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ABSTRACT 
We investigated the electrochemical behavior of manganese dioxide as a part of a composite electrode of manganese 
dioxide – graphite (MnO2+C), based on an organic polymer binder. The electrochemical behavior of manganese 
dioxide (MnO2) inside the composite electrode was researched by recording potentiodynamic polarization curves in 
a sulfuric acid solution. During the cathodic polarization of manganese dioxide in a sulfuric acid medium, a peak 
reduction of Mn4+ to Mn2+ was observed at a potential of +1,175 V. The obtained data led to the electrochemical 
leaching experiments to extract manganese from hardly soluble manganese dioxide. The experiments were carried 
out at room temperature in an electrolyzer equipped with a mechanical stirrer and the cathode and anode spaces 
separated by a PVC diaphragm. Lead was used as the cathode material, and graphite electrode was used as the 
anode. The cathode space was filled with an aqueous solution of sulfuric acid containing particles of manganese 
dioxide. We investigated the influence of the electrolysis parameters on electrochemical leaching of manganese 
dioxide and obtained the values of the current yield depending on the cathode current density, the temperature of the 
medium, the concentration of acid, the mixing intensity and the ratio of liquid to solid (L:S). The obtained data 
proved the possibility of direct electrochemical leaching of manganese dioxide. The maximum value of 66.8% 
current yield was reached at a cathodic current density of 200 A/m2, 50°C temperature, and L:S ratio of 6:1, mixing 
speed of 200 rpm, with a one-hour duration of the experiment. 
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INTRODUCTION 
Manganese dioxide (MnO2) forms the basis of the highly oxidized manganese ore. Because MnO2 

solubility in dilute acidic media is low1, the traditional technology of hydrometallurgical processing of 
manganese oxide ore is based on the ore roasting. The target of the ore roasting process is to maximize 
the reduction of manganese superoxide to lower oxide (MnO), which is soluble in sulfuric acid. Gas, oil, 
and solid fuels are used as reducing agents.2-4 
Reduced manganese ore (stub) is leached with a solution of sulfuric acid, with the transfer of manganese 
into the solution. 
This traditional technology possesses several flaws:  

 the need to use complex equipment to be able to implement the roasting process with the presence 
of reducing agents; 

 carbon-based reducing agents lead to environmental pollution, which decreases the environmental 
and economic efficiency of this technology.  

These drawbacks of the traditional technology triggered the research for more efficient ways to extract 
manganese from manganese superoxides. It is well known that one of the ways to dilute poorly soluble 
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metals and their compounds is to apply electrochemical methods.5-7 In this regard, the main goal of this 
research work was to evaluate the possibility and efficiency of the electrochemical dissolution of 
manganese dioxide. 
Manganese dioxide shows semiconductor properties. To research the electrochemical behavior of 
manganese dioxide various literature sources8-13, suggest using composite electrodes and electrodes with 
modified MnO2 nanoparticles on the surface of different metals. The other widely used types of electrodes 
include paste-like electrodes14-16, composite electrodes8,17, and composite electrodes with thin-film MnO2 
modified on the surface of glass-carbon, carbon, graphite, and other types of electrodes.18 In the present 
research, we used a composite electrode produced by curing or pressing a mixture of graphite powder 
with manganese dioxide and a polymer binder. Polymethylmethacrylate is a binding component. The ratio 
of manganese dioxide and graphite powder when manufacturing this electrode was 1:1.5, respectively. 
The advantages of this type of electrode include the simplicity of manufacturing, low solubility of the 
binding component in both strongly acidic and strongly alkaline media. It is also resistant to temperatures 
(80 °C) and demonstrates good reproducibility of the results. 
This composite electrode made of manganese dioxide–graphite (MnO2+C) was used to record the 
polarization curves. Anode and cathode behavior of manganese dioxide within the electrode were also 
researched as a part of this study. 

EXPERIMENTAL 
During this research work we used "chemically pure" and "extra pure" chemicals and reagents including 
sulfuric acid (H2SO4), manganese dioxide (MnO2), graphite powder (C), polymethylmethacrylate 
((C5O2H8)n), dichloroethane C2H4Cl2 and lead and graphite electrodes. All solutions are prepared in 
distilled water. 
 
Voltammetric Measurements 
We investigated the electrochemical behavior of manganese dioxide and the mechanism of redox 
reactions in acidic solutions by recording the polarization curves in the potentiodynamic mode with the 
Autolab PGSTAT potentiostat (Metrohm Autolab, the Netherlands). The measurements were carried out 
in comparison with the silver-chloride reference electrode in saturated KCl solution (E = +0,225 V, 
20°C)19. Platinum wire was used as a counter electrode. Voltammetric measurements were carried out in a 
thermostatically controlled three-electrode cell. A composite MnO2+C electrode with a contact surface 
area of 0.28 cm2 was used as the main electrode. The polarization curves were recorded at a potential 
increase rate of 100 mV/sec. 
 
Manufacturing a Composite Electrode From Manganese Dioxide and Graphite (MnO2+C) 
To make the electrode we used a powder mixture of manganese dioxide and graphite (MnO2+C) with a 
component ratio of 1:1.5. Polymethylmethacrylate was dissolved in dichloroethane until a formation of 
viscous mass, then it was mixed with a composition of manganese dioxide and graphite powder. The 
obtained paste was placed in a Teflon casing, with a graphite current lead attached to the other side of the 
casing. The electrode was left to dry for 4 hours. Solvent evaporation and polishing completed the 
manufacturing process for this solid composite manganese dioxide and graphite (MpO2+C) electrode with 
a mirror surface and a 6 mm diameter. The electrode was polished on the polishing paper first, and then 
we finished polishing with the Teflon tape. Figure-1 shows a schematic representation of the electrode 
design. 
 
Сonducting Electrolysis 
Electrochemical leaching of manganese ore was carried out in a stationary electrolysis mode when metal 
plates with high current conductivity can be used as cathodes. In our case, we used a lead electrode as the 
cathode. Its high ductility makes it suitable for any design. The release of hydrogen on a lead electrode is 
accompanied with a significant overvoltage, which expands the scope of applying this metal as a cathode. 
Therefore, we investigated the parameters of electrolysis during the process of electrochemical leaching 
using a lead cathode. A graphite electrode was used as the anode.  
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Electrochemical leaching of manganese dioxide was carried out in a cylindrical cell. This electrolyzer has 
no corners and the electrodes are located over the entire area at equal distances. The cathode and the 
anode are separated by a diaphragm. A PVC fabric is used as a diaphragm material. Figure-2 
demonstrates the design of the electrolyzer.  
When the electrolyte solution is mechanically stirred, the ore particles only come into contact with the 
cathode surface. 
 

 
 

Fig.-1: Composite MnO2+C Electrode 
 
 

 
1 – the cathode; 2 – the anode; 3 – the diaphragm; 4 – the tube; 

5 – the stirrer; 6 – the thermostated tank 
Fig.-2: Diagram of the Electrolyzer and its Components 

 

MnO2 particles with the catolite are placed into the space between the cathode and the diaphragm. During 
mechanical stirring, the MnO2 contained in the catholyte comes into contact with the cathode surface. The 
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diaphragm protects the MnO2 particles from coming into contact with the anode. MnO2 particles exhibit 
electrochemical activity when they collide and come into direct contact with the cathode. Therefore, 
MnO2 is reduced and transferred into the solution during the cathodic polarization, as the reaction (1) 
shows. 

RESULTS AND DISCUSSION 
As the result of the investigation of the electrochemical behavior of manganese dioxide in the composite 
electrode MnO2+C, cathode polarization curves were recorded. Figure 3 shows the cathodic 
potentiodynamic polarization curve of MnO2+C reduction in an aqueous solution of sulfuric acid with a 
concentration of 100 g/l. It was proven that the two-electron reduction of manganese oxide with the 
formation of manganese (II) ions happens at a stationary potential of +1,175 V by the following reaction 
(1): 

MnO2 + 4H+ + 2e- → Mn2+ + 2H2O                   Eo = +1,228       (1) 
 

Starting with a potential of -0,775 V, the reduction of hydrogen ions proceeds according to the following 
reaction (2): 

2H2O → H2 + 2ОН-                                                                         (2) 

 
 

V = 100 mV/s,  [Н2SO4,] = 100 g/l, t = 20oC 
1 – glass-graphite electrode; 2 – МnО2+С electrode 

Fig.-3: Cathodic Potentiodynamic Polarization Curves 
 

 Visually, the formation of gas bubbles was observed. Along with the formation of hydrogen ions on the 
surface of the observed electrode at the above-mentioned potential, the process of cathodic reduction of 
manganese (II) ions also proceeds according to the following reaction (3): 
 

Mn2+ + 2е-  → Mn0     Eo = -1,179           (3) 
 

The polarization curve on a glass graphite electrode in a sulfuric acid medium with a concentration of 100 
g/l was also recorded to verify the reliability of the results. As one can observe from the resulting curve 
(Figure 3), only the reduction current of hydrogen ions was recorded starting from the potential of -0,375 
V. Thus, it was confirmed that the manganese dioxide as a part of the composite electrode exhibits high 
electrochemical activity in a sulfuric acid medium. 
Figure 4 shows the cathode-anode potentiodynamic polarization curve MnO2+C recorded in an aqueous 
solution of sulfuric acid with a concentration of 100 g/l. The processes illustrated by Figure 3 were 
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observed in the cathode space. When the potential shifts from the cathode space to the anode space at a 
potential of -0,775 V, the reverse oxidation of metal manganese occurs on the electrode surface. 
Oxidation of elementary manganese to manganese (II) ions proceeds by the following reaction (4): 
 

Mn0 - 2e- →  Mn2+                            Eo = -1,179  (4) 
 

Figure-4 shows that the following chemical reactions proceed in the solution with a positive potential 
shift: starting from a potential of +1,175 V the formation of oxygen by reaction (5), starting from a 
potential of +1,825 V the oxidation of manganese dioxide to permanganate ions by reaction (6). 
 
                        2H2O - 4e- → O2 + 4H+                                    Eo   = +1,229  (5) 
 
                          MnO2 + 2H2O - 3e- → MnO4

- + 4H+              Eo   = +1,692              (6) 
 
It should be noted, that the solution in the near-electrode space turns into purple-pink color.  

 
V = 100 mV/s,  [Н2SO4,] = 100 g/l, t = 20oC 

Fig.-4: Cyclic Cathode-anode Potentiodynamic Polarization Curve recorded on the MnO2+C Electrode 
 
The results of this research prove that during cathodic polarization it is possible to reduce manganese 
dioxide to manganese (II) ions in a solution of sulfuric acid. The cathodic reduction of manganese dioxide 
and the conversion of manganese into solution served as the basis for research on electrochemical 
leaching. 
The influence of the electrolysis parameters on the current yield of the manganese dissolution during 
electrochemical leaching of manganese ore was researched. In the course of this research, the 
dependences of the current yield of the manganese dissolution on the cathode current density, the 
concentration of sulfuric acid, the mixing rate, the medium temperature, and the L:S ratio were 
determined.  
With an increase in cathode current density in the range of 200-800 A/m2, the current yield of manganese 
dissolution decreases from 22% to 3% respectively. This is because with an increase in cathode current 
density, the discharge of hydrogen ions increases, which leads to excessive current consumption and 
decreases the efficiency of the main process. 
The effect of the acid concentration on the current yield of the dissolution of manganese was also 
investigated. Increasing the acid concentration within the electrolyte from 50 g/l to 100 g/l leads to an 
increase in current yield from 20.9% to 22.2% respectively. A further increase in the acid concentration to 
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200 g/l leads to a decrease in the current yield down to 16.8%. This is because a high concentration of 
acid increases the overvoltage of hydrogen release at the cathode and as a result, the current yield of 
manganese dissolution decreases. 
As we mentioned above, manganese dioxide has low electrical conductivity and is poorly soluble in 
water. Its reduction can take place only on the surface in contact with the cathode. Therefore, in our case, 
mixing was an external force that allowed the ore to come into contact with the cathode’s surface. 
Leaching was carried out at stirring rates of 200 rpm, 400 rpm, and 600 rpm. The results of the 
experiments can be found in Table-1. 
 

Table-1: The Effects of Electrolysis Parameters on the Current Yield of Manganese Dissolution 
No. Electrolysis Parameters Value Current Yield, % 

1 
Current Density on Cathode, 

A/m2 

200 22.2 
300 10.9 
500 3 

2 Acid Concentration, g/l 
50 20.9 

100 22.2 
150 16.8 

3 Mixing Rate, rpm 
200 32 
400 28 
600 22.2 

4 Electrolyte Temperature, °С 
25 32 
50 41.8 
75 37.9 

5 L:S Ratio 
6:1 66.8 
8:1 43.9 

10:1 41.8 
 

The influence of the electrolyte temperature on the process of electrochemical leaching of manganese was 
analyzed. The experiments were carried out at temperatures of 25 °C, 50°C, and 75 °C. With an increase 
in the temperature of the electrolyte from 25 °C to 50 °C, the current yield increased from 32% to 41.8%. 
The higher the temperature, the higher the rate of reduction of higher manganese oxides to lower oxide 
(MnO) with its further dissolution. However, when the temperature increased to 75 °C, the current yield 
value went down to 37.9 %. This is due to an increase in the proportion of the (2) reaction. 
The L:S ratios of 6:1, 8:1 and 10:1 were examined. Table 1 shows that with an increase in L:S ratio, the 
current yield of manganese dissolution decreases. This is because the increasing L:S ratio leads to fewer 
opportunities for the ore to come into contact with the cathode. The maximum current yield was observed 
at L:S ratio of 6:1. 
Thus, the optimal values of the electrolysis parameters are: the cathode current density of 200 A/m2, the 
temperature of 50 °С, the L:S ratio of 6:1, mixing intensity of 200 rpm and duration of electrolysis of 1 
hour. The maximum value of the current yield is 66.8%. 
 

CONCLUSION 
The obtained results allow us to conclude that a composite manganese dioxide – graphite (MnO2+C) 
electrode proposed in this work shows good electrochemical activity in a sulfuric acid solution, which 
makes it possible to reduce the manganese dioxide from the electrode composition to manganese (II) ions 
using cathodic polarization. This process could serve as a primary stage of the high-purity cathode 
manganese production. During the anodic polarization of the composite electrode, manganese dioxide 
(MnO2) is oxidized to permanganate ions (MnO4-), which leads to the solution changing color to purple-
pink. 
During electrochemical leaching, two processes occur simultaneously: reduction of higher manganese 
oxides and the transition of manganese to an aqueous solution from the reduced ore. Thus, it is possible to 
eliminate the traditional process of ore roasting from hydrometallurgical processing technology, which 
should allow the extraction of manganese from the ore with greater efficiency and lower operating costs. 
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This solution has the potential to increase the environmental and economic efficiency of traditional 
technological processes. 
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