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Abstract 
 

A kinetic study of the leaching of manganese mining residue by sulfuric acid and potassium oxalate has been 

investigated. The effects of the reaction agitation speed, manganese ore particle size, acid concentration, oxalate 

concentration and temperature on manganese rate dissolved. The leaching rates are significantly influenced by the 

reaction temperature, to both concentration oxalate and acid. The observed effects of the relevant operating 

variables on the leaching rates are consistent with a kinetic model for chemical control. The apparent activation 

energy for the leaching of pyrolusite has been calculated using the Arrhenius expression and was found to be 

(63.7±2.9) kJ/mol. The experimental results indicate a reaction order of 1.07 for [H2SO4] concentration and 0.96 for 

[K2C2O4]. It is concluded that the reductive leaching of pyrolusite with potassium oxalate in acid medium is 

controlled by chemical reaction. The rate expression associated with the dissolution rate of pyrolusite depending on 

the parameters chosen may be summarized as follows: 

1 − (1 − 𝑥)1/3 =
1.45 107

𝑟0
0.82 . [𝐻2𝑆𝑂4]1.07[𝐾2𝐶2𝑂4]0.96 exp (−

63735

𝑅𝑇
) . 𝑡 

Key words: Leaching kinetics modeling, Potassium oxalate, Mining manganese residue, Sulfuric acid leaching. 

 
1. Introduction 

 

Manganese is among the world is most 

widely used metals, ranking fourth after iron, 

aluminium and copper. Thousands of 

everyday metallic items require some 

percentage of manganese in their 

manufacture; the main ore is pyrolusite, 

MnO2. In recent years various hydro-

metallurgical processes have been studied and 

developed for recovery of manganese from 

these manganese sources.  

Many studies have focused on reductive 

leaching of manganic-ferrous ores containing 

tetravalent manganese using organic 

reductants, including sawdust [1], glucose, 

sucrose [2], lactose [3], glycerine [4]. Oxalic 

acid can also be used as a reducing agent for 

manganese extraction from manganese 

dioxide ore [5, 6]. Leaching of manganese ore 

using oxalic acid-producing microorganisms 

has been reported [7]. Chemical leaching of 

Mn ore using oxalic acid may give an insight 

into bioleaching [8]. 
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The typical leaching process involves a 

chemical reductive step, acid leaching of 

Mn(II) ores, purification, separation and final 

recovery processes such as solvent extraction, 

electrolysis and electrowinning, and other 

recovery processes [9; 10]. Sulfuric acid and 

different reducing agents have been used for 

leaching of pyrolusite. The most important 

leaching agents include ferrous iron solution 

[11], sulfite solution [12; 13], hydrogen 

peroxide [14] and hydrochloric acid [15]. 

This work covers part of activities related 

to tailings and waste-rock management of 

manganese ore. Samples of manganese 

mining residue used in this experimental study 

were obtained from deposit Imini, Morocco. 

These residues from the treatment plant 

pyrolusite, have a relatively fine particle size 

(-710microns) and Mn content ranging from 

31.6% to 39.2%. All these residues are 

removed and deposited near the mine. 

This paper present the kinetics of reductive 

leaching manganese pyrolusite contained in 

these residues with potassium oxalate as a 

reducing agent in a sulfuric acid medium and 

system variables on the main leaching rate. 

The kinetic model and the apparent activation 

energy were determined. 

 

2. Materials and methods 

 

2.1. Materials characterization 

 

A representative sample of residue from 

the Imini mine area of Ouarzazate Province 

(Morrocco) was supplied by the society 

Mining (SACEM). The residue as received 

was thoroughly blended by rolling. Riffled 

samples were then collected for size 

distribution, chemical analysis and minera-

logical characterization. 

Tab1 gives the chemical composition of 

the sample. X-ray fluorescence spectrometry 

has also revealed the presence of a number of 

trace elements such as K, Na and P.  

Sieve analysis of the ore is reported on 

Fig.1.  

 

Table 1. Chemical analysis of the manganese 

ore 

Component Grade (%) 

MnO2 56,31 

SiO2 21,16 

Al2O3 7,56 

BaO 3,92 

CaO 2,80 

MgO 1,80 

K2O 1,22 

Fe2O3 1,08 

Na2O 0,16 

P2O5 0,04 

Pb 2,04 

 

The Imini manganese ore is characterized 

by the presence of a colloidal highly hydrated 

MnO2gel, while crystalline phases include 

silicate gangue minerals (albite, anorthite, 

quartz, etc.), though a few peaks are 

attributable to manganese dioxide minerals 

(pyrolusite, psilomelane and manganomelane) 

[16]. 

 
Figure 1. Sieve and Chemical analysis of the 

manganese ore 
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2.2. Leaching tests 

 

The dissolution of manganese is due to 

reduction of its dioxide by potassium oxalate. 

The reduction [10] between MnO2 and 

potassium oxalate in acid medium may be 

given as follows: 

 
 MnO2 + C2O4

2− + 4H+ → Mn2+ + 2CO2 + 2H2O (1) 

 

All leaching experiments were carried out 

in a glass reactor double jacket equipped with 

a magnetically stirrer, condenser, thermo-

meter, openings for adding the solid sample 

and a sampling device. This set-up provides 

stable hermetic conditions and allows heating 

at constant temperature. The calculated 

quantities of H2SO4 and K2C2O4 were added 

to the glass reactor and heated-up to the 

selected temperature. When the temperature 

was reached and stirring speed was set. The 

solid (manganese ore) was added and the 

reaction commenced. After selected time 

intervals, the solution samples were taken for 

chemical analysis, which was carried out by 

UV-vis spectroscopy (Hach DR-5000) and 

AAS (Perkin Elmer). Stirring was provided in 

the range of 0 to 1250 rpm, temperatures of 25 

to 40°C, leaching times of 5 to 30min, while 

the particle size fraction leached was -630 µm. 

The H2SO4 and K2C2O4 concentrations were 

in the range of 0.25–1M and 0.06–0.25M, 

respectively. The phase ratio was 20-120g 

concentrate in 1000ml of the solution. 

 

2.3. Effect of parameters 

 

2.3.1. Agitation effect 

 

The effect of agitation on the leaching of 

pyrolusite was investigated in solution of 

K2C2O4/H2SO4 with the 630 µm fraction of the 

manganese ore at 25°C, using stirring speeds 

of in the range 0–1250 rpm and  solid-to-

liquid ratio S/L = 50g/L.  

The results indicate that the extraction rate 

of manganese firstly increases with the 

increase in stirring speed till 500 rpm then 

becomes almost independent of the stirring 

speed with further increase. High stirring 

speed reduces the thickness of the diffusion 

boundary layer. Therefore, subsequent 

experiments were performed at a stirring 

speed of 500 rpm to ensure that the influence 

of the external mass transfer is negligible. In 

this case, solid particles remain suspended in 

solution homogeneously Fig. 2. 
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Figure 2. Influence of stirring speed on 

dissolution from manganese.Conditions: 0.5M 

H2SO4, 0.25M K2C2O4, 25°C; 50g/L; 30min. 

 
2.3.2. Effect of manganese ore  

particle size 

 
The effect of particle size on the 

dissolution of manganese was investigated in 

K2C2O4 solution at 25°C, using four particle 

sizes, namely, -630 µm, -280 µm, -125 µm, 

and -63 µm. The results obtained show that 

the leaching rate very slightly increases by the 

decrease in the original particle size of 

pyrolusite, while the increase of manganese 

dissolved is relatively high for particle size 

less than 63µm.  
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This behavior can be explained by the 

significant increase in the solid surface area in 

contact with fluid with decreasing particle size 

Fig. 3. 

 
Figure 3. Effect of particle size on the rate of 

dissolution of the pyrolusite in: 0.5M H2SO4; 

0.25M K2C2O4; 25°C; 50g/L; 750rpm 

 

2.3.3. Effect of pulp density 

 

The effect of solid-to-liquid ratio on the 

dissolution of pyrolusite was studied in the 

range of 20–120g/L.  Fig. 4 shows the effect 

of this parameter.   

 

 
Figure 4. Effect of solid/liquid ratio on the 

dissolution of manganese under conditions: 

1.3M H2SO4; 0.4M K2C2O4; 25°C; 630µm; 

750rpm; 30min. 

As can be seen in Fig. 4,   the dissolution 

of pyrolusite decreases with an increase in 

solid-to-liquid ratio. This situation can be 

explained by the increase in the number of 

pyrolusite particles per amount of reagents in 

solution. 

 

2.3.4. Effect of K2C2O4 concentration 

 

The dependence of K2C2O4 concentration 

on the leaching of manganese was 

investigated at 25°C using the 630 µm 

fraction of the manganese ore with solid-to-

liquid ratio S/L = 50g/L. The oxalate 

concentrations used are 0.06, 0.09, 0.12, and 

0.25M. The recovery of manganese vs. time 

plots for the different potassium oxalate 

concentrations given in Fig. 5 show that the 

recovery of manganese increases with the 

increase of oxalate concentration. 

 
Figure 5. Effect of K2C2O4 concentration on 

the dissolution of manganese, Under 

conditions: 1M H2SO4; 25°C; 630µm; 750rpm 

 

2.3.5. Effect of H2SO4 concentration 

 

The effect of H2SO4 concentration on the 

leaching of manganese from its ore was 

investigated at 25°C at 750 rpm stirring speed 

and solid-to-liquid ratio S/L = 50g/L.  
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The H2SO4 concentration used was varied 

from 0.25M to 1M. The fraction of 

manganese leached vs. time plots for the 

different H2SO4 concentrations was illustrated 

in Fig. 6.  

 

 
Figure 6. Effect of H2SO4 concentration on 

the leaching of pyrolusite under condi-tions: 

0.25M K2C2O4; 25°C; 630µm; 750rpm 

 

The concentration of the acid has a 

significant effect on the leaching of the 

pyrolusite but in no case was the fraction of 

manganese extracted more than 84%, value 

estimated by extrapolation, if the leaching 

continues for a time greater than 30 min. 

 

2.3.6. Effect of temperature 

 

Several leaching experiments were 

performed at temperatures ranging from 25°C 

to 40°C under leaching conditions of S/L = 

50g/L, 0.5M H2SO4 and at a stirring speed of 

750 rpm. The results in Fig.7 show that the 

extent of manganese ore leaching increases 

significantly with temperature. At 25°C, only 

41% manganese is leached then increases to 

about 71% manganese at 40°C. The low 

leaching amounts at low temperature is due to 

the low reactivity of manganese ore. 

 
Figure 7. Effect of temperature on the 

leaching of pyrolusite under conditions: 0.5M 

H2SO4; 0.25M K2C2O4; 630µm; 750rpm 

 

2.4. Discussion of kinetics and kinetic 

models 

 

In order to determine the kinetic 

parameters and the rate-controlling step of the 

dissolution of manganese in potassium oxalate 

solutions, the non-catalytic heterogeneous 

reaction models were performed on the 

experimental data. 

According to these models, the rate of 

reaction between solid particle and the 

leaching reagent may be controlled by one of 

the following steps: diffusion through the 

fluid film, diffusion through the product layer, 

or the chemical reaction at the surface. The 

particle size can stay constant or decrease 

during the reaction. The rate equations for 

these models have been introduced in the 

literature [17; 18; 19]. 
 

𝑥 =  
3𝑏𝑘𝑙

𝛽𝐵𝑟0
𝐶𝐴. 𝑡 = 𝑘𝑙

′ . 𝑡                                                      (2) 

 

1 − 3(1 − 𝑥)2/3 + 2(1 − 𝑥) =
6𝑏𝐷𝑒

𝜌𝐵𝑟0
2 . 𝐶𝐴. 𝑡 = 𝑘𝑑 . 𝑡  (3) 

1 − (1 − 𝑥)1/3 =
𝑏𝑘

𝜌𝐵𝑟0
. 𝐶𝐴. 𝑡 = 𝑘𝑟 . 𝑡                           (4) 
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Where x is the reacted fraction of 

pyrolusite, kl
’
, kd and kr are calculated from 

Eq. (2), Eq. (3) and Eq. (4), respectively. 

To obtain the leaching kinetic equation, the 

experimental data in Figs. 5, 6 and 7 were 

transformed and fitted to Eq. (3) and (4). The 

degree of the explanation of these models on 

the kinetic data was evaluated using 

correlation coefficient (R
2
) values. The slopes 

of these plots were used as the apparent rate 

constants (kd and kr). Comparing to the 

reaction models discussed above, a new 

variant of the shrinking core model suggested 

by Dickinson and Heal [20], Equation of this 

model is given as follows: 

 

(
1

(1 − 𝑥)1/3
− 1) +

1

3
ln(1 − 𝑥) = 𝑘𝑚. 𝑡                      (5) 

 

Where km is the apparent rate constant and 

t is the reaction time. 

Based on this model, the interfacial 

transfer and diffusion across the product layer 

both affect the reaction rate.  

As can be seen in Tab. 2, after the 

experimental data were analyzed, it was 

determined that the chemical reaction 

controlled model was suitable for this 

leaching reaction.  

The rate constant values and their 

correlation coefficients are given for the 

diffusion through the product layer and the 

chemical reaction controlled models in Tab. 2. 

Furthermore, the linear relation between 1- 

(1 - x)
1/3

 and the reaction time can be seen in 

Figs. 8, 9 and 11 for the acid concentration , 

the oxalate concentration and the reaction 

temperature, respectively.  

Finally, the effect of particle size on the 

rate of pyrolusite dissolution was examined by 

measuring the reaction rates for four different 

size fractions (-63, -125, -280 and  -630 µm) 

is presented in Fig. 10.  

In accordance with these results, the 

equation representing the kinetics of this 

process was determined to obey the chemical 

reaction model. Therefore, the rate expression 

for this process can be written as follows: 

1 − (1 − 𝑥)
1

3 = 𝑘𝑟 . 𝑡 =

=
𝑘0

𝑟0
 . [𝐻2𝑆𝑂4]𝑛[𝐾2𝐶2𝑂4]𝑚. exp (−

𝐸𝑎

𝑅𝑇
) . 𝑡 (6) 

 

Table 2. Correlation coefficients (R
2
) of the 

kinetic models in different conditions 

 1 – (1 –x)1/3 
1- 3(1 - x ) 2/3 

+2( 1 - x ) 

[ (1-x )1/3 1 ]+ 

1/3 .ln( 1 - x ) 

 

[ H2SO4] = 

0.25-0.35-0.50-

1M 

[ K2C2O4] = 

0.25M 

298°K,  

S/L=50 ( g/L ) 

kr R² kd R² km R² 

0.0023 

 

0.9579 

~0 

 

0.8571 

0.69 10-4 

 

0.8031 

0.0040 0.0011 2.4 10-4 

0.0050 0.0018 3.0 10-4 

0.0110 0.0071 23.0 10-4 

[ K2C2O4] = 

0.06-0.09-0.12 

-0.25M 

[ H2SO4] = 

1M 

298°K,   

S/L=50 ( g/L ) 

0.0027 

 

0.9507 

4.9·10-

4 

 

0.8731 

0.93 10-4 

 

0.8129 

0.0041 0.0011 2.25 10-4 

0.0060 0.0024 5.53 10-4 

0.0106 0.0071 0.0023 

T °K = 298-

303-308-313 

[ H2SO4] = 

0.5M 

[ K2C2O4] = 

0.25M, 

S/L=50 ( g/L ) 

0.0050 

 

0.9760 

0.0018 

 

0.9279 

0.0004 

 

0.9117 

0.0080 0.0043 0.0012 

0.0122 0.0075 0.0024 

0.0173 0.0116 0.0036 

r 0 ( µm ) = -

63; -125; -280; 

-630 

[ H2SO4] = 

0.5M 

[ K2C2O4]=0.

25M,  

S/L=50 ( g/L ) 

0.0337 

 

0.9881 

0.0347 

 

0.9715 

0.0584 
 

0.7995 

0.0161 0.0141 0.0075 

 

0.0087 0.0049 0.0014 

0.0050 0.0018 0.0004 

 

In order to decide the order of reaction 

with respect to reagent concentration, the 

results on the effect of K2C2O4 and H2SO4 

concentrations, obtained from Figs. 5 and 6, 

were applied to this kinetic model, Figs. 8       

and 9.  

The kr values for each H2SO4 and K2C2O4 

concentrations were determined. From the 

corresponding kr and H2SO4 and K2C2O4 

concentrations values, plots of log (kr) versus 

log [H2SO4] and log[K2C2O4] were obtained. 
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As seen from Figs. 8 and 9, the order of 

reaction was found proportional to power 1.07 

of H2SO4 concentration ([H2SO4]
1.07

) and 

power 0.96 of K2C2O4 concentration 

([K2C2O4]
0.96

).  

 

 

 
Figure 8. Plots of 1 -(1 -x)

1/3
 vs. time for 

manganese leaching at various;  Determina-

tion of reaction kinetic order  for pyrolusite 

dissolution with respect to H2SO4; 

[K2C2O4]=0.25M; 298°K; S/L=50g/L 

 

From the analysis of the shrinking core 

model with chemical reaction control (Eq.3) 

there appears to be a clear dependence of the 

model constant, kr on the inverse of initial 

particle radius.  

 

 

 
Figure 9. Plots of 1- (1 -x)

1/3
 vs. time for 

manganese leaching at various [K2C2O4]; 

Determination of reaction kinetic order for 

pyrolusite dissolution with respect to K2C2O4; 

[H2SO4] =1M; 298°K; S/L=50g/L 

 

Fig.10 presents the plot of kr versus 1/r0 

and shows a linear relationship, further 

supporting the kinetic assumptions. The effect 

of the initial particle size on the values of kr 

for the dissolution of pyrolusite at 25 °C is 

obtained from the slopes of the lines (Fig. 10) 

and can be used to derive an empirical 

relationship whereby kr is proportional to 

ro
−0.82

. 
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Figure 10.  Plots of 1- (1 -x)

1/3
 vs. time for 

manganese leaching at various particle size r0; 

Relationship between rate constant and 

average initial particle size 

 

The activation energy of the dissolution 

process was determined from the Arrhenius 

equation: 

 

𝑘 = 𝐴𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
)                                                            (7) 

 

The Arrhenius plot of the process is shown 

in Fig.11. A plot of Ln k versus 1/T for the k 

values determined from Eq. 3, is a straight 

line where the slope is (−Ea /R) (Fig. 11), and 

the intercept is k0. The values of Ea/R and k0 

were found to be 7666 and 1.45 10
7
, 

respectively.   

Hence, the activation energy value was 

determined as (63.7± 2.9) kJ/mol chemical 

control appears to represent the mechanism of 

pyrolusite leaching kinetics with K2C2O4.  

Diffusion controlled heterogeneous 

processes are slightly dependent on tempera-

ture, while chemically controlled processes 

are strongly dependent on temperature.  

 

 
Figure 11. Plots of 1- (1 -x)

1/3
 vs. time for 

manganese leaching at various temperature; 

(b)Arrhenius plot for manganese leaching in 

0.5 H2SO4, 0.25 K2C2O4, 50g/L 

 

Therefore, the value of the activation 

energy of a dissolution reaction may be used 

to predict the rate-controlling step. 
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The activation energy of a diffusion 

controlled process is usually 21 kJ/mole or 

less, when the chemical reaction is the rate 

controlling step the activation energy is 

usually in the range 40-100 kJ/mole [21, 22]. 

The value of the activation energy obtained in 

the dissolution process confirms that this 

leaching process is controlled by the chemical 

reaction.  

As a result, the following kinetic 

expression including the parameters used in 

this dissolution process can be written: 

 
1 − (1 − 𝑥)1/3 =

=
1.45 107

𝑟0
0.82 . [𝐻2𝑆𝑂4]1.07[𝐾2𝐶2𝑂4]0.96 exp (−

63735

𝑅𝑇
) . 𝑡  (8) 

 

To test the agreement between the 

experimental conversion and the values 

calculated from the semi-empirical model, the 

graph of Experimental values versus Predicted 

values was plotted, as shown in Fig.12. It is 

observed that the agreement between the 

experimental and the calculated values is very 

good. 

 

 
Figure 12.  Plots of 1- (1 -x)

1/3
 vs. time for 

manganese leaching at various particle size r0; 

Relationship between rate constant and 

average initial particle size 

3. Conclusion 

 

The reductive leaching kinetics of 

pyrolusite with potassium oxalate in H2SO4 

solution was investigated. The main 

parameters influencing leaching rate, such as 

leaching H2SO4 concentration, oxalate 

concentration, particle size and stirring speed 

and temperature, were studied. 

The results reveal that the leaching rate 

increases gradually with the increase of 

H2SO4 concentration, potassium oxalate and 

leaching temperature and with the decrease of 

the size of particles. The oxalate concentration 

has a strong effect on the extraction Mn 

followed by temperature and sulphuric acid 

concentration. 

The kinetic analysis shows that the 

leaching process is controlled by the chemical 

reaction of the associated minerals. The 

leaching process follows the kinetic model: 
1 − (1 − 𝑥)1/3 =

=
1.45 107

𝑟0
0.82 . [𝐻2𝑆𝑂4]1.07[𝐾2𝐶2𝑂4]0.96 exp (−

63735

𝑅𝑇
) . 𝑡 

 

With apparent activation energy of 63.7 

kJ/mol. The experimental results also show a 

reaction order of 1.07 with respect to H2SO4 

concentration and a reaction order of 0.96 

with respect to potassium oxalate. 

Nomenclature 

 

A  constant of the Arrhenius equation 

Ea  apparent activation energy,kJ•mol
-1

 

k0  kinetic constant, m
0.82

.(mol/L)
-2

/min
-1

 

km  apparent rate constant when transfer and 

diffusion across the product layer both controls, 

min
-1

 

kd  apparent rate constant when ash/inert solid 

layer diffusion controls, min
-1

 

kr  apparent rate constant when chemical 

reaction controls, min
-1

 

r0  initial radius of pyrolusite, m 

R  gas constant, 8.314 J•mol
-1

•K
-1

 

t  reaction time, min 

T reaction temperature, K 

x fraction of reacted pyrolusite 
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