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Abstract: The co-extraction behavior of galena-pyrolusite in a sodium chloride solution and the electrochemical mechanism of this 
process were investigated, and some factors affecting the leaching rate of Pb and Mn were optimized. The results show that all the 
factors such as the concentration of NaCl, HCl and pyrolusite ore, reaction time, temperature, adding times of HCl, affect the 
leaching rate of Pb. The main affecting factors are the concentration of NaCl, reaction time and temperature. The Tafel polarization 
curves and EIS plots of the galena and pyrolusite in the NaCl solution demonstrate that during the oxidation process of galena 
mineral electrode, film forms on the galena surface, which prevents galena from deeper oxidation. However, the film resistance can 
be greatly reduced in the presence of sodium chloride, thus promoting the reaction rate of galena. 
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1 Introduction 
 

Lead has a wide range of application in different 
fields of the world. The absolute amount of lead usage in 
the storage battery field accounts for more than 70% of 
the total lead consumption. With the increasing demand 
of environmental protection and use of electric vehicles, 
the consumption of lead will inevitably increase[1]. 

The galena is the main mineral to extract lead metal. 
Considering the environmental pollution and bad effects 
on the human health caused by the extraction of lead 
metal, preparation of lead materials and chemical 
products[2−3], researches have been widely conducted to 
find a hydrometallurgical process which is more 
environmentally friend, low-energy consumption in the 
lead extraction and lead materials preparation[4−6]. The 
leaching processes include leaching with FeCl3[7−12], 
Fe2(SO4)3[13] or Cl2 as the oxidants, bioleaching[13−14] 
and co-extraction[15]. The results show that the 
formation of S0 membrane is an important factor to affect 
the lead leaching rate and galena reaction rate. 

The studies on the pyrolusite-galena co-extraction 
are seldom reported so far. 

Thus the co-extraction of galena and pyrolusite and 

electrochemical mechanism of the process are studied in 
this work. 
 
2 Experimental 
 
2.1 Materials 

The galena flotation concentrate was acquired from 
Mengzi Mineral Processing Plant in Yunnan Province of 
China. The chemical composition of the concentrate is 
listed in Table 1. The contents of Pb, Zn, Fe, CaO, MgO 
and Al2O3 were analyzed by titrimetric analysis. The 
element S was analyzed by combustion analysis, and 
SiO2 was analyzed by gravimetric analysis. Microscopic 
examination of the thin slides showed that the Pb 
minerals were mainly galena (PbS). 
 
Table 1 Chemical composition of lead concentrate (mass 
fraction, %) 

Pb Zn Fe SiO2 S CaO Al2O3 MgO Others

58.80 0.41 12.52 1.64 25.54 0.10 0.15 0.12 0.72 

 
The XRD pattern of the galena concentrate is shown 

in Fig.1. The elemental analysis shows that Pb and Fe are 
present in the forms of PbS and FeS2, respectively. 
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Fig.1 XRD pattern of galena concentrate 
 

The proper sample cut from the good mineralized 
crystallization galena, with 97.87% purity of the galena, 
was used to make a mineral electrode, which was 
polished smoothly by 0.3 μm and 0.05 μm alumina. Then 
the mineral electrode was put into a plexiglass cylinder 
with diameter of 7 mm, sealed around by epoxy resin. 
The exposing area of the electrode was polished as the 
working surface with apparent contact area of 1 cm2. The 
electrode was soldered to a copper wire as the electrode 
cable. 

The pyrolusite in the test was chemical manganese 
powder, and the amount of particles smaller than 0.14 
mm accounted for 96%. The elemental analysis results of 
pyrolusite are listed in Table 2. 
 
Table 2 Chemical composition of pyrolusite (mass fraction, %) 

MnO2 FeT SiO2 CaO Al2O3 MgO Others 

40.44 7.90 26.50 0.50 0.22 0.32 24.45 

 
The XRD pattern of the pyrolusite is shown in Fig.2. 

The elemental analysis shows that Mn is present in the  
 

 
Fig.2 XRD pattern of pyrolusite 

form of MnO2, while the Fe phase is relatively low and 
complex. Besides, a certain amount of  SiO2 (α-quartz) 
is also involved in the sample. 

In the electrochemical test, the high purity sample 
of pyrolusite was got from Mengzi, Yunnan Province of 
China. The sample containing 93.42% MnO2 by 
elemental analysis, after sliding and polishing, was made 
into pyrolusite electrode. 
 
2.2 Methods 

The dosage of galena flotation concentrate was  
200 g in each leaching experiment. The galena 
concentrate, pyrolusite and sodium chloride were added 
into the hydrochloric acid solution with a certain 
concentration and temperature according to experimental 
conditions. As soon as the reaction completed, the 
solution was filtered and the filter cake was dried in the 
blast oven. Phase composition and microstructure of the 
samples were tested by XRD and SEM, respectively. The 
leaching recoveries of Pb and Mn were then calculated 
and the reaction mechanisms were studied by phase, 
morphology and chemical analysis. 

The electrochemical measurement was performed 
with the EG&G M283A galvanostat system produced by 
Princeton company, America. The graphite was used for 
auxiliary electrode and Ag/AgCl electrode was used as 
reference electrode with 0.10 mol/L KCl solution as the 
supporting electrolyte. The Tafel polarization 
measurement was carried out by the 352 Softcorr Ⅲ 
software with the scanning speed of 10 mV/s. The AC 
impedance test was performed by the M398 
Electrochemical Impedance 1.3 Software with frequency 
ranging from 100 kHz to 10 MHz and with the scanning 
voltage of 197.3 mV (vs Ag/AgCl). 
 
3 Mechanism of galena extraction 
 

In the acid solution, thermodynamically, galena 
reacts with pyrolusite according to the following 
chemical reactions: 
 
PbS+MnO2+4H+→Mn2++Pb2++S+H2O           (1) 
 
PbS+4MnO2+9H+→4Mn2++Pb2++ −

4HSO +4H2O   (2) 
 
PbS+4MnO2+8H+→4Mn2++Pb2++ −2

4SO +4H2O    (3) 
 

In mild acid, the main reaction is Eq.(3), while in 
strong acid the main reaction is Eq.(1), and under such 
condition, the surface contact of galena and pyrolusite 
was impeded by the elemental sulfur produced by the 
reaction. 

In the presence of Cl−, the lead salt produced by 
reaction is mostly in the form of insoluble PbCl2. While 
in the presence of NaCl, PbCl2 will coordinate with Cl− 
to produce lead coordinate compounds which are soluble 



LONG Huai-zhong, et al/Trans. Nonferrous Met. Soc. China 20(2010) 897−902 899

in water: 
 
Pb2++Cl− PbCl+                           (4) 
 
PbCl++Cl− PbCl2                          (5) 
 
PbCl2+Cl− −

3PbCl                         (6)  
−
3PbCl +Cl− −2

4PbCl                        (7) 
 
4 Results and discussion 
 
4.1 Co-extraction of galena-pyrolusite in NaCl solution 
4.1.1 Effect of reaction time on leaching 

Fig.3 shows the effect of the reaction time on the 
leaching rates of Pb and Mn. It can be seen from Fig.3 
that the leaching rate of Pb is improved remarkably 
before 30 min and maintains at about 95% after 60 min. 
But the leaching rate of Mn increases greatly with time 
going, and reaches the peak value of 85% when the 
reaction time is 60 min. 
 

 
Fig.3 Effect of reaction time on leaching rates of Pb and Mn 
 
4.1.2 Effect of reaction temperature on leaching rate 

Fig.4 shows the effect of reaction temperature on 
the leaching rates of Pb and Mn. It can be seen from 
Fig.4 that, when the temperature is below 70 ℃, the  
 

 
Fig.4 Effect of temperature on leaching rates of Mn and Pb 

leaching rate of Mn increases with temperature 
increasing, while the temperature exceeds 70 ℃, the 
leaching rate decreases. The leaching rate of Pb increases 
with temperature going up. The temperature mainly 
affects the leaching rates of Pb, Mn by changing the 
reaction rates. Under 80 , a part of HCl volatilizes, ℃

which makes the reduction of HCl in the total 
hydrochloric acid. 
4.1.3 Effect of HCl dosage on leaching rates of Pb and Mn 

Fig.5 shows the results obtained in the presence of 
different dosages of HCl, and its concentration is 1.5 
mol/L. Apparently, the more the dosage of HCl used in 
the reaction, the higher the recoveries of Pb and Mn. But 
the effect of HCl dosage on Pb recovery is not obvious, 
while Mn recovery is influenced greatly. 
 

 
Fig.5 Effect of HCl dosage on leaching rates of Pb and Mn 
 
4.1.4 Effect of HCl addition method on leaching rate 

Based on the analysis above, the addition method of 
1.5 mol/L, 500 mL HCl was investigated. HCl was added 
by one, two or three times, and the results are shown in 
Table 3. 
 
Table 3 Influence of adding times of HCl on leaching rate 

Adding times of
 HCl 

Leaching rate of 
Pb/% 

Leaching rate of 
Mn/% 

1 72.37 90.95 

2 92.86 96.96 

3 80.51 93.04 
 

It can be seen that, when HCl is added two times, 
the leaching rate of Pb increases from 72.37% to 92.86%, 
the leaching effect is the best. While the effect of HCl 
addition method on the leaching rate of Mn is not the 
same as that of Pb. 
 
4.2 Electrochemical analysis of galena and pyrolusite 

electrodes in NaCl solution 
4.2.1 Electrochemical behavior of galena electrode 

Fig.6 shows the Tafel plots of galena in different 
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concentrations of NaCl solution. The electrochemical 
parameters obtained by data fitting and processing of 
Fig.6 are listed in Table 4. 
 

 
Fig.6 Tafel polarization plots of galena in different sodium 
chloride concentrations 
 
Table 4 Fitting parameters of Tafel polarization plots 

c(NaCl)/ 
(mol·L−1) 

Jcorr/ 
(µA·cm−2) 

φcorr 

(vs Ag/AgCl)/mV 
ba/ 
mV 

bc/ 
mV 

0 2.149 −112.60 50.01 271.2

0.5 61.070 −358.80 66.09 71.24

2.0 203.500 −400.40 38.42 468.5

 
It can be seen from Table 4 that, the corrosion 

current density significantly increases from 2.149 
µA/cm2 to 203.500 µA/cm2 and the corrosion potential 
greatly decreases from −112.60 mV to −400.40 mV (vs 
Ag/AgCl) with the concentration of sodium chloride 
changing from 0 to 2.0 mol/L. The results show that the 
electrode reaction exacerbates and the corrosion rate of 
galena is obviously accelerated. 

The electrochemical impedance spectroscopy (EIS) 
of galena in different concentrations of NaCl solution is 
shown in Fig.7. 

It can be seen from Fig.7 that the surface resistance 
of galena decreases from 2.9 kΩ/cm2 to 1.2 kΩ/cm2 with 
increasing NaCl concentration, which means that the 
surface is activated. Meanwhile, in the low-frequency 
side (right side), the capacitance arcs show different 
signs in different NaCl concentrations. When the NaCl 
concentration is 0.5 mol/L, there exist adsorption effects 
characterized by emerging signs of a small semicircle 
and diffusion and transmission characterized by the 
emergency of Warburg Impedance linear, respectively. 
When the NaCl concentration increases to 2.0 mol/L, 
there is no such signal mentioned above. Accordingly, it 
can be speculated from the EIS plots that during the 
oxidation process of galena electrode, the insoluble 

 

 
Fig.7 EIS plots of galena electrode in different sodium chloride 
concentrations (Scanning voltage: 197.3 mV (vs Ag/AgCl); 
Frequency range: 100 kHz−10 MHz) 
 
products generated attach to the galena surface and 
reduce the oxidation rate of galena. When NaCl is added, 
the products would dissolve to the sodium chloride 
solution from the galena surface in the form of 
coordination compounds. Then the diffusion of the 
oxidation products is not the dominant step to determine 
the leaching process any more. 

It can be seen from Fig.6 that when there is no 
sodium chloride in the electrolyte solution, the cathodic 
reaction of galena generates insoluble products which 
hinder deeper reaction of electrode reaction. But if the 
electrode surface is put in sodium chloride solution, the 
electrode reaction intensifies. The equations are as 
follows: 
 
PbS+Cl−+2e→PbCl2+S                       (8) 
 
PbCl2+Cl−→ −

3PbCl                           (9) 
 

−
3PbCl +Cl−→ −2

4PbCl                (10) 
 
4.2.2 Electrochemical behaviors of pyrolusite electrode 

The Tafel plots of pyrolusite in different 
concentrations of NaCl solution are indicated in Fig.8. 
Table 5 lists the electrochemical parameters which are 
obtained by data fitting and processing. 

It can be seen from Table 5 that, the corrosion 
potential of pyrolusite electrode has a significant 
negative shift, which decreases from 500 mV to 120 mV 
(vs Ag/AgCl) when the concentration of sodium chloride 
changes from 0 to 2.0 mol/L. This indicates that the 
anodic reaction of pyrolusite electrode is intensified with 
the NaCl concentration increasing. The corrosion current 
density reaches the maximum value of 16.78 µA/cm2 
when the NaCl concentration is 0.5 mol/L, which 
indicates that the corrosion rate of pyrolusite electrode 
surface increases. However, the corrosion rate decreases 
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when the current density increases to a certain value. 
Fig.9 shows the electrochemical impedance plot of 

pyrolusite. 
 

 

Fig.8 Tafel plots of pyrolusite in different sodium chloride 
concentrations 

 
Table 5 Fitting parameters of Tafel polarization plots 

c(NaCl)/ 
(mol·L−1) 

Jcorr/ 
(µA·cm−2) 

φcorr 

(vs Ag/AgCl)/mV 
ba/ 
mV 

bc/ 
mV 

0 6.10 500.00 413.20 245.65

0.5 16.78 300.90 343.65 265.37

2.0 9.22 120.33 235.54 476.43

 

 
Fig.9 EIS plots of pyrolusite electrode in different sodium 
chloride concentrations (Scanning voltage: 197.3 mV (vs 
Ag/AgCl), Frequency range: 100 kHz−10 MHz) 
 

It can be seen from Fig.9 that, the impedance value 
is small when the NaCl concentration is 0.5mol/L. This 
impedance value is smaller than that in the solution when 
the NaCl concentration is 2.0 mol/L, but only with a 
change of 380 Ω/cm2, which means that there are no 
products with greater resistance generating on the surface 

of pyrolusite electrode. The small change of impedance 
value is caused by a certain degree of “resistance layer” 
formed on the surface, which results from the increase of 
concentrations of MnCl2 and manganese coordination 
compounds near the electrode surface. Therefore, the 
diffusion of oxidation products of the pyrolusite 
electrode is a dominant reaction step. 

The results of the Tafel polarization plots and EIS 
plots of galena and pyrolusite electrodes in different 
concentrations of NaCl solution show that, in the galena- 
pyrolusite redox leaching system, NaCl mainly affects 
the corrosion reaction of galena electrode, and can 
coordinate with PbCl2, then the coordinate compounds 
dissolve from galena surface into NaCl solution. Thus 
the speeds of galena oxidation and deoxidization of 
pyrolusite are improved significantly. 
 
4.3 XRD and SEM analyses of leaching residues 

The XRD patterns of the leaching residue are shown 
in Fig.10. The concentrations of NaCl are 0.34 and   
2.4 mol/L. 

It can be seen from Fig.10 that, when the NaCl 
concentration is 0.34 mol/L, most PbCl2 is kept in the 
residue; when the concentration of NaCl increases to 
2.40 mol/L, there is few PbCl2 left in the residue. On one 
hand, the PbCl2 of the residue covers the surface of 
unreacted PbS and hinders the oxidation reaction. On the 
other hand, it is extremely difficult for PbCl2 to dissolve 
in water, accordingly reducing the leaching rate of Pb. 

 

 
Fig.10 XRD patterns of leaching residue 
 

The SEM images of galena and pyrolusite 
concentrates and residue samples leached in the NaCl 
solution of 2.4 mol/L are shown in Fig.11. It can be seen 
from Fig.11 that, there are large pores in the leaching 
residue, which indicates that the leaching products 
dissolve into the sodium chloride solution from the 
original mineral surface. 
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Fig.11 SEM images of galena(a), pyrolusite(b) and residue 
samples(c) 
 
5 Conclusions 
 

1) In the co-extraction of galena-pyrolusite in a 
sodium chloride solution, some factors affecting the 
leaching rate of Pb and Mn were optimized. All the 
factors such as the concentration of NaCl, HCl and 
pyrolusite ore, reaction time, temperature, adding times 
of HCl, affect the leaching rate of Pb. The main affecting 
factors are the concentration of NaCl, reaction time and 
temperature. 

2) The electrochemistry tests on galena and 
pyrolusite electrodes in NaCl solution demonstrate that 
the formation of PbCl2 of insoluble film in the 
co-extraction of galena and pyrolusite blocks the redox 
process; while the ligand (NaCl) can make the PbCl2 film 
to “peel off”, thus promoting the reaction rate 
significantly. 
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