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Abstract: The kinetics of pressure leaching high iron sphalerite concentrate was studied. The effects of agitation rate, temperature, 
oxygen partial pressure, initial acid concentration, particle size, iron content in the concentrate and concentration of Fe2+ added into 
the solution on the leaching rate of zinc were examined. The experiment results indicate that if the agitation rate is greater than 600 
r/min, its influence on Zn leaching rate is not substantial. A suitable rise in temperature can facilitate the leaching reaction, and the 
temperature should be controlled at 140−150 ℃. The increase trend of Zn leaching rate becomes slow when pressure is greater than 
1.2 MPa, so the pressure is controlled at 1.2−1.4 MPa. Under the conditions of this study, Zn leaching rate decreases with a rise in the 
initial sulfuric acid concentration; and Zn leaching rate increases with a rise of iron content in the concentrate and Fe2+ concentration 
in the solution. Moreover, the experiment demonstrates that the leaching process follows the surface chemical reaction control kinetic 
law of “shrinking of unreacted core”. The activation energy for pressure leaching high iron sphalerite concentrate is calculated, and a 
mathematical model for this pressure leaching is obtained. The model is promising to guide the practical operation of pressure 
leaching high iron sphalerite concentrate. 
 
Key words: high iron sphalerite concentrate; pressure leaching; kinetics; activation energy; mathematical model 
                                                                                                             
 
 
1 Introduction 
 

A substantial portion of zinc sulphide ore resources 
is high iron sphalerite [(Zn, Fe)S], which is widely 
spread in China, and in Yunnan Province the zinc 
reserves in the form of high iron sphalerite amounts to 7 
million tons and accounts for 1/3 of the proved zinc 
resources[1−2]. 

Up to now lots of researches on acid pressure 
leaching sphalerite concentrate have been carried out by 
use of thermodynamics, kinetics and the electrochemistry 
methods[3−15]. The kinetics on leaching sphalerite with 
FeCl3 in microwave field[16] and the mechanism of 
influence of ferric iron on electrogenerative leaching of 
sulfide minerals with FeCl3[17] have also been studied, 
but most of the reported researches on the kinetics of 
acid pressure leaching sphalerite concentrate are about 
low iron (w(Fe)＜10%) sphalerite concentrate and only a 
few are about high iron sphalerite concentrate. Therefore, 

investigation into the reaction kinetics and mechanisms 
of pressure leaching high iron sphalerite concentrate and 
mathematical modeling of this leaching process will help 
taking effective measures to facilitate the leaching 
reactions, enhance the productivity and reduce the 
operation costs. This has the potential to guide the 
production operation of pressure leaching high iron 
sphalerite concentrate. 
 
2 Experimental 
 
2.1 Principe 

The main chemical reactions in acid pressure 
leaching high iron sphalerite concentrate were reported 
in Refs.[8,11−13]. At temperatures below 180 ℃, 
sphalerite was oxidized according to the following 
reaction equation[13]: 
 
ZnS+H2SO4+1/2O2→ZnSO4+S0+H2O            (1) 
 

The oxidation processes of pyrite and pyrrhotite are 
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s
 
imilar[13]: 

2FeS2+7O2+2H2O→2H2SO4+2FeSO4             (2) 
FeS+H2SO4+1/2O2→FeSO4+H2O+S0             (3) 
 

With a rise in temperature, the elemental sulphur 
produced was oxidized according to the following 
quation[13]: e

 
2S0+2H2O+3O2→2H2SO4                      (4) 
 

The sulphur acid formed facilitates the dissolution 
of the base metal in high iron sphalerite concentrate, 

hich leads to the direct oxidation of the sphalerite[13]: w 
Z
 

nS+2O2→ZnSO4                            (5) 

With a change in the retention time, temperature, 
oxygen concentration, oxygen partial pressure and initial 
zinc contents in the concentrate, the reactions above are 
interrelated and interact with each other[13]. 
 
2.2 Starting materials 

The materials used in this research were the high 
iron sphalerite concentrate from two mines of Yunnan 
Province, China. The concentrates were dried and 
screened, and the portions of 75−80 μm were used as the 
samples for the kinetic research experiment. The 
chemical compositions of these samples are listed in 
Table 1. 
 
Table 1 Chemical compositions of samples (mass fraction, %) 

Sample Zn Cu Fe S 
km-01 40.85 1.41 15.21 31.67 
km-02 47.34 0.58 13.34 27.36 
dl-01 43.21 0.79 17.62 32.16 
dl-02 47.00 0.36 15.47 28.54 

 
The main mineralogical phases in samples km-01, 

km-02 and dl-01 are sphalerite (ZnS), pyrrhotite (Fe1−xS), 
and a small quantity of pyrite, and those in sample dl-02 
are sphalerite (ZnS), pyrite (FeS2) and a small quantity of 
pyrrhotite. 

 
2.3 Equipment 

The leaching experiments were conducted in a 2 L 
autoclave. The autoclave vessel, sampling tube, thermo- 
couple sheaths and magnetic stirring device were all 
made of titanium. During experiment sampling for 
analysis can be done through the sampling valve at 
regular intervals. 
 
2.4 Method of experiment and analysis 

In kinetic study, the starting material was screened, 
and in every experiment 5 g of sample was added into 1 
L of dilute sulfuric acid solution. The ratio of liquid to 
solid was 2001׃, and the acid concentration was 50 g/L 

that is about 20 times as large as the stoichiometric value. 
The oxygen used was industrially pure. 

In the experiment 20−30 mL of solution was 
sampled every time, and its volume was measured 
accurately after it was cooled to room temperature. Then 
the sample was sent to Kunming Metallurgical Institute 
for examination and analysis. The influence of the 
sampling was taken into account when the experiment 
results were calculated. 
 
3 Results and discussion 
 
3.1 Effect of particle size on Zn leaching rate 

The effect of particle size on leaching high iron 
sphalerite concentrate is examined under the conditions 
that temperature is 140 , initial acid concentration ℃ is 
50 g/L, pressure is 1.4MPa and some surfactant is added. 
The results are shown in Fig.1. 
 

 
Fig.1 Effect of particle size on Zn leaching rate 
 

Fig.1 indicates that the influence of particle size on 
Zn leaching rate is remarkable. Zn leaching rate is raised 
markedly when the particle size is less than 50 μm. In 
order to examine the Zn leaching kinetics thoroughly, the 
samples of 75−80 μm are used for the subsequent 
experiment. 
 
3.2 Effect of agitation on Zn leaching rate 

The effect of agitation on leaching high iron 
sphalerite concentrate is examined under the same 
conditions. The results are shown in Fig.2, and it can be 
seen that Zn leaching rate increases with a rise in 
agitation rate, but if the agitation rate is greater than 600 
r/min its influence on Zn leaching rate is not substantial. 
Therefore, the agitation rate is fixed at 600 r/min for the 
subsequent experiments. 
 
3.3 Effect of temperature on Zn leaching rate 

The experimental results are shown in Fig.3. 
Obviously, a rise in temperature can facilitate the 
leaching reaction. 

 



XIE Ke-qiang/Trans. Nonferrous Met. Soc. China 17(2007) 189

 

 
Fig.2 Effect of agitation rate on Zn leaching rate 
 

 
Fig.3 Effect of temperature on Zn leaching rate 
 

Substituting the experimental results into the 
following kinetic equation yields 

t
r

kMcf
n

0

3/1)1(1
ρ

α =−−=                     (6) 

where  t is the leaching time, min; α is the zinc leaching 
rate, %; k is a rate constant, mol/(L·min−2); ρ is the 
density of particle, g/cm3; r0 is the initial radius of 
particle, cm; c is the concentration of leaching reagent 
H2SO4, mol/L; M is the relative atomic (molecular) mass 
of solid reactant. 

The calculated results are shown in Fig.4. 
Fig.3 and Fig.4 indicate that effect of temperature 

on Zn leaching rate of high iron sphalerite concentrate is 
very remarkable. In Eqn.(6), when the concentration and 
temperature are kept invariable, the value of kMcn/ρr0 is a 
constant. This constant can be named apparent rate 
constant k′ and equals the slope of each straight line in 
Fig.4. By plotting the natural logarithm of the apparent 
rate constant (−lnk′) against the reciprocal of the reaction 
temperature (1/T), the Arrhenius line can be obtained, as 
shown in Fig.5. 

 

 
Fig.4 Relationship of f with temperature 
 

 
Fig.5 Arrhenius line 
 

From Fig.5 a kinetic equation about the effect of 
temperature on Zn leaching rate can be derived: 

T
k 11062.68 979.8ln 3 ××−=′                  (7) 

 
Because the slope of the Arrhenius line is equal to 

the activation energy divided by the gas constant(−E/R), 
the value of the activation energy of the leaching reaction 
can be calculated i.e. E=55.04 kJ/mol. This result 
accords closely with the value (E=51.05 kJ/mol) reported 
in Ref.[11]. According to the criteria for determining the 
rate-controlling step[8], it can be concluded that the 
leaching process of high iron sphalerite concentrate is 
controlled by surface chemical reactions because the 
activation energy exceeds the criterion value of 42 
kJ/mol. 
 
3.4 Effect of oxygen partial pressure on Zn leaching 

rate 
The vapor tension of dilute sulfuric acid solution 

under the experiment condition is obtained, and it is 0.3 
MPa. So, relationship equation of pressure to oxygen 
partial pressure is p=p(O2)+0.3. The experimental results 
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under the same conditions are shown in Fig.6. 
When substituting the experimental results into 

Eqn.(6), Fig.7 can be constructed. 
 

 

Fig.6 Effect of oxygen partial pressure on Zn leaching rate 
 

  
Fig.7 Relationship between f and oxygen partial pressure 
 

By plotting the natural logarithm of the slope of the 
each line against the natural logarithm of the pressure 
(lnp) in Fig.7, Fig.8 can be obtained. 

From Fig.8 a kinetic equation about the effect of 
oxygen partial pressure on Zn leaching rate can be 

erived by regression analysis: d
 

8 040.7

0 037.0
5 061.0lnexp1

2 389.0ln −

⎥⎦
⎤

⎢⎣
⎡ −

+

−
=′

p
k           (8) 

 
3.5 Effect of initial acid concentration on Zn leaching 

rate 
Fig.9 indicates the effect of initial sulfuric acid 

concentration on Zn leaching rate when other conditions 
are unchangeable. The experimental results show that the 
higher the initial sulfuric acid concentration, the lower 
the Zn leaching rate is. 

 

 
Fig.8 Relationship of lnk′ to lnp 
 

 

Fig.9 Effect of initial sulfuric acid concentration on Zn 
leaching rate 
 

When substituting the experimental data into 
Eqn.(6), Fig.10 can be obtained. 

By plotting the natural logarithm of the slope of the 
each line (lnk′) against the natural logarithm of initial 
sulfuric acid concentration (ln[H2SO4]) in Fig.10,  
Fig.11 can be drawn. 

Fig.11 indicates that lnk′ is a linear function of 
ln[H2SO4], and the apparent reaction order of −0.318 2 
can be found from the slope of the straight line. So, a 
kinetic equation about the effect of the initial sulfuric 
acid concentration on Zn leaching rate can be obtained as 
ollows: f

 
lnk′=−7.251 6−0.318 2lnc                       (9)  

In general, Zn leaching rate should increase with a 
rise in initial sulfuric acid concentration. But the result 
shown in Fig.11 is contradictory. This abnormality is 
reported in Ref.[11], but it is not studied further. The 
general explanation is that if the amount of sulfuric acid 
added in experiment is over twice the stoichiometric 
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Fig.10 Relationship between f and initial sulfuric acid 
concentration 
 

 
Fig.11 Relationship of lnk′ to ln[H2SO4] 
 
amount, there will be the “abnormality”, i.e. Zn leaching 
rate decreases with a rise in the initial sulfuric acid 
concentration. The mechanism proposed for reaction (1) 
s i

 
ZnS+H2SO4→ZnSO4+H2S                     (10) 
H2S+Fe2(SO4)3→2FeSO4+H2SO4+S0             (11) 
2FeSO4+H2SO4+1/2O2→Fe2(SO4)3+H2O         (12) 
 

When the amount of sulfuric acid added is over 
twice the stoichiometric amount, reaction(11) will go to 
left and more and more H2S will be produced. Because 
H2S restrains the dissolution of zinc[11−13], the leaching 
rate of zinc will decrease with an increase in the initial 
sulfuric acid concentration. In Fig.9, the acid amounts 
added are all more than ten times the stoichiometric 
amount, so the experimental results accord with those in 
the related reports. 
 
3.6 Effect of iron content in concentrate on Zn 

leaching rate 
Leaching experiments are carried out on the 

samples of km-01, km-02 and dl-01, and the results are 
shown in Fig.12. The experimental data indicate that 
within some range of sulfuric acid, the higher iron 
content in the high iron sphalerite concentrate, the higher 
the Zn leaching rate is. 

When substituting the experimental data into 
Eqn.(6), Fig.13 can be constructed. 

By plotting the natural logarithm of the slope of 
each line (lnk′) against the iron content in the 
concentration in Fig.13, Fig.14 can be drawn. 
 

 

Fig.12 Effect of iron content in concentrate on Zn leaching rate 
 

 
Fig.13 Relationship between f and iron content in concentrate 
 

From Fig.14 a kinetic equation about the effect of 
the iron content in the concentrate on Zn leaching rate 
an be obtained: c

 
lnk′=−9.005+144.544 5[Fe]                    (13) 

 
3.7 Effect of concentration of Fe2+ added into solution 

on Zn leaching rate 
The Fe2+ is added in the form of FeSO4, and the 

leaching results are shown in Fig.15. 
Substitute the experimental data into Eqn.(6) and 

Fig.16 can be constructed. 
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Fig.14 Relationship of lnk′ with [Fe] 
 

 
Fig.15 Effect of concentration of Fe2+ added on Zn leaching 
rate 
 

 
Fig.16 Relationship between f and concentration of Fe2+ added: 
1 [Fe2+]=0.038 51 mol/L, y=0.002 33x; 2 [Fe2+]=0.019 00 
mol/L, y=0.001 8x; 3 [Fe2+]=0.008 25 mol/L, y=0.001 38x;    
4 [Fe2+]=0 mol/L, y=0.000 883 5x 
 

By plotting the slope of each line (k′) in Fig.16 
against the concentration of Fe2+ added ([Fe2+]), Fig.17 
can be drawn. 

 

 

Fig.17 Relationship of k′ to [Fe2+] 
 

From this figure, a kinetic equation about the effect 
of the concentration of Fe2+ added into the solution on Zn 
leaching rate can be obtained: 

79 002.0

72 024.0
18 0.038][Feexp1

79 010.0
2

+

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +
+

−
=′

+
k        (14) 

 
4 Development of kinetic mathematical model 
 

The above experimental relationships indicate that 
Eqns.(7), (9) and (13) are linear, and Eqns.(8) and (14) 
are S-shaped curve. According to Ref.[18], S-shaped 
curve y=exp[β0+β1/x] is nonlinear in form, and it can be 
converted into linear relationship through the medium of 
change of variables, i.e. lny=β0+β1x1 (x1=1/x). A linear 
equation can be developed finally by regression analysis, 
and this is so-called essential linear relationship. By use 
of SPSS statistical software, a relationship of lnk′ with 

arious factors can be obtained: v
 
lnk′=6.974−6 606.005×(1/T)+0.779×lnp− 

0.312×lnc+142.425×[Fe]+27.941×[Fe2+] (15) 
 

The calculated values on the basis of Eqn.(15) and 
the experimental values are compared and the results are 
listed in Table 2. 

It can be seen that the accuracy of Eqn.(15) is good. 
From Eqns.(6) and (15), a mathematical model for 

zinc leaching rate in the process of pressure leaching 
high iron sphalerite concentrate can be developed: 

 

}])]Fe[94.27

]Fe[425.142ln312.0ln779.0

1005.606 64 170.2exp(11[1{100

32

0

+

++−

+−−−×=

cp
Tr

α

 

(16)
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Table 2 Comparison of calculated values with experimental 
ones for lnk′ 

No. 
Experimental 

value 
Calculated 

value 
Absolute  

error 
Relative 
error/％

1 −7.8650 −7.8680 0.003 −0.04

2 −7.4470 −7.4452 −0.0018 0.02 

3 −7.0493 −7.0489 −0.0004 0.01 

4 −6.6703 −6.6723 0.002 −0.03
5 −7.4308 −7.4452 0.0144 −0.20
6 −7.3664 −7.2714 −0.095 1.29 
7 −7.1544 −7.1972 0.0428 −0.60
8 −7.0486 −7.1294 0.0808 −1.15
9 −7.0461 −7.0093 −0.0368 0.52 

10 −6.7459 −6.7234 −0.0225 0.33 
11 −6.8749 −6.8499 −0.025 0.36 
12 −7.0375 −7.0093 −0.0282 0.40 
13 −7.1445 −7.1143 −0.0302 0.42 
14 −7.258 −7.2256 −0.0324 0.45 
15 −7.2834 −7.2470 −0.0364 0.50 

16 −7.042 −7.0093 −0.0327 0.46 

17 −6.731 −6.7028 −0.0282 0.42 

18 −7.0316 −7.0093 −0.0223 0.32 

19 −6.5857 −6.7788 0.1931 −2.93
20 −6.32 −6.5064 0.1864 −2.95

21 −6.0619 −5.9336 −0.1283 2.12 

 
where  α is the Zn leaching rate, %; T is the  
temperature, K; p is the total pressure, MPa; c is the  
initial acid concentration, mol/L; [Fe] is the iron content 
in the concentrate, mol/L; t is the leaching time, min; r0   
is the initial radius of particle, cm. 

The comparison of the calculated Zn leaching rate 
(based on Eqn.(16)) with the experimental value is 
shown in Figs.18 and 19. 
 

 
Fig.18 Demonstration of Eqn.(16) (Particle size is 147−154 
μm) 

 

 
Fig.19 Demonstration of Eqn.(16) (Particle size is 30−50 μm) 
 

Fig.18 shows that the experimental values accord 
closely with the calculated values (the relative error   
＜ 2%) under the condition that the single size 
classification is 147−154 μm.  

And Fig.19 shows that the experimental values 
deviate somewhat from the calculated values under the 
condition that the non-single size classification is 30−50 
μm. But the deviation is small (the relative error      
＜2.5%), so the model can be still used to guide the 
practice of production. 

 
5 Conclusions 
 

1) In the process of pressure leaching high iron 
sphalerite concentrate, when the agitation rate is greater 
than 600 r/min, its influence on Zn leaching rate is not 
substantial, which suggests that diffusion is not the 
control step of the leaching reaction under this condition. 

2) The leaching process is controlled by the surface 
chemical reaction and follows the surface chemical 
reaction control kinetic law of “ shrinking of unreacted 
core”. The activation energy for pressure leaching high 
iron sphalerite concentrate is 55.04 kJ/mol.  

3) The apparent reaction order for the initial sulfuric 
acid concentration is −0.318 2. When the amount of 
sulfuric acid in the leaching solution is over twice the 
stoichiometric amount, Zn leaching rate decreases 
gradually with a rise in the acid concentration because 
the intermediate product H2S restrains the dissolution of 
zinc. 

4) Fe3+ in the leaching solution facilitates electron 
transfer and catalyzes the leaching reaction, which can be 
seen from the effects of Fe content in the concentrate and 
Fe2+ concentration in leaching solution on Zn leaching 
rate.  

5) Within the condition range of this experiment, the 
kinetic equations for the effects of temperature, oxygen 
partial pressure, initial acid concentration, Fe content in 
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the concentrate and Fe2+ concentration in leaching 
solution on Zn leaching rate are derived respectively. By 
combinating the effects of various factors and by use of 
SPSS statistical software, a mathematical model for the 
effects of multiple factors on Zn leaching rate is obtained, 
and a kinetic mathematical model for pressure leaching 

igh iron sphalerite concentrate is finally developed: h
 

}])]Fe[94.27

]Fe[425.142ln312.0ln779.0

1005.606 64 170.2exp(11[1{100

32

0

+

++−

+−−−×=

cp
Tr

α

 

 
The experimental results demonstrate that the Zn 

leaching rate calculated on the basis of the kinetic 
mathematical model accords closely with the 
experimental data.  
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