用氯化焙烧法从铜熔炼渣中高效回收锌的工艺。利用热力学计算、热重–

差热(TG−DSC)分析和 X 射线衍射(XRD)等手段，研究氯化反应机理和氯化焙烧过程动力学。结果表明，CaCl2 氧

化分解和所有含锌相的氯化反应温度均分别高于 774.3 和 825 ℃。铜熔炼渣的氯化焙烧过程可分为 4 个阶段，依

次为吸附水脱除、结晶水脱除、含铁相氧化和锌的氯化挥发。铁氧化阶段和锌氯化挥发阶段的表观活化能分别为

101.70 和 84.4 kJ/mol，铁氧化过程的最概然机理函数为 Avrami–Erofeev 方程(n=2)，锌氯化过程符合未反应核收缩

模型且受化学反应控制。 

关键词：铜熔炼渣；氯化焙烧；CaCl2；热力学；动力学；铁；锌 

 (Edited by Bing YANG) 


