
 

 

 
J. Cent. South Univ. (2020) 27: 37−51 
DOI: https://doi.org/10.1007/s11771-020-4276-3 
 

 

Recovery of Zn, Pb, Fe and Si from a low-grade mining ore by 
sulfidation roasting-beneficiation-leaching processes 

 
LAN Zhuo-yue(蓝卓越)1, 2, LAI Zhen-ning(赖振宁)2, ZHENG Yong-xing(郑永兴)1, 

LV Jin-fang(吕晋芳)2, PANG Jie(庞杰)2, NING Ji-lai(宁继来)1 
 

1. State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Kunming University of 
Science and Technology, Kunming 650093, China; 

2. Faculty of Land Resource Engineering, Kunming University of Science and Technology,  
Kunming 650093, China 

 
© Central South University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 

                                                                                                  
 

Abstract: To recover Zn, Pb, Fe and Si from a low-grade mining ore in the Lanping basin, Yunnan Province, China, a 
novel technology using the roasting with pyrite and carbon followed by beneficiation and hydrochloric acid leaching 
was proposed. Firstly, several factors such as pyrite dosage, roasting temperature, carbon powder dosage, holding time 
and particle size affecting on the flotation performance of Zn (Pb) and magnetic separation performance of Fe were 
simultaneously examined and the optimum process parameters were determined. A flotation concentrate, containing 
17.46% Zn and 3.93% Pb, was obtained, and the Zn and Pb recoveries were 86.04% and 69.08%, respectively. The 
obtained flotation tailing was concentrated by a low-intensity magnetic separator. The grade of iron increased from 
5.45% to 43.45% and the recovery of iron reached 64.87%. Hydrochloric acid leaching was then carried out for the 
magnetic separation tailing and a raw quartz concentrate containing 81.05% SiO2 was obtained. To further interpret the 
sulfidation mechanism of smithsonite, surface morphology and component of the sample before and after reactions 
were characterized by XRD and EPMA-EDS. The aim was to achieve the comprehensive utilization of the low-grade 
mining ore. 
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1 Introduction 
 

The Jinding Pb-Zn deposit, which locates at 
the Lanping basin in Yunnan Province, is the largest 
Pb-Zn deposit in China, and probably the youngest 
sediment-hosted super giant Zn-Pb deposit in the 
world [1, 2]. With the continuous exploitation of 

sulfide ores and high-grade oxide ores, large 
quantities of low-grade mining ores have been 
produced. Statistically, there are about 32 million 
tons of ores stockpiled in the open air [3]. They 
potentially endanger the environment, as the metals 
they contain may be released to the environment in 
hazardous form. Smithsonite is the most valuable 
mineral component in the mining ore, in which the 
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average grade of zinc was about 6% [4]. This needs 
processing the ores to obtain a marketable product. 
For this type of raw material, flotation is the most 
commonly used method for the Zn recovery. 
    Both of the cationic and anionic collectors are 
used for the flotation of zinc oxide mineral. In the 
available literature, it was found that the flotation 
with amine as collectors and Na2S as modifier was 
of wide use for the zinc recovery [5, 6]. But for the 
Lanping zinc oxide ore characterized by the high 
content of slime and valuable metals distributed in 
fine size fraction, significant amounts of Na2S had 
to be added ascribed to the non-selective adsorption 
on the slime, resulting in the ineffectiveness of 
flotation [7, 8]. De-sliming prior to the flotation 
was also proved to be an effective method, but the 
valuable metals distributed in the fine fraction lost 
in this process [9]. By contrast, the anionic collector, 
mainly fatty acids, seemed to be potentially feasible 
in the flotation, but the gangue and iron bearing 
mineral also reported the concentrate due to the 
poor selectivity, making the following separation 
more complicated [10]. More seriously, no matter 
what methods were adopted, large quantities of 
tailings, containing heavy metals, were still 
discharged in the process, exhibiting potential 
environmental and safe risks for the local residents. 
    Generally, sulfidation-xanthate flotation 
method is less sensitive to the slime. After treating 
with Na2S at a moderate dosage, the hydrophilicity 
of the mineral surface decreases because of the 
presence of chemisorbed sulfide ion and in the 
present case, the zinc oxide minerals should be 
effectively collected by the xanthate [11]. Factually, 
their sulfidation are extremely difficult to be 
achieved, resulting in the ineffective mineral 
processing. To improve the surface sulfidation of 
zinc oxide minerals, WU et al [12] found that the 
surface solubility of the smithsonite in the presence 
of ammonium ions significantly decreased, 
corresponding to its flotation recovery increased by 
25%. However, this was only carried out for a 
single smithsonite and its effectiveness for the zinc 
oxide ore with a complex composition was not 
illustrated. Other methods such as mechanical- 
chemical and hydrothermal sulfidation were also 
reported [13, 14], but their further application 
seemed to be difficult due to the slow 
transformation process and poor recovery of zinc. 

    Recently, sulfidation roasting has received 
considerable attentions to improve the sulfidation of 
zinc oxide minerals. LI et al [15] investigated the 
sulfidation roasting of a low-grade zinc oxide ore 
containing 7.57% Zn with elemental sulfur and the 
sulfidation extent of Zn was 95%. A flotation 
concentrate containing 38.9% Zn was obtained 
from the treated ore and the recovery of Zn was 
88.2%. ZHENG et al [16] adopted a method of 
temperature gradient for transforming the zinc 
carbonate into the zinc sulfide and a zinc sulfidation 
extent of 97.29% was obtained. HAN et al [17] 
found that the addition of iron oxides during the 
roasting of ZnO with elemental sulfur could not 
only improve the sulfidation of ZnO, but also 
promote the formation and growth of ZnS crystals. 
However, these studies about sulfidation roasting 
have been mainly restricted to the investigation of 
process optimization, especially for the 
improvement of the sulfidation extent. They 
required introducing significant amounts of sulfur, 
but most of which were lost due to the nature of 
easier volatilization and then discharged in the form 
of SO2, resulting in the environmental pollution. 
Factually, the flotation performances of oxide 
minerals depend on whether a stable sulfide film 
can be formed at the mineral surface to the greatest 
extent. Therefore, it seemed unreasonable to 
improve their flotation performances by increasing 
the sulfidation extents. In addition, the recovery of 
other elements such as Fe and Si was also not 
considered. 
    In our knowledge, little work has been 
reported on the comprehensive utilization of a 
low-grade mining ores by the roasting with pyrite 
and carbon followed by the benefication and 
leaching processes. Roasting with pyrite and carbon 
powder was firstly carried out, resulting in 
hydrophobicity improvement of Zn-Pb oxide 
minerals and a distinct improvement of magnetic 
susceptibility of ferric oxide mineral. After flotation 
with the conventional collector (xanthate), a Zn-Pb 
bulk concentrate and a tailing, mainly containing Fe, 
Si and Ca, were obtained. Then, the tailing was 
concentrated by a low-intensity magnetic separator 
and a magnetic concentrate was produced. To 
further recover Si from the magnetic separation 
tailing, hydrochloric acid leaching was finally 
performed to remove the calcite and a raw quartz 
concentrate was obtained. The hydrophobic 
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transformation was directly characterized by the 
flotation (not sulfidation extent) to optimize the 
roasting conditions. The phase, morphology and 
surface changes were detected by XRD and 
EPMA-EDS analyses to interpret the roasting 
mechanisms. The goal of this paper was to find a 
feasible way to realize the full economic value of 
the low-grade mining ore and nearly no tailings 
discharged. 
 
2 Experimental 
 
2.1 Materials 
    The representative sample was provided from 
the Jinding lead-zinc mine, whose chemical 
composition is shown in Table 1, which reports a 
mining ore with low-grades of zinc, lead and iron. 
Phase compositions of zinc, lead and iron in the ore 
are shown in Table 2, which reveals the sample with 
a high oxidization extent. In addition, the 
percentage of iron sulfide accounting for 32.08% 
indicates that there were parts of natural sulfidation 
agents. Figure 1 shows the XRD pattern of the 
 
Table 1 Chemical composition of mining ore (mass 
fraction, %) 

Zn Pb Fe SiO2 CaO 

5.05 1.30 5.07 47.95 12.52 

Al2O3 MgO S Cu P 

2.91 1.03 3.11 0.03 0.448 

 
Table 2 Phase composition of zinc, lead and iron in 
mining ore (mass fraction, %) 

Constituent Zinc Lead Fe 
Carbonate/oxide 68.71 75.27 57.04 

Sulfide 28.91 11.88 32.08 
Others 2.38 12.85 10.88 

 

 
Figure 1 XRD pattern of mining ore 

sample. It was known that the main zinc mineral 
was smithsonite and the gangue was mainly quartz 
and calcite. The lead bearing minerals were not 
detected due to its low content. According to  
Table 2 and other similar reports [15], the lead 
bearing mineral was mainly cerussite. In the 
available literature [15, 18], the Al2O3 and MgO 
mainly occurred as kaolin (Al2(Si2O5)(OH)4) and 
dolomite (CaMg(CO3)2), respectively. 
    Carbon powder containing 55% C, 21% ash, 
24% volatiles was used as the reducing agent. 
Pyrite containing 46% Fe, 47% S, 5% SiO2 and 2% 
Al2O3 was used as the sulfidation agent. Copper 
sulphate, sodium hexametaphosphate, ammonium 
dibutyl dithiophosphate and butyl xanthate were 
used in the flotation tests. Hydrochloric acid was 
used as the leaching agent. 
 
2.2 Theoretical fundamental 
2.2.1 Roasting with pyrite and carbon 
    The related reactions during the roasting of 
low-grade mining ore with the pyrite and carbon are 
listed as follows [16, 19−22]:  
FeS2→FeS+1/2S2(g)                      (1)  
ZnCO3→ZnO+CO2(g)                     (2)  
PbCO3→PbO+CO2(g)                     (3)  
3/2S2(g)+2ZnO→2ZnS+SO2(g)              (4)  
3/2S2(g)+2PbO→2PbS+SO2(g)              (5)  
S2(g)+2ZnO+C→2ZnS+CO2(g)             (6)  
S2(g)+2PbO+C→2PbS+CO2(g)              (7)  
3Fe2O3+C→2Fe3O4+CO(g)                 (8)  
6Fe2O3+C→4Fe3O4+CO2(g)                (9)  
C+CO2(g)→2CO(g)                      (10)  
3Fe2O3+CO(g)→2Fe3O4+CO2(g)            (11)  
    The pyrite is firstly decomposed into ferrous 
sulfide and sulfur vapor (Eq. (1)). Meantime, the 
lead and zinc carbonates are dissociated into their 
respective oxides (Eqs. (2)−(3)) in the temperature 
range of 500−800 °C. Then, the generated sulfur 
vapor will react at the surfaces of the formed oxides, 
resulting in the formation of sulfide films (Eqs. (4)− 
(5)). When the carbon is introduced into the system, 
the sulfidation reactions at the surface will be 
enhanced [20]. On the one hand, the sulfur dosage 
decreases from 1.5 mole to 1.0 mole when the lead 
or zinc oxide is fixed at 2 mole (Eqs. (6)−(7)). On 
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the other hand, the amount of SO2 gas will  
decrease, which is favorable for the environment. 
    The reduction reactions of iron oxides 
simultaneously occur during the surface sulfidation 
of Zn-Pb oxides, as presented in Eqs. (8)−(11). 
Generally, the addition of carbon can not only 
improve the sulfidation roasting, but also transform 
the iron oxides into magnetite in the 
thermodynamics. 
 
2.2.2 Upgrading quartz by hydrochloric acid 

leaching 
    In the magnetic separation tailing, the main 
minerals are quartz and calcite. The quartz can be 
further upgraded by the selective leaching using the 
hydrochloric acid as leaching agent. The related 
reactions are listed as follows [23, 24]:  
CaCO3+2HCl→CaCl2+CO2(g)+H2O         (12)  
FeO+2HCl→FeCl2+H2O                  (13)  
    The quartz will not be dissolved in the process 
and then remained in the residue, which can be used 
as a raw quartz concentrate. The calcite will be 
completely dissolved and then enter the leaching 
liquor, which can be used to prepare the anhydrous 
CaCl2. 

2.3 Experimental method 
    The general flow sheet for processing the 
low-grade mining ore is shown in Figure 2. 
Roasting of the ore was conducted in a muffle 
furnace. The prepared powder sample was firstly 
mixed with the carbon powder and pyrite at a 
desired weight ratio and then was loaded into an 
alundum crucible equipped with a cover. Finally, 
the crucible was placed in the furnace and heated. 
After the holding time of 30−90 min, the sample 
was cooled and then used for the flotation tests. 
    The roasting conditions were mainly optimized 
by the flotation tests, as shown in Figure 2 (Dotted 
part). In addition, several parameters, such as 
carbon powder dosage and temperature, were 
simultaneously examined by the magnetic 
separation for the flotation tailing. When the 
optimal roasting conditions were determined, the 
close-circuit flotation tests were performed and the 
Zn-Pb sulfides concentrate was obtained. The 
flotation tailing was used for the magnetic 
separation and a magnetic concentrate was 
produced. The magnetic tailing was further 
upgraded and a raw quartz concentrate was 
obtained. 

 

 
Figure 2 General flow sheet for processing the mining ore 
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2.4 Property changes and analytical techniques 
    The obtained samples were examined on a 
X-ray powder diffractometer (Cu Kα, λ=1.5406 Å). 
The transformation of morphology and composition 
were detected by the scanning electron microscope 
(JEOL. Ltd., JSM-6360LV) and energy 
spectrometer (EDAX. Ltd., EDX-GENESIS 60S). 
The EPMA (JXA-8230, 20 kV) line scanning was 
carried out to compare the surface differences 
between the natural sphalerite and the treated 
smithsonite. The leaching performance of magnetic 
separation tailing was further characterized by 
examining the content of CaO in the residue. 
 
3 Results and discussion 
 
3.1 Tests for roasting with pyrite and carbon 

powder 
3.1.1 Effect of pyrite dosage 
    The surfaces of smithsonite and cerussite can 
be transformed into sulfides at high temperatures in 
the presence of pyrite. So it was initially 
investigated under these conditions: particle size of 
−74 μm (85%), carbon powder dosage of 3%, 
roasting temperature of 700 °C, holding time of  
60 min and the results are shown in Figures 3(a) 
and (b). It was seen that part of zinc and lead oxide 
minerals were recovered when there was no 
addition of the pyrite. This can be ascribed to the 
sulfidation caused by the iron sulfides in the raw 
sample (Table 2). The recoveries of lead and zinc 
increased from 59.88% to 73.95% and from 62.15% 
to 77.95%, respectively, when the pyrite dosage 
increased from 0% to 3%, whereas the grades of 
lead and zinc decreased from 4.33% to 3.74% and 
from 22.01% to 16.27%, respectively. With the 
further increase in the pyrite dosage, their 
recoveries slightly fluctuated and their grades 
further decreased. This can be explained that the 
generated iron sulfides reported the flotation 
concentrate. Therefore, the optimal pyrite dosage 
was determined to be 3%. In addition, it was found 
that the flotation performance of lead oxide mineral 
seemed to be similar to that of the zinc oxide 
mineral. Accordingly, the flotation performance of 
zinc oxide mineral was only examined in the 
following tests. 
    According to the ideal reactions (Eqs. (6) and 
(7)) and the component of lead and zinc (Tables 1 
and 2), pyrite dosage of 7% was approximately 

added to completely transform the lead and zinc 
oxides into the sulfides. However, the practical 
pyrite dosage was lower than the theoretical value. 
It was deduced that the sulfidation extents of lead 
and zinc should not be high. In other words, the 
sulfidation reactions only occurred at the outlayer 
of the oxides. In the present case, the treated lead 
and zinc oxides were well recovered by the 
conventional flotation. On the contrary, their 
flotation performances became bad, especially for 
their grades, with the increase in the pyrite dosage. 
In the available literature, the increase of sulfidation 
agent dosage would improve the sulfidation extents 
of lead and zinc oxides [15, 16, 25]. Therefore, it 
was concluded that the flotation responses were not 
an absolutely positive correlation with their 
sulfidation extents. 
3.1.2 Effect of roasting temperature 
    Figures 3(c) and (d) present the flotation 
performance of zinc and magnetic separation 
performance of iron with respect to the roasting 
temperature, respectively. From Figure 3(c), it was 
seen that the zinc recovery increased when the 
temperature increased from 600 °C to 700 °C, 
which could be ascribed to the fact that the higher 
the roasting temperature was, the more sulfur vapor 
was generated, resulting in more sulfides formed at 
the surface of zinc oxide mineral. The recovery of 
zinc nearly kept constant when the temperature 
increased to 750 °C. With the further increase in the 
temperature, the recovery of zinc sharply decreased. 
This could be explained as follows [20, 25]:  
SiO2+2ZnO→Zn2SiO4                                (14)  
Fe2O3+ZnO→ZnFe2O4                               (15)  
    Compared with the ZnO, the zinc silicates and 
zinc ferrites are difficult to be sulfurized, making 
the formation of sulfides difficult [20]. In addition, 
the grade of zinc decreased with the increase in the 
temperature. This result was ascribed to the 
aggregation of particles enhanced with the increase 
in the temperature, resulting in the gangues also 
reporting the concentrate. 
    Figure 3(d) presents the magnetic separation 
performances of iron bearing mineral with respect 
to the roasting temperature. The lower recovery of 
iron at temperature lower than 700 °C may be 
attributed to the inadequate reduction of iron oxides 
(Eqs. (8)−(11)). The bad separation performances at 
temperature higher than 750 °C may be ascribed to  
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Figure 3 Factors affecting beneficiation performances: (a, b) Effect of pyrite dosage; (c, d) Effect of roasting 
temperature; (e, f) Effect of carbon dosage; (g) Effect of roasting time; (h) Effect of particle size 
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the aggregation of particles and even the excessive 
reduction of iron oxides to ferrous oxide [26]. 
Combining with the zinc flotation performances, 
the optimal roasting temperature was determined to 
be 700 °C. 
3.1.3 Effect of carbon powder dosage 
    Figures 3(e) and 3(f) exhibit the effects of 
carbon powder dosage on the flotation performance 
of zinc and magnetic separation performance of 
iron, respectively. It was seen that the recovery of 
zinc slightly increased and the iron recovery 
obviously increased when the carbon powder 
dosage increased from 0% to 3%. The flotation 
performance of zinc became bad and the magnetic 
separation performance of iron had little changes 
with the increase in the carbon dosage. The bad 
flotation performances of zinc may be ascribed to 
the non-selective adsorption of collector at the 
surface of the carbon powder [27, 28]. Accordingly, 
the optimal carbon powder dosage was determined 
to be 3%. 
3.1.4 Effect of holding time and particle size 
    Figure 3(g) shows the relationship between the 
flotation performance of zinc and holding time. It 
was seen that the zinc recovery increased from 
71.44% to 77.95% when the roasting time increased 
from 30 min to 60 min. With the further increase in 
the roasting time, there was little change. On the 

other hand, the grade of zinc nearly kept constant in 
the time range. Therefore, the optimal roasting time 
was determined to be 60 min. 
    The effect of particle size on the flotation 
performance of zinc is presented in Figure 3(h). It 
was known that the zinc grade increased and zinc 
recovery nearly kept constant when the percentage 
of particle size of −74 μm increased from 75% to 
85%. With the further increase in the percentage, 
the flotation performance of zinc became bad, 
which may be ascribed to large quantities of the 
generated slimes, resulting in the non-selective 
adsorption of flotation reagents [29, 30]. Therefore, 
the optimal percentage of particle size of −74 μm 
was determined to be 85%. 
 
3.2 Tests for close-circuit flotation and magnetic 

separation 
3.2.1 Close-circuit flotation tests 
    The close-circuit flotation tests for the roasted 
material were carried out by a bulk flotation process, 
as shown in Figure 4. The flotation results are 
shown in Table 3. It was known that a flotation 
concentrate containing 17.46% Zn and 3.93% Pb 
was obtained and the zinc and lead recoveries were 
86.04% and 69.08%, respectively. In addition,  
Table 4 also listed the mainly chemical 
compositions of the flotation concentrate and tailing.  

 

 
Figure 4 Flow chart of close-circuit flotation test 
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Table 3 Results of close-circuit flotation for roasted 
sample (%) 

Product Yield 
Grade  Recovery 

Zn Pb  Zn Pb 

Concentrate 25.44 17.46 3.93  86.04 69.08 

Tailing 74.56 1.00 0.60  13.96 30.92 

Feeding 100 5.29 1.45  100.00 100.00       
 
Table 4 Main chemical composition of flotation 
concentrate and tailing (%) 

Content Zn Pb S Fe SiO2 CaO Al2O3 

Concentrate 17.46 3.93 10.5 9.15 17.09 11.65 2.18 

Tailing 1.05 0.60 1.23 5.45 56.75 11.08 3.87 

 
These results confirmed that the Zn-Pb oxides after 
the surface modification were well recovered by the 
conventional flotation. 
3.2.2 Magnetic separation for flotation tailing 
    Figure 5 shows the effect of magnetic 
induction on the magnetic separation performances. 
It was known that the Fe grade decreased from 
49.85% to 43.45%, whereas the Fe recovery 
increased from 46.24% to 64.87% for the flotation 
tailing when the magnetic induction increased to 
0.27 T. With the further increase in the magnetic 
induction, both the grade and recovery of iron 
slightly fluctuated. So the optimal magnetic 
induction was determined to be 0.27 T. XRD 
patterns of the magnetic separation products 
obtained under the optimal condition are shown in 
Figure 6. It was seen that there were peaks of quartz, 
indicating that the quartz reported the magnetic 
concentrate due to the aggregation of particles at 
 

 
Figure 5 Effect of magnetic induction on magnetic 
separation performance 

 

 
Figure 6 XRD patterns of magnetic separation products 
 
high temperatures. This explained the magnetic 
concentrate with a low-grade of iron. In addition, it 
was known that the main components of tailing 
were quartz and calcite. The latter can be removed 
by the hydrochloric acid leaching to upgrade the 
quartz. 
 
3.3 Hydrochloric acid leaching tests for magnetic 

separation tailing 
    The hydrochloric acid leaching tests for the 
magnetic separation tailing were carried out and the 
results are shown in Figure 7. The effect of 
hydrochloric acid concentration on the leaching 
performance of CaO was firstly examined under 
these conditions: liquid/solid ratio of 3, stirring rate 
of 250 r/min, leaching time of 60 min, as shown in 
Figure 7(a). It was seen that the content of CaO in 
the residue decreased from 3.67% to 0.66% when 
the initial concentration increased from 10% to  
20%. With the further increase in the initial 
concentration, the content of CaO was nearly 
constant. Therefore, the optimal initial 
concentration was determined to be 20%. 
    The effect of liquid/solid ratio on its leaching 
performance is exhibited in Figure 7(b). It was 
known that the content of CaO slightly decreased 
when the liquid/solid ratio increased from 1 to 3. 
This result illustrated that the increase of the 
volume of leaching solution made the reaction 
between minerals and leaching solution sufficiently 
occur, resulting in the leaching rate accelerated by 
the efficiency of mass transfer [31]. The content of 
CaO in the residue slightly increased with the 
increase in the liquid/solid ratio. Therefore, the 
optimal liquid/solid ratio was determined to be 3. 
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Figure 7 Factors influencing leaching performances: (a) Effect of initial hydrochloric concentration; (b) Effect of 
liquid/solid ratio; (c) Effect of stirring rate; (d) Effect of leaching time 
 
    Figure 7(c) presents the decrease of CaO 
content in the residue in contrast with no stirring. 
The further increase in the stirring rate seemed not 
to affect the content. So, the optimal stirring rate 
was determined to be 250 r/min. The effect of the 
time on its leaching performance was shown in 
Figure 7(d). It was seen that the leaching time had 
an obvious effect on the leaching performance of 
CaO within 60 min. With the further increase in the 
leaching time, its leaching performance had little 
change. Therefore, the optimal leaching time was 
determined to be 60 min. 
    In addition, Table 5 also lists the main 
composition of the magnetic separation tailing 
before and after leaching. It was seen that the 
content of SiO2 increased from 59.97% to 81.05% 
after the hydrochloric acid leaching. This product 
can be used as a flux in the pyrometallurgical 
process. On the other hand, the content of CaO 
decreased from 12.48% to 0.66% after the leaching, 
but the contents of Al2O3 and Fe had little changes, 
indicating that the leaching liquid was mainly 
composed of CaCl2, which will be used as a kind of  

Table 5 Main composition of magnetic separation tailing 
before and after leaching/% 

Element SiO2 CaO Al2O3 Zn Pb S Fe 
Before 

leaching 59.97 12.48 4.46 0.70 0.50 1.00 2.08 

After 
leaching 81.05 0.66 3.95 0.55 0.30 0.80 3.56 

 
raw material for producing the anhydrous CaCl2. 
Therefore, the full economic value of the low-grade 
mining ore was achieved after adopting this novel 
method, as well as no tailings discharged. 
 
3.4 Properties changes during roasting 
3.4.1 XRD analyses 
    The XRD patterns of the mining ores treated 
under different conditions are shown in Figure 8. 
From Figures 8(a) and (b), it was seen that the peak 
of smithsonite disappeared after the roasting in 
contrast with the raw sample (Figure 1). When the 
pyrite was introduced into the system (Figure 8(c)), 
the peaks of PbS and ZnS occurred, indicating that 
the outlayers of the obtained zinc and lead oxides 
were transformed into their sulfides. According to 
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Figure 8 XRD patterns of mining ores treated under different conditions: (a) Without FeS2 and carbon; (b) 0% FeS2 and 
3% carbon; (c) 3% FeS2 and 0% carbon; (d) 3% FeS2 and 3% carbon 
 
Figure 3, these treated Zn-Pb oxides were well 
recovered by the conventional flotation. When the 
pyrite and carbon powder were simultaneously 
introduced (Figure 8(d)), there was no obvious 
change for the sample. Combining with Figure 6, 
the hematite and limonite were reduced to 
magnetite in the presence of carbon, but the peak of 
the magnetite was not observed (Figure 8(d)). 
3.4.2 EPMA-EDS analyses 
    Figure 9 shows the BSE images and EDS 
spectra of the roasted products at different 
temperatures. From Figures 9(a), (c) and (e), it was 
seen that the Zn-Pb oxide particles were covered 
with the sulfide films and these particles were 
nearly liberated from other minerals such as 
magnetite, calcite and quartz when the roasting 
temperature was fixed at 600 °C. The mineral 
particles began to aggregate when the roasting 
temperature increased to 700 °C. It was especially 
noticed that large quantities of fine grains at a size 
fraction of 1−2 μm deposited at the surface of larger 
particle. With the further increase in the temperature 
(Figure 9(e)), the aggregation of mineral particles 

was enhanced and part of particles started to form 
solid solution. These results explained the effect of 
the roasting temperature on the zinc flotation 
performance (Figure 3(c)) and iron magnetic 
separation performance (Figure 3(d)). From  
Figures 9(b), (d) and (f), it was known that the 
surfaces of zinc oxides were not only covered with 
sulfides, but also with other gangue such as silicon, 
iron and calcium bearing minerals, although the 
roasting temperature was fixed at 600 °C. This 
could be accounted by the fact that significant 
amounts of slimes were easily produced during the 
grinding of the mining ore and the generated slimes 
attracted with the target mineral due to the 
interaction force between the particles [32, 33]. 
3.4.3 EPMA analyses 
    To further investigate the artificial film formed 
at the surface of zinc oxide mineral, EPMA 
analyses were carried out and the results are shown 
in Figure 10 and Table 6. From Figure 10(a), it was 
observed that the natural smithsonite occurred as 
irregular lump with smooth dissociation surfaces. 
Figure 10(b) shows that the zinc concentration at  
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Figure 9 BSE images (a, c, e) and EDS spectra (b, d, f) of roasted products at different temperatures: (a, b) 600 °C;     
(c, d) 700 °C; (e, f) 800 °C 
 
the surface of smithsonite slightly fluctuated and 
there was nearly no sulfur signal. When the raw 
sample was roasted at 700 °C without any additive, 
the smithsonite exhibited rough surfaces    
(Figure 10(c)). From Figure 10(d), it was deduced 
that these formed surfaces were attributed to the 
thermal decomposition of the smithsonite and the 
uneven adsorption of sulfur vapor at the surface. 
Combining with Table 2, it was known that the 
sulfur was originated from the iron sulfide in the 
raw sample. This result further confirmed that part 
of the Zn-Pb oxide minerals were recovered when 
there was no addition of the pyrite (Figure 3(a)). 

With the introduction of the pyrite (3%) and carbon 
(3%), the surfaces of zinc oxide mineral became 
smooth (Figure 10(e)) and the zinc concentration 
fluctuated in the narrow range (Figure 10(f)), 
indicating that the morphology and component of 
the artificial films were very similar to that of the 
natural sphalerite (Figures 10(g) and (h)) [34]. This 
finding explained that the zinc oxide mineral 
presented a perfect flotation performance under this 
condition (Figure 3(a)). 
    The statistical values of the concentration of 
elemental Zn and S at the surfaces of the obtained 
samples are listed in Table 6. It was seen that the 
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Figure 10 EPMA line scan spectra of single zinc sulfide particles obtained under different conditions: (a, b) Raw 
sample; (c, d) Roasting without pyrite and carbon; (e, f) Roasting with 3% pyrite and 3% carbon; (g, h) Natural 
sphalerite) 
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Table 6 Concentration of elemental Zn and S at surface of obtained particle  

Sample 
Maximum concentration/%  Minimum concentration/%  Average concentration/% 

S Zn  S Zn  S Zn 

Raw sample 0.21 45.04  0 32.47  0.05 38.17 

Roasting without additive 22.65 68.75  0.26 16.08  8.43 53.04 

Roasting with 3% pyrite and 3% carbon 28.98 58.58  17.20 43.19  24.80 52.07 

Natural sphalerite 24.98 56.79  22.15 49.06  24.13 54.77 

 
average concentration of elemental sulfur at the 
sample surface increased from 0.05% to 8.43% 
when the raw sample was heated at 700 °C without 
any additive. The average concentration of 
elemental sulfur increased to 24.80%, which was 
near to the concentration of sulfur (24.13%) at the 
surface of natural sphalerite when the pyrite (3%) 
was added. On the other hand, the minimum and 
maximum concentrations of the elemental zinc and 
sulfur also suggested that these elements were not 
evenly distributed at the surface of zinc oxide 
mineral. 
 
4 Conclusions 
 
    1) The Zn, Pb, Fe and Si in the mining ore 
were recovered using the sulfidation roasting 
followed by the benefication and leaching processes 
and no tailing was discharged in the whole process. 
    2) The optimum roasting parameters were 
determined to be pyrite dosage of 3%, temperature 
of 700 °C, carbon powder dosage of 3%, roasting 
time of 60 min and particle size of <74 μm (85%). 
Under these conditions, a flotation concentrate 
containing 17.46% Zn and 3.93% Pb was obtained 
and the zinc and lead recoveries were 86.04% and 
69.08%, respectively. In addition, it was concluded 
that the flotation responses were not an absolutely 
positive correlation with their sulfidation extents. 
Magnetic separation was carried out for the 
flotation tailing. The grade of iron increased from 
5.45% to 43.45% and the recovery of iron reached 
64.87%. 
    3) The optimum leaching conditions were 
determined to be initial hydrochloric acid 
concentration of 20%, liquid/solid ratio of 3, 
stirring rate of 250 r/min and leaching time of    
60 min. Under the optimal leaching conditions, the 
content of SiO2 in the magnetic separation tailing 
increased from 59.97% to 81.05% and this leaching 
residue can be used as a flux in the 

pyrometallurgical process. 
    4) The outlayer of the zinc oxide mineral was 
transformed into zinc sulfide after the surface 
modification. The generated surface was very 
similar to that of the natural sphalerite, 
corresponding to a perfect flotation performance of 
the zinc oxide mineral. 
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中文导读 
 

采用硫化焙烧-选矿-浸出工艺高效回收低品位采矿矿石中的锌、铅、铁和硅 
 
摘要：为了从兰坪矿区低品位采矿矿石中回收锌、铅、铁和硅等有价元素，提出一种新的焙烧-选矿-
浸出工艺，焙烧过程中添加了黄铁矿和碳粉。研究了黄铁矿用量、焙烧温度、碳粉用量、保温时间和

颗粒粒度等因素对铅锌浮选效果和铁磁选回收行为的影响，确定了最佳工艺参数，得到了含锌 17.46% 
和含铅 3.93%的浮选精矿，其中锌和铅的回收率分别为 86.04%和 69.08%。浮选尾矿进入弱磁选作业，

获得含铁 43.45%，回收率为 64.87%的铁精矿。对弱磁选尾矿进行盐酸浸出，获得二氧化硅含量为

81.05%的石英砂。采用 XRD、SEM-EDS 和 EPMA 等测试手段，对菱锌矿反应前、后表面形貌和组成

进行分析，进一步揭示了菱锌矿的硫化机理。本研究是为了实现低品位采矿矿石的综合利用。 
 
关键词：低品位采矿矿石；综合回收；硫化焙烧；浮选；磁选；浸出 


