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Abstract: The oxidative dissolution of metalliferous black shale in sulfuric acid solution using sodium persulfate as an oxidant was 
investigated. The effects of leaching factors including leaching temperature, leaching time, stirring speed, initial concentration of 
sodium persulfate and sulfuric acid and particle size on the leaching rate were studied as well. The leaching kinetics of molybdenum, 
nickel and iron from metalliferous black shale shows that the leaching rate is controlled by a chemical reaction through a layer on the 
unreacted shrinking core. The leaching process follows the kinetics model 1−(1−a)1/3=kt with apparent activation energies of 34.50, 
43.14 and 71.79 kJ/mol for Mo, Ni and Fe, respectively. The reaction orders in sodium persulfate are 0.80, 1.01 and 0.75 for 
molybdenum, nickel and iron, respectively, while in sulfuric acid, these orders are 0.45, 0.75 and 0.50 for molybdenum, nickel and 
iron, respectively. In addition, the reaction mechanism for the dissolution of the metalliferous black shale was discussed. 
Key words: metalliferous black shale; oxidative leaching; kinetics; sodium persulfate 
                                                                                                             
 
 
1 Introduction 
 

Nickel and molybdenum have strategic and 
industrial importance owning to their applications in 
many technological fields [1,2]. 

Metalliferous carbonaceous shales are organic-rich 
rocks that contain economically significant concentration 
of metals such as Mo, Ni and V [3−5], namely, these 
carbonaceous shales are also called Ni−Mo ores. These 
Ni−Mo ores are found mainly in South China, such as 
Zhangjiajie, Fuyang, Zunyi and Eastern Yunnan  
Province [5−7]. Several studies have been elaborated that 
the chemical composition of molybdenum can be written 
as the chemical formula of MoS2 in the ores, but it is 
different from molybdenite. The MoS2 in black shale 
exists amorphously compared with molybdenite, and the 

mole ratio of S to Mo is about 2.1−2.5 since there are 
some impurities such as MoS3, and combination of 
organic carbon, clay and quartz [8]. In addition, the 
occurrence states of nickel in the ores are various, such 
as NiS2, NiS, Ni3S4 and NiAsS [9,10]. Nickel and 
molybdenum all exist in an amorphous phase      
form [4,11]. 

In the past years, several mineral processes have 
been tested for treating Ni−Mo ore, such as flotation 
separation, gravity separation combined with    
flotation [12,13]. However, owing to its complex 
mineralogical characteristics and low metals recovery, 
the application of mineral dressing methods does not suit 
for the separation and recovery of nickel and 
molybdenum from Ni−Mo ore. For these reasons, 
researchers have to resort to the direct metallurgical 
processes for treating Ni−Mo ore. 
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In recent years, many methods, such as direct 
alkaline leaching with hypochlorite [14] or oxygen [8,15] 
condition, and roasting followed by mixed alkali 
leaching with NaOH/Na2CO3 [16], have been used to 
leach molybdenum from the Ni−Mo ores. These 
extraction processes have been successfully used for 
commercial operations in China with high molybdenum 
extraction; however, nickel still remains in the leach 
residue cake, which needs to be recovered. Although the 
extraction of molybdenum and nickel from carbonaceous 
shale was investigated by oxidation roasting, sulphate 
roasting and water leaching [4], the high operating cost 
for roasting and the high capital cost for absorbent 
vessels of SO2 make the cost of the metallurgical process 
of Ni−Mo ore prohibitively expensive. 

Acid has been investigated for leaching nickel and 
molybdenum from Ni−Mo ore with oxidants. ZHANG  
et al [17] and XIAO et al [18] investigated the 
dissolution of nickel and molybdenum from Ni−Mo ore 
in acid solution with oxidants, respectively. All of these 
results indicate that the extraction efficiency of 
molybdenum is less than 70 % in HCl [17] or HNO3 [18] 
solution with oxidants.  

In a word, it is necessary to develop a novel 
metallurgical process for the dissolution of Ni−Mo ore. 
The process could be characterized as being 
environment-friendly and may be high extraction 
efficiency of nickel and molybdenum at low-cost. 

The aim of this work is to investigate a simple 
leaching process for the relatively low grade No−Mo ore 
materials from Xiangxi region in Hunan Province, China, 
by using H2SO4 acid in the presence of Na2S2O8 as an 
oxidant. This work considers the oxidative leaching 
kinetic about the Ni−Mo ore. The effects of the main 
system variables on the leaching rate were examined and 
the kinetic model and the apparent activation energy 
were determined. 
 
2 Experimental 
 
2.1 Materials 

 The Ni−Mo ore was collected from Xiangxi region 
in Hunan Province, China. The sample was firstly 
crushed to 2 mm and then ground to the required particle 
size of fraction ranges 75−80, 90−96, 120−125, 160−  

180 μm. To identify the mineral composition of the 
collected Ni−Mo ore, both the bulk and sieved samples 
were subjected to X-ray diffraction (XRD) analysis. The 
result of XRD is presented in Fig. 1. It indicates that 
there are five crystalline phases, namely, quartz (SiO2), 
pyrite (FeS2), fluorapatite (Ca5(PO4)3F), calcite (CaCO3) 
and epidote (Ca2Al2.6Fe0.4Si3O13H) in the Ni−Mo ore. As 
seen from Fig. 1, the crystal mineral phases of 
molybdenum and nickel are not identified, which means 
that both metals may exist as amorphous phases in the 
Ni−Mo ore. This result agrees well with those results 
obtained by several researchers [4,11]. 

The raw ore and the different size fractions were 
analyzed for their major and minor elements using the 
reported methods [19], the results of major constituents 
are listed in Table 1 and the results of minor valuable 
elements are followed as: 0.161% Pb, 0.085% K, 0.081% 
Co, 0.082% Na, 0.032% Cu, 0.034%Ti, 0.028% Cr, 
0.025% Se, 0.022% Mn, 0.008% Y, 0.005% Sr and 
0.001% Zr. The analysis of nickel and iron was 
performed by an inductively coupled plasma emission 
spectroscopy (ICP) with a PS−6 PLASMA 
SPECTROVAC, BAIRD (USA), whereas molybdenum 
was determined with ammonium thiocyanate colorimetry 
by spectrophotometer [20]. The mineralogical analyses 
of molybdenum in the Ni−Mo ore were assayed by 
chemical phase analyses [21] and the results showed that 
that molybdenum occurred as 80.7 % MoS2 and 19.3 % 
MoO3. LIU et al [22] also claimed that molybdenum in 
Ni−Mo ores existed as MoS2 and MoO3. 
 

 
Fig. 1 XRD patterns of raw ore and residues 

 
Table 1 Major constituents of raw ore and different factions (mass fraction, %) 

Particle size Mo Ni Fe S V Zn Al Ca As P Si 

Raw ore 6.06 3.86 14.70 21.85 0.40 0.45 2.56 14.89 0.27 3.78 12.45 

75−80 μm 6.08 3.89 14.73 21.88 0.30 0.47 2.58 14.91 0.26 3.76 12.47 

90−96 μm 6.04 3.87 14.71 21.84 0.50 0.46 2.55 14.88 0.29 3.79 12.46 

120−125 μm 6.07 3.84 14.74 22.79 0.40 0.43 2.57 14.92 0.25 3.81 12.48 

160−180 μm 6.06 3.85 14.65 22.81 0.30 0.45 2.54 14.87 0.48 3.75 12.45  
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2.2 Methods 

In each experiment, a flask containing 500 mL 
leaching solution of the desired concentrations of sulfuric 
acid and sodium persulfate, was submerged in a tank, the 
temperature was kept constant with ±0.1 K (0.1 °C). 
When the desired temperature was reached, 10 g Ni−Mo 
ore was added and the mechanical stirring started and 
kept at a certain stirring speed. The leaching was 
performed for 3 h during which 2 mL sample of the 
solution was taken for the determination of Mo, Ni, Fe 
concentrations at interval time. Molybdenum was 
determined with ammonium thiocyanate colorimetry by 
spectrophotometer. Nickel and iron, were assayed by an 
inductively coupled plasma emission spectroscopy (ICP). 
After leaching, the residue was filtered and then the 
leached cake was dried for 8 h at 373.15 K (100 °C). The 
phase of the leaching residue was characterized by a 
Max-Ra X-ray diffractometer.  
 
3 Results and discussion 
 
3.1 Effect of different oxidants on extraction of metals 

from Ni−Mo ore 
In Ni−Mo ores, the molybdenum and nickel mainly 

occur as sulfides including MoS2, NiS2, NiS, Ni3S4 and 
NiAsS. These sulfides cannot be dissolved in acidic 
solution without oxidants. Therefore, the purpose of 
adding oxidants is to oxidize sulfides and to extract 
metals easily.  

The experiments for leaching Ni−Mo ore with 
different oxidants including sodium persulfate, sodium 
chlorate and hydrogen peroxide were performed in the 
conditions of reaction time 3 h, temperature 358.15 K 
(85 °C), stirring speed 600 r/min, liquid-to-solid ratio  
50 mL/g and initial concentration of sulfuric acid     
0.5 mol/L. Initial concentration of oxidant 0.5 mol/L was 
used for the oxidative leaching of Ni−Mo ore. The 
extraction rate of metals is presented in Fig. 2. As seen 
from Fig. 2, the oxidation capacity order of these 
oxidants is Na2S2O8>NaClO3>H2O2. At the same time, it 
is observed that the extraction rate of metals using 
sodium persulfate as an oxidant is higher than that of 
metals with other oxidants. It can be explained that the 
standard reduction potential of persulfate (EΘ=2.01 V) is 
higher than that of NaClO3 (EΘ=1.45 V) and H2O2 
(EΘ=1.77 V). However, the oxidation capacity of H2O2 is 
less than that of NaClO3 in the oxidative leaching 
process because H2O2 is decomposed easily into O2 and 
H2O at 358.15 K (85 °C), and the sulfides in the Ni−Mo 
ore are not enough to be oxidized owing to O2 escaping 
easily from the solution. Simultaneously, it may be 
explored that the extraction of Mo in acid solution with 
other oxidants reported in some literatures [17,18] is 
lower than that of Mo in acid solution with persulfate. 

The advantage of sodium persulfate as a lixiviant in 
sulfuric acid solutions is that it can be made from 
sulfuric acid using an electrochemical cell [23]. The 
energy cost for making persulfate from sulfuric acid are  
0.20 $/kg [24]. Once the persulfate reacts, it can return 
back to sulfate ions that can be converted back to 
persulfate. Thus, there is no consumption of the sulfuric 
acid used in leaching process. Therefore, sodium 
persulfate was determined as the oxidant for oxidative 
leaching of Ni−Mo ore. 
 

 
Fig. 2 Effect of different oxidants on extraction of metals in 
Ni−Mo ore 
 
3.2 Phase changes and morphology during oxidation 

leaching  
After comparison of XRD patterns in the residues 

with the raw Ni−Mo ore, it can be observed that calcite 
disappeared in the residues and all pyrite, fluorapatite 
and epidote disappeared in the residues after leaching for 
3 h. At the same time, a new crystal phase anhydrite 
(CaSO4) occurred in the residues. This indicates that the 
dissolution reactions of calcite, epidote, fluorapatite 
should be expressed by the following equations: 
 
CaCO3+H2SO4=CaSO4+CO2+H2O               (1) 
 
2Ca2Al2.6Fe0.4Si3O13H+13H2SO4= 

4CaSO4+0.8Fe3++6SiO2+14H2O+5.2Al3++9SO4
2− 

            (2) 
Ca5(PO4)3F+5H2SO4=5CaSO4+3H3PO4+HF        (3) 
 
and then SiO2 with HF may take reaction as follows: 
 
SiO2+6HF=H2SiF6+2H2O                      (4) 
 

The SEM−EDS of the leaching residue whose raw 
was ranged from 90 to 96 μm sample is shown in Fig. 3. 
It indicated that the micrograph of the leaching residues 
indicates a progressive increase in the roughness of the 
solid. After 60 min leaching, the particles present some 
degree of degradation, which gradually increases along 
the progress of leaching to 180 min (Fig. 3(b)). The EDS 
of micro areas 1 and 2 for the residue shows that sulfur 
and silicon assemble onto the mineral surface. At the 
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Fig. 3 SEM images of raw ore (a) and residue (b) and EDS results of areas 1 (c) and 2 (d) 
 
same time, a new phase elemental S in the residues 
occurs by XRD method. The results obtained from the 
SEM−EDS and XRD of the residue show that the 
elemental sulfur is formed from the oxidation of the 
sulfide ores in acidic solution containing persulfate. It 
was reported that elemental sulfur can exist in acidic 
solution containing persulfate [25] and that elemental 
sulfur is very stable below 393 K in acid solution under 
an oxygen pressure and above this temperature is 
oxidated into SO4

2− where the rate of oxidation reaction 
of elemental sulfur increases rapidly with temperature 
[26]. This indicates that the sulfides in the Ni−Mo ore 
may take reactions as follows: 
 
MoS2+3S2O8

2−+4H2O=MoO4
2−+8H++6SO4

2−+2S    (5)  
NiS2+S2O8

2−=Ni2++2SO4
2−+2S                   (6)  

NiS+S2O8
2−=Ni2++2SO4

2−+S                    (7)  
Ni3S4+3S2O8

2−=3Ni2++6SO4
2++4S                (8)  

2NiAsS+7S2O8
2−+8H2O=  

2Ni2++14SO4
2−+2AsO4

3−+2S+16H+                 (9)  
FeS2+S2O8

2−=Fe2++2SO4
2−+2S                  (10)  

2Fe2++S2O8
2−=2Fe3++2SO4

2−                             (11) 
 
3.3 Effect of stirring speed on leaching of Ni−Mo ore 

The effect of the stirring speed was studied under 
these conditions of reaction time 3 h, temperature  
358.15 K (85 °C), liquid-to-solid ratio 50 mL/g and 

initial concentrations of sulfuric acid 0.5 mol/L and 
sodium persulfate 0.5 mol/L. The ranges of stirring 
speeds were 150, 300, 450, 500, 550, 600 and 700 r/min. 
The leaching rates for molybdenum, iron and nickel 
increased as the stirring speed was increased to 600 r/min 
and remained almost constant above 600 r/min. 
Therefore, the optimum speed 600 r/min was used for all 
subsequent tests. 
 
3.4 Effect of temperature on leaching of Ni−Mo ore 

The leaching experiments were carried out with the 
particle size of 90−96 μm in the temperature range of 
338.15−368.15 K for initial concentrations of sulfuric 
acid 0.5 mol/L and sodium persulfate 0.5 mol/L. The 
influence of temperature on the extraction of 
molybdenum is shown in Fig. 4. It indicates that the 
extraction of molybdenum increases with the 
temperature increasing. The change of temperature from 
338.15 K to 368.15 K increases the extraction efficiency 
of molybdenum from 62.3 % to 98.6 %. The summarized 
results of the investigated metal extraction after leaching 
for 3 h are presented in Fig. 5. The influence of 
temperature on the leaching efficiency is very obvious 
for Mo, Ni, and Fe. An increase in temperature from 
338.15 K to 368.15 K causes an increase in Ni and Fe 
extraction from 82.2% to 96.5% and 75.6% to 93.4%, 
respectively. 
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Fig. 4 Effect of temperature on molybdenum extraction 
 

 

Fig. 5 Effect of temperature on Mo, Ni and Fe extraction 
 

To control the leaching process, it is important to 
establish a quantitative measurement of the leaching 
kinetics and mechanism. The slowest step controls the 
whole leaching kinetics and is regarded as the 
rate-limiting step. The experimental data were analyzed 
using several models contenting the fraction reacted (a) 
and time (t) [27]. The two model were applied. 

Spherical particles under a product layer diffusion 
control: 
 
1−2/3a−(1−a)2/3=kdt                          (12) 
 

Spherical particles under control of chemical 
reaction through a layer on the unreacted shrinking core: 
 
1−(1−a)1/3=kct                               (13)  
where kd=c/d0

2 and kc=c/d0
 are the pore diffusion rate 

constant and the chemical rate constant, respectively, c is 
constant, t is the leaching time and d0 denotes the initial 
particle diameter. 

Among two kinetics models tested, only Eq. (13) 
has been found to give a perfect straight line with a good 
correlation. 

The plot of the data from Fig. 4 for molybdenum 

according to Eq. (13) versus time (t) is presented in   
Fig. 6(a). The values of correlation coefficients (R2) for 
other examined metals are summarized in Table 2. As is 
seen, during the whole leaching time, the data in     
Fig. 6(a) and Table 2 linearly change with temperature, 
which indicates that the reaction rate is controlled by the 
chemical reaction through a layer on the unreacted 
shrinking core. This result obtained is different from that 
of the oxidative−alkaline leaching of molybdenum in the 
metalliferous black shale which was controlled by 
diffusion with the activation energy of 15 kJ/mol at 
higher than 338.15 K [28]. 
 

 
Fig. 6 Plot of date in Fig. 4 according to Eq. (13) (a) and 
Arrhenius plot for leaching of molybdenum (b) 
 
Table 2 Values of correlation coefficients (R2) of metals 
leaching from Ni−Mo ore in solution of 0.5 mol/L H2SO4 and 
0.5 mol/L Na2S2O8 depending on temperature 

Correlation coefficient (R2) 
Temperature/K 

Ni Mo Fe 

338.15 0.991 0.991 0.993 

348.15 0.998 0.989 0.996 

358.15 0.995 0.996 0.995 

368.15 0.993 0.987 0.992 
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To determine the activation energy (Ea), the plot of 
ln k against 1/T should be a straight line with a slope of 
−Ea/R and the intercept of ln A, according to the 
Arrhenius equation: 
 
ln k=ln A−Ea/(RT)                            (13)                           
 
where k is the apparent rate constant, A is the 
pre-exponential factor, R is the mole gas constant and T 
is the thermodynamic temperature. 

The apparent rate constant k (see Table 3), obtained 
from the slops of the straight lines in Fig. 6(a) (for 
molybdenum) was used to determine the activation 
energy of 34.50 kJ/mol, as given on the Arrhenius plot in 
Fig. 6(b). Similarly, the activation energies for Ni and Fe 
were obtained, and the calculated values were     
43.14 kJ/mol and 71.79 kJ/mol, respectively. 
 
Table 3 Values of apparent rate constant of metals leaching 
from Ni−Mo ore in solution of 0.5 mol/L H2SO4 and 0.5 mol/L 
Na2S2O8 depending on temperature 

k/103 min−1 
Temperature/K 

Mo Fe Ni 

338.15 2.08 2.51 1.53 

348.15 3.29 5.62 2.40 

358.15 4.42 11.01 3.80 

368.15 5.79 20.02 5.21 

 
The magnitudes of activation energies found in this 

study support the theory that the chemical reaction is the 
rate-limiting step of dissolution process. Furthermore, 
these activation energies are close to the following 
calculated activation energy values: 40.40 kJ/mo1 for 
molybdenite in sulfuric acid solution containing 
hydrogen peroxide [29] and 68.8 kJ/mo1 for molybdenite 
in nitric acid solution under high pressure [30],    
39.67 kJ/mo1 for nickel sulfide dissolution by sodium 
persulfate in acidic solution [25] and 83 kJ/mol for pyrite 
(FeS2) leaching in acidic ferric sulfate media [31].  
 
3.5 Effect of initial concentration of sodium persulfate 

on leaching of Ni−Mo ore  
These experiments were performed in the presence 

of different initail concentrations of Na2S2O8 varying 
from 0.30 to 0.60 mol/L. The other leaching conditions 
were fixed at temperature of 358.15 K, reaction time of  
3 h, a liquid/solid ratio of 50 mL/g and an ore size of 
90−96 μm. The results for molybdenum are shown in  
Fig. 7. The corresponding plots of 1−(1−a)1/3 versus time 
for molybdenum at various initial concentrations of 
Na2S2O8 are graphed in Fig. 8(a). The summarized 
results of the metal extraction leaching for 3 h are 
presented in Fig. 9 at different concentrations of Na2S2O8. 
An increase in initial concentration of Na2S2O8 from 

 

 
Fig. 7 Effect of initial concentration of Na2S2O8 on 
molybdenum extraction 
 

 
Fig. 8 Relationship between [1−(1−a)1/3] and leaching time for 
molybdenum leaching at various Na2S2O8 concentrations (a) 
and plot of rate constant versus Na2S2O8 concentration for 
molybdenum (b) 
 
0.30 to 0.50 mol/L causes an increase in molybdenum, 
nickel and Fe extractions from 79.2% to 93.6%, 81.5% to 
90.8% and 68.5% to 89.7%, respectively. The extractions 
of Mo, Ni and Fe have no significant change even when 
the Na2S2O8 concentration further increases. Therefore, 
initial concentration of Na2S2O8 0.50 mol/L was chosen 
for the subsequent experiments. 
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Fig. 9 Effect of Na2S2O8 concentration on extraction of Mo, Ni 
and Fe 
 

In order to obtain the reaction order of the total 
Na2S2O8 concentration for molybdenum, lnc(Na2S2O4)− 
lnk plot of the rate constants versus the total Na2S2O8 
concentration is plotted in Fig. 8(b). The slope of the  
line, or the reaction order of the total Na2S2O8 
concentration for molybdenum, is 0.801. Similarly, the 
reaction orders of the total Na2S2O8 concentration for Ni 
and Fe according to the experimental data were 
calculated to be 1.01 and 0.75, respectively. 
 
3.6 Effect of initial concentration of sulfuric acid on 

leaching of Ni−Mo ore 
A series of leaching experiments were performed 

using different H2SO4 concentrations. The other leaching 
conditions were fixed as follows: initial concentration of 
Na2S2O8 0.50 mol/L, liquid-to-solid ratio of 50 mL/g, an 
ore size of 90−96 μm, temperature 358.15 K. The 
influence of H2SO4 concentration on the extraction of 
molybdenum is shown in Fig. 10. It is clear that      
the extraction of molybdenum increased with the initial 
concentration of H2SO4 increasing. The extraction of 
 

 
Fig. 10 Effect of H2SO4 concentration on molybdenum 
extraction 

molybdenum increased from 93.2 % to 98.69 % when 
the initial concentration of H2SO4 increased from 0.50 to 
1.10 mol/L. The summarized results of the metal 
extraction after leaching for 3 h are presented in Fig. 11 
at different H2SO4 concentrations. An increase in initial 
concentration of H2SO4 from 0.50 to 1.10 mol/L causes 
an increase of Ni and Fe extractions from 90.7% to 
97.2% and 89.6% to 94.6%, respectively. 
 

 

Fig. 11 Effect of initial concentration of H2SO4 on extraction of 

Mo, Ni and Fe 
 

The corresponding plots of 1−(1−a)1/3 versus time  
(t) for molybdenum at various concentrations of H2SO4 
are graphed in Fig. 12(a). In order to obtain the reaction 
order of the total H2SO4 concentration for molybdenum, 
ln c(H2SO4)–ln k plots of the rate constants versus the 
total H2SO4 concentration are plotted in Fig. 12(b). The 
slope of the line, or the reaction order of the total H2SO4 
concentration for molybdenum, is 0.45. Similarly, the 
reaction orders of the total H2SO4 concentration for Ni 
and Fe according to the experimental data were 
calculated to be 0.70 and 0.50, respectively. 
 
3.7 Effect of particle size on leaching of Ni−Mo ore 

The influence of particle diameter on the extraction 
of metals was examined by measuring the reaction rate 
for fractions of four sizes: 75−80, 90−96, 120−150, 
160−180 μm in a solution containing 0.5 mol/L H2SO4 
and 0.5 mol/L Na2S2O8 at 358.15 K with a leaching time 
of 150 min. The results for nickel are given in Fig. 13. As 
expected, the smaller the particle sizes, the faster the 
extraction of metals. After being ground, the    
spherical shape of the grains of the Ni−Mo ore was 
obtained. As a result, description of the kinetic curves for 
chemical reaction control model based on the spherical 
grains was found to be suitable for this purpose 
(1−(1−a)1/3=kt). 

The data from Fig. 14 for nickel were analyzed 
according to Eq. (13). The data presented in Fig. 14(a) 
and the calculated apparent rate constants are plotted 
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Fig. 12 Relationship between [1−(1−a)1/3] and leaching time 
for molybdenum leaching at various H2SO4 concentrations (a) 
and plot of rate constant versus H2SO4 concentration (b) 
 

 

Fig. 13 Effect of particle size on nickel extraction 
 
versus the inverse of the initial particle diameter d0  
(Fig. 14(b)). The linear relationship between the rate 
constant k and the inverse of d0 indicates that the 
chemical reaction through a layer on the unreacted 
shrinking core is indeed the rate-limiting step of the 
dissolution process. 

 

 
Fig. 14 Plot of variation of 1−(1−a)1/3 with time for various 
particle diameters (a) and rate constant versus initial particle 
diameter d0 of Ni−Mo ore (b) 
 
4 Conclusions 
 

1) The dissolution kinetics of Ni−Mo ore was 
investigated in acid solution with sodium persulfate. The 
effects of leaching factors including leaching time, 
temperature, stirring speed, particle size, initial 
concentration of sulfuric acid and initial concentration of 
these oxidants such as Na2S2O8, NaClO3 and H2O2 were 
studied as well.  

2) The oxidation capacity order of these oxidants is 
Na2S2O8>NaClO3>H2O2 on the leaching of Ni−Mo ore 
and sodium persulfate is chosen to be the oxidant for 
leaching Ni−Mo ore. The influence of temperature on the 
leaching Ni−Mo ore is very obvious in the cases of Mo, 
Ni and Fe.  

3) The leaching process follows the kinetics model 
1−(1−a)1/3=kt. The values of the apparent activation 
energies of 34.50, 43.14 and 71.79 kJ/mol for Mo, Ni 
and Fe, respectively, support the conclusion that the 
dissolution rate is controlled by the chemical reaction 
through a layer on the unreacted shrinking core. 
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4) The reaction orders in sodium persulfate are 0.80, 
1.01 and 0.75 for Mo, Ni and Fe, respectively, while in 
the sulfuric acid these orders are 0.45, 0.75 and 0.50 for 
Mo, Ni and Fe, respectively. 
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金属黑色页岩在过硫酸盐酸性溶液的氧化浸出行为 
 

刘志雄 1,2，向延鸿 1,2，尹周澜 3，吴贤文 2,4，蒋剑波 4，陈义光 5，熊利芝 5 

 

1. 吉首大学 物理与机电工程学院，吉首 416000； 

2. 吉首大学 湖南省 211 计划锰锌钒工业技术协同创新中心，吉首 416000； 

3. 中南大学 化学化工学院，长沙 410083； 

4. 吉首大学 化学化工学院，吉首 416000； 

5. 吉首大学 生物资源与环境科学学院，吉首 416000 

 
摘  要：研究金属黑色页岩在过硫酸钠酸性溶液中的氧化浸出行为。考察了反应温度、浸出时间、搅拌速度、过

硫酸钠和硫酸的浓度、矿物颗料的尺寸等因素对氧化浸出速度的影响。结果表明：黑色页岩中钼、镍和铁的浸出

行为受化学反应速度控制，浸出过程的动力学模型为 1−(1−a)1/3=kt，且钼、镍及铁的表观活化能分别为 34.50, 43.14 

和 71.79 kJ/mol；对于过硫酸钠，钼、镍和铁的反应级数分别为 0.80, 1.01 和 0.75；对于硫酸，钼、镍和铁反应

级数分别为 0.45, 0.75 和 0.50。此外，对金属黑色页岩的溶解反应机理进行了探讨。 

关键词：金属黑色页岩；氧化浸出；动力学；过硫酸钠 

 (Edited by Yun-bin HE) 
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