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Abstract: The direct leaching kinetics of an iron-poor zinc sulfide concentrate in the tubular reactor was examined. All tests were
carried out in the pilot plant. To allow the execution of hydrostatic pressure condition, the slurry with ferrous sulfate and sulfuric acid
solution was filled into a vertical tube (9 m in height) and air was blown from the bottom of the reactor. The effects of initial acid
concentration, temperature, particle size, initial zinc sulfate concentration, pulp density and the concentration of Fe on the leaching
kinetics were investigated. Results of the kinetic analysis indicate that direct leaching of zinc sulfide concentrate follows shrinking
core model (SCM). This process was controlled by a chemical reaction with the apparent activation energy of 49.7 kJ/mol.
Furthermore, a semi-empirical equation is obtained, showing that the order of the iron, sulfuric acid and zinc sulfate concentrations
and particle radius are 0.982, 0.189, —0.097 and —0.992, respectively. Analysis of the unreacted and reacted sulfide particles by
SEM—-EDS shows that insensitive agitation in the reactor causes detachment of the sulfur layer from the particles surface in lower

than 60% Zn conversion and lixiviant in the face with sphalerite particles.
Key words: kinetics; direct leaching; sphalerite; shrinking core model (SCM); pilot plant

1 Introduction

Leaching of sphalerite was, usually, carried out
under pressure and oxygen plays a key role in zinc
dissolution process [1,2]. Also, atmospheric leaching of
sphalerite has been studied by some researchers [3—8]
and it has been shown that added ferric ions or other
oxidizing agents (in solution) usually oxidize sphalerite
in atmospheric media. From these methods, an integrated
method has, also, been proposed where oxygen gas is
used to sphalerite leaching in the atmospheric media
[9—11]. In this case, ferrous ionic species are oxidized by
oxygen blowing in the reactor. The generated ferric ions
are reduced to ferrous ion by sphalerite:

Fe,(S04)3(aq)+ ZnS(s)— ZnSO4(aq)+2FeS04(aq)+S’(s)
(1

The ferrous ion (Fe’") is re-oxidized in order to
continue the leaching. Therefore, concentration of ferric
ions, as an oxidant, could affect kinetic of zinc sulfide
leaching. Oxygen blowing rate, particle size, temperature
and acid concentration are other effective factors in

direct leaching of sphalerite.

MARKUS et al [6] have investigated particle size
variations during leaching process. The results confirmed
the formation of the product layer on the surface particles.
Moreover, other reports [1,8,12] confirmed shrinking
core model (SCM) in atmospheric leaching that a sulfur
layer is formed on solid particles. Three known control
regimes in sulfide leaching kinetics are liquid film
diffusion, solid product diffusion and chemical reaction
controls. Several reports [8,13,14] have refused liquid
film diffusion control, by determination of the processes
activation energy (E,). Furthermore, due to intense
mixing in the reactor, sphalerite leaching may not be
controlled by the liquid film diffusion.

On the other hand, a major feature of the kinetic
system is the chemical reaction step and reacting mass
transport coupled in series. In this case, the chemical
reaction occurs in an interface between the original solid
and the reaction product. If we assume that the zinc
sulfide particles have a spherical geometry and the
chemical reaction is the rate-controlling step, then it is
expression of the shrinking core model to describe the
dissolution kinetics of the process as follows:
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When the diffusion of lixiviant (such as Fe’")
through the elemental sulfur layer is the rate-controlling
step, the following expression can be described as kinetic
model:

1-3(1-X)"? +2(1- X) = kyt
ke = 6bDC Az 3)
p(ZnS)ry

where X is the fraction reacted and k. and k4 are the
apparent rate constants for chemical reaction control and
product diffusion in the product, respectively. Also, k. is
the chemical reaction rate constant, C, 1is the
concentration of the lixiviant in the solution, b is
stoichiometric coefficient of the reactant in the leaching
reaction, ry is the initial radius of the solid particle, n is
the order of reaction with respect to C, and D is the
diffusion coefficient in the product layer. If the chemical
reaction on the surface or diffusion through the product
layer controls the leaching rate, there must be a linear
relation among the left side of Eq. (2) or Eq. (3) and
time.

Results of the investigation on determination of
kinetic mechanism of sphalerite leaching were totally
different. DUTRIZAC [14] and PECINA et al [§]
indicated that the kinetics of sphalerite dissolution in
ferric sulfate media is controlled by a chemical reaction
on the surface of the particles. Also, XIE et al [1]
mentioned that the interface chemical reaction is the
controlling step in the pressure leaching.

On the other hand, some authors [7,15] have
reported that the kinetics could be controlled by a
non-reaction mechanism. An investigation [16] reported
that both phenomenon of diffusion in product layer and
the reaction between the particle surface and the product
layer play a key role in controlling reaction rate.
Generally, the kinetic model of zinc sulfide leaching is
affected by different factors, such as agitation rate, and
minerals composition in ore [17].

Even though all these studies provide valuable
background on sphalerite dissolution kinetics, their
results do not cover the dissolution kinetics during direct
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atmospheric leaching process. Moreover, studies about
direct leaching of sphalerite [18,19] were carried out at
bench scale, while the effect of various factors on direct
leaching kinetics should be surveyed at the larger scale.

The aim of this work is to investigate effects of
kinetic characteristics (such as kinetic control regime,
activation energy of the dissolution and reaction order of
different parameters) on direct leaching of zinc sulfide
concentrate. All tests were performed in tubular reactor
and pilot scale and then the collected data were analyzed
by SCM. Influences of the particle acid
concentration, zinc sulfate concentration, temperature,
and solid to liquid (S/L) ratio were also studied on
sphalerite direct saturation kinetics. The activation
energy of the dissolution process was evaluated and
semi-empirical rate equation was presented based on the
experimental and calculated results.

size,

2 Experimental

The zinc concentrate enriched through the flotation
of Angouran mine sulfide ore in the Aria flotation plant
(Zanjan, Iran) was used in this work. First, sulfide
concentrate was ground in rod mill and then it was
sieved to obtain the particle size distribution. Mean
particle and chemical compositions of the
concentrate were determined by LPSA (laser particle size
analyzer) and atomic absorption spectroscopy,
respectively. The crystalline ferrous sulfate and sulfuric
acid of industrial grade were used to make up all needed
solutions. Analytical grade chemicals were used for
solution analysis. Results of sulfide concentrate analysis
can be seen in Table 1. The low content of iron is
remarkable, which can influence zinc dissolution rate.

The contents of the metallic ions (Zn, Fe) in the
sample solutions obtained from the leaching experiments
were analyzed by atomic absorption spectroscopy
(Varian, AA240). The ferrous and ferric ion
concentrations were analyzed by titration of cerium (IV)
sulfate with Phenanthroline indicator and EDTA with the
salicylic acid indicator, respectively. The sulfuric acid
concentration was determined by titration of sodium
hydroxide and Methyl yellow indicator.

Leaching experiments were carried out in a tube
reactor equipped with a thermometer, air inlet at bottom
of tube, indirect steam coil, pump and a prime tank for

size

Table 1 Chemical composition of different fractions of complex concentrate

Mean diameter/um wZn)/%  wFe)/%  wPb)/%  w(Cd)/%  w(Cu)/10°° w(Ni)/10° w(Mn)/10°6
52 50.8 2.6 3.6 1.65 910 463 174
65 46.5 2.1 33 1.6 827 433 170
85 50.6 2.4 3.1 2.1 870 450 172
115 46.7 2.5 3.46 2.1 911 715 200
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making solution. It should be noted that for ideal
agitation, slurry was circulated from bottom to top of the
tube. Volume of the reactor, slurry height, rate of
circulation of pulp and rate of air blowing were 0.44 m’,
9 m, 80 L/min and 180 L/min, respectively. First, the
solution was prepared in the prime tank with acidity,
determined iron concentration and desired temperature.
After preparing slurry in the main tank, the slurry was
pumped into the tubular reactor and the first sample was
taken at that time.

3 Results and discussion

3.1 Direct leaching curve trends

Figure 1 presents zinc extraction for 0.2 mol/L Fe,
52 pm mean diameters of particles and 30 g/L solid to
liquid ratio at 0.25 and 0.5 mol/L H,SO,. There is a
linear relationship between zinc extraction and time in
initial period, but when zinc extraction is increased by
more than 65%, the dissolution rate is reduced in both
curves, obviously. BUBAN et al [20] observed similar
results in direct leaching experiments, which were
carried out in the sulfate solution. SOUZA et al [7] and
WEISENER et al [21] attributed the decrease in zinc
dissolution rate to the formation of an elemental sulfur
layer. However, a different approach was used by
DUTRIZAC and MACDONALD [22] and XU et al [23],
and they reported that the produced quantity of elemental
sulfur is too low so that the diffusion resistance is small.
So, a comprehensive study should be carried out in direct
leaching sphalerite to understand kinetics of the zinc
dissolution and other product formation.

80
701
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50t
401
30t

Extraction rate/%

20t e —0.25 mol/L H,SO,
ol = —0.50 mol/L H,SO,

0 5 10 15 20 25
t/h

Fig. 1 Zn extraction rates for 0.2 mol/L Fe, 52 pm mean size of

particles

3.2 Kinetics model

Two kinetic regimes were studied in leaching
process. Equations (2) and (3) can be used to describe the
leaching of zinc when only one step, chemical
reaction [12,14,22,24] or diffusion through the reaction

product [4,8], controls the entire process. However, some
investigations [7,25] confirmed both equations. When
the chemical reaction is first-order with respect to
lixiviant (such as Fe’") concentration, linear regression
analysis is used for evaluation of each model (Egs. (2)
and (3)). The closer the correlation coefficient (R?) to 1,
the better the regression line will be, which fits the data
in this way.

The correlation coefficients for 0.2 and 0.4 mol/L
Fe were calculated from above equations in Fig. 2.
Findings of the study revealed that the values for
correlation coefficient (R?) of chemical reaction control
are closer to 1 than diffusion control regime. This result
is in balance with findings observed in DUTRIZAC’s
study where they determined that sphalerite leaching by
ferric sulfate is controlled by chemical reaction.
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R?=0.997
0.15}
T o.of 7 R=0.993
I
¢— 0.5 mol/L H,SO,,
0051 A 0.2 mol/L Fe
4—0.05 mol/L H,SO,,
Z 0.1 mol/L Fe
5 10 15 20
t/h
0.10 (b) -
0.08} «—0.5 mol/L H,SO,,
o 0.2 mol/L Fe .
> 4—0.05 mol/L H,SO,, -
< 0.06] 0.1 mol/L Fe R?=0.884
< 0.
&
<004}
% R?=0.898
= 0.02} 0.
’ > 10 15 20
t/h

Fig. 2 Comparison of shrinkage core model for chemical
reaction control (a) and diffusion control (b)

3.2.1 Influence of initial iron concentration

Direct leaching reaction involves ferric ions (Eq. (1))
directly, which is regenerated by ferrous ions and oxygen
gas reaction, and it would be expected that the ferric
sulfate concentration would be an important parameter in
the process. According to the Fe’" analysis, in constant
sulfuric acid concentration, there is a direct relationship
between Fe’* and total iron concentration in the solution.
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Hence, the study of the iron concentration effect can be
useful on the zinc sulfide dissolution rate.

For the reactions at 87 °C, 0.15 g/L sulfuric acid and
30 g/L solid to liquid ratio, apparent rate constants (k)
were deduced from the slopes of the individual
1-(1-X)'"? versus time straight lines, and these rate
constants are displayed as a function of the iron
concentration in Fig. 3. The plot from both Ink, and
In[Fe] values was used to determine the order of a
reaction with respect to the Fe concentration. As it is
seen in Fig. 4, the order of the iron concentration is 0.982,
being close to 1 and similar to those values available for
the oxidative leaching [26,27].

0.30
L}
025} [Fe]
x —0.02 mol/L
o 020f 1=0.017716x, +—0.1 mol/L
Q R?=0.996 +— 0.2 mol/L
| = — (0.4 mol/L
< 0.15¢ =0.00916x, B
= R?=0.990 :
1=0.00460x,
0.10 R=0.979
0.05 |
1=0.00093x, R?=0.997
T / 1 L
0 5 10 15 20
t/h

Fig. 3 Kinetic plot of surface chemical reaction for dissolution
of zinc sulfide concentrate in different concentrations of ferrous
sulfate (0.15 mol/L H,SOy4, 30 g/L solid to liquid ratio, 87 °C
and 0.27 mol/L ZnSOy initial concentration)
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Fig. 4 In k; vs In[Fe] plot

On the other hand, the reaction order determined by
AYDOGAN [28], DUTRIZAC [14], DUTRIZAC and
MACDONALD [22] and SOUZA et al [7] is
approximately 0.50. The main reason for such
disagreement may be due to the difference in the ferric

sulfate sources in these studies. In the previous
studies [7,14], the ferric sulfate was added to the solution
at the beginning of the reaction and Fe'* concentration
was decreased by ZnS oxidation, while the ferric ions are
regenerated dynamically by Fe** oxidation in the tubular
reactor.
3.2.2 Influence of H,SO,4 concentration

The effect of H,SO, concentration on the
dissolution rate of 55 g/L of sphalerite was surveyed at
87 °C in 0.2 mol/L Fe solution. The apparent rate
constants (k) were calculated from the straight line
slopes of 1-(1-X) ' versus time curves (Fig. 5(a)). The
apparent rate constant is the function of H,SO,
concentration of the solution. As acid concentration
increases, the zinc sulfide leaching rate increases,
accordingly, from about £=0.0078 at 0.05 mol/L H,SO,
to £=0.0120 at 0.5 mol/L H,SO,. Moreover, the reaction
order with respect to H,SO,4 concentration was calculated
by slope line of In k; versus In[H,SO,] (Fig. 5(b)). As can
be seen, the reaction order of H,SO, is 0.189.
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Fig. 5 Kinetic plot of surface chemical reaction for dissolution
of zinc sulfide concentrate at different concentrations of H,SO,
(0.027 mol/L ZnSQy, initial concentration, 0.4 mol/L Fe, 87 °C
and 55 g/L solid to liquid ratio) (a) and In £, vs In[H,SO,]
plot (b)
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CRUNDWELL [12] and SOUZA et al [7] have
reported conflicting results for the reaction order with
respect to sulfuric acid concentration. They mentioned
that the reaction order was around 1, while
DUTRIZAC [14] reported that the reaction rate increases
gradually for more than 0.1 mol/L sulfuric acid
concentrations. These observations were attributed to
direct acid attack reaction increasing in zinc sulfide
leaching process. However, LAMPINEN et al [19]
reported that the sulfuric acid concentration has no
significant influence on the reaction rate of the direct
leaching of zinc, but they did not present any reaction
order for H,SO, concentration.

In addition to the acid attack reaction, the sulfuric
acid has a desirable effect on Fe*" oxidation reaction
rate [29] that can increase zinc dissolution rate,
consequently. Thus, the sulfuric acid concentration
would rather increase zinc leaching and Fe** oxidation
rates in the tubular reactor, simultaneously.

3.2.3 Influence of mean particle size

Different sizes of sphalerite were leached at 87 °C
in 0.4 mol/L FeSO,~0.25 mol/L H,SO, to assess the
effect of grinding on the dissolution rate of zinc, and the
leaching kinetic curves under chemical control regime
are presented in Fig. 6(a). The kinetic constant (k)
changes from 0.02412 to 0.1090 when the mean size of
the particle increases from 52 to 115 um. It is clear that
the rate increases, significantly, as the particle size of
sphalerite decreases. A decrease in particle size causes an
increase in the solid’s total surface area. Also, the size of
particles with lower iron content could have a greater
impact on dissolution rate due to lower reactivity of
sphalerite [7,30]. de LOS SANTOS et al [30] have
reported that the presence of a catalytic surface of pyrite
with sphalerite favors the electronic transfer of sphalerite
to pyrite in the ferric sulfate solution. So, the catalytic
and galvanic effects of pyrite decrease particle size
effects in the zinc extraction of sphalerite.

Ink; versus Inry plot is presented in Fig. 6(b). As it
can be seen, the slope of the straight line in the plot
shows that the order of reaction with respect to the initial
radius of the particle is close to —1. This value confirmed
surface reaction control in SCM that %, varies with the
inverse of the initial particle radius (k,o<1/ry). The result
is in agreement with the results obtained by
DUTRIZAC [14] and XIE et al [1] .

3.2.4 Influence of temperature

Figure 7 illustrates the 1—(1-X)"° versus time
curves for the dissolution of zinc when Angouran zinc
sulfide concentrate (65 pum) was leached at various
temperatures (70, 80, 87 and 95 °C) in 0.4 mol/L
FeSO,~0.15 mol/L H,SO, solutions. The dissolution
curves are essentially linear at 70-95 °C and the rate
constants (k;) were calculated from slopes of the straight

lines. The reaction rate dependence on the temperature
follows the Arrhenius equation [31].
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Fig. 6 Kinetic plot of surface chemical reaction for dissolution
of zinc sulfide concentrate with different mean particle sizes
(0.25 mol/L H,S0O4, 0.027 mol/L ZnSQ; initial concentration,
0.4 mol/L Fe, 87 °C and 30 g/L solid to liquid ratio) (a) and
In k; vs In[H,SO4] plot (b)
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Fig. 7 Kinetic plot of surface chemical reaction for dissolution
of zinc sulfide concentrate at different temperatures

(0.25 mol/L H,S0O4, 0.027 mol/L ZnSQ; initial concentration,
0.4 mol/L Fe and 30 g/L solid to liquid ratio)
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By plotting the natural logarithm of the rate
constant (In k) against the reciprocal of the reaction
temperature (1/7), the Arrhenius plot is shown in Fig. 8.
The slope of this plot (—E/R) is —5.978 and the apparent
activation energy for sphalerite direct leaching is
obtained as 49.70 kJ/mol by multiplying gas constant.
Similar results were reported by other authors [1,22,25],
who calculated in SCM with chemical control regime.

y=12.672-5.978x, R?>=0.984

I

=

=
T

Ink,

4.6

-4.8 s . s .
2.70 2:75 2.80 2.85 2.90 2.95

T7Y/1073K™!
Fig. 8 Arrhenius plot of reaction rate against reciprocal

temperature

3.2.5 Influence of ZnSO, initial concentration and pulp
density

In any commercial leaching process, the
electrowinning output could be restored to the leaching
reactors, which may lead to higher initial concentration
of zinc in the solution. Increasing ZnSO, initial
concentration in the solution could affect Fe*"
re-oxidation and zinc dissolution, simultaneously [14,19].
Accordingly, a series of tests were done at 87 °C where
sphalerite was leached using 0.4 mol/L FeSO,—
0.15 mol/L H,SO, solutions, to which different initial
concentrations of ZnSO, were added. As can be seen in
Fig. 9, the kinetic constant (k) was calculated from
straight line slope of 1—(1-X)"” versus time which was
achieved at 0.02403, 0.01902, 0.01650 for 0.027, 0.5 and
1 mol/L initial zinc concentration, respectively. It is clear
that ZnSO,4 species has a damaging effect on the
dissolution rate of direct leaching and this should be
considered in the design of industrial processes.

Also, to survey the effect of the pulp density on the
rate of sphalerite dissolution, rate constants were
calculated from kinetic curves and the calculated rate
constants are displayed in Fig. 10. Various masses (30,
55 and 80 g/L) of the sphalerite were leached at 87 °C in
0.4 mol/L FeSO4,~0.15 mol/L H,SO, solution. The
kinetic constant (k) was reduced by increasing solid to
liquid ratio, significantly. Based on Eq. (1), change in
pulp density changes reactant (Fe*" and ZnS) ratio which
influences reaction rate. Also, increasing pulp density

affects the fluid flow through solid particles and mass
transfer of lixiviant around the particle is decreased,
accordingly [32].

0.35
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0 5 10 15
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Fig. 9 Kinetic plot of surface chemical reaction for dissolution
of zinc sulfide concentrate in different ZnSO, initial
concentrations (0.4 mol/L Fe, 0.25 mol/L H,SO,, 30 g/L solid
to liquid ratio, 87 °C and 52 pm mean particle size)
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Fig. 10 Kinetic plot of surface chemical reaction for dissolution

of zinc sulfide concentrate in different solid to liquid ratios

(0.4 mol/L Fe, 0.25 mol/L H,SO4, 87 °C and 52 pm mean

particle size)

The reaction orders related to zinc concentration
and solid to liquid ratio are determined in Figs. 11(a) and
(b), respectively. In Fig. 11(a), the order of the initial
zinc sulfate concentration is 0.097 that shows increase
in the initial concentration of zinc sulfate changes the
apparent rate constant, slightly. The order of pulp density
is calculated to be 0.886, which implies significant
impact of the factor on dissolution rate.

3.2.6 Mathematical modeling of sphalerite direct
leaching

The apparent rate constant (k) for the surface
chemical reaction was calculated from slopes of the
straight lines in the previous sections. The slope of the
line in each plot presents the calculated order of
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dissolution rate with respect to the related parameter for
a chemical reaction controlled process. Accordingly, the
orders of the reaction related to iron concentration,
sulfuric acid concentration, zinc sulfate concentration
and initial radius of the particle are 0.982, 0.189, 0.097
and 0.992, respectively. Also, the apparent activation
energy is obtained to be 49.70 kJ/mol. Hence, a
mathematical model for direct leaching of zinc sulfide
concentrate is as follows:

1—(1-Xx)" = ko [Fe "2 [H,S0, "% -

[Z0S0, T %7 [, 9 exp[—49-7j %)
RT

According to the value of activation energy and the
inverse relationship between &, and initial particle radius,
chemical reaction was stabilized as control regime.
Furthermore, plotting the rate constant (k;) values versus
the right side expressions of Eq. (7) gives a k, value of
29.131, 17.016, 12.204 for 30, 55 and 80 g/L of solid to
liquid ratio, respectively.

8.1
(2)

Ink,

y=-4.072-0.097x, R?=0.948

-4.2 L L . L
-4 -3 -2 -1 0 1
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Ink,
A
[\S}

y=—0.678-0.887x, R?=0.976

-438 . : :
34 36 38 40 42 44
In[(S/L)/(g-L ]

Fig. 11 In £, vs In[ZnSO,] plot (a) and In &, vs In[S/L] plot (b)

To test the accordance between the experimental
values and the calculated values from the empirical
equation, a plot of these values was drawn. As can be

seen in Fig. 12, a good coincidence was achieved
between the calculated and the experimental values.

0.030

0.025 |

0.020 |

0.015 |

0.010 |

Experimental value

0.005 |

0 0.005 0.010 0.015 0.020 0.025 0.030
Calculated value
Fig. 12 Comparison of experimental and calculated data of
sphalerite concentrate dissolution in direct leaching of zinc
sulfide concentrate

3.3 Morphology of leaching residues

The morphology of the leaching residual was
examined at different time intervals of the process by
SEM-EDS (Fig. 13). The particle’s precipitation after
10%, 35% and 60% Zn conversion is presented in
Fig. 13.

As can be seen in Fig. 13(a), the particle surface is
approximately clear; however, the sulfur is dispersed on
the particle. The sulfur particle is dispersed on the
sphalerite surfaces in Fig. 13(b). In Fig. 13(c), the sulfur
layer covers parts of the particles but the leach liquor is
faced with the sphalerite particles. The morphology of
the leach residue implies that major amount (higher than
60%) of zinc sulfide is dissolved in the solution without
sulfur interference, whereas some studies [7,21] reported
that sulfur covers particle surface after 35%—40% zinc
extraction. The Fe’* concentration analyses show that
only 10% of iron concentration is oxidized to Fe’* and
the ferric ions attacks to the mineral surface, slowly. A
thin sulfur layer is formed on the surface by the reaction
of Fe’" attacks. It seems that extreme turbulence in the
present reactor causes the break-down of the thin sulfur
layer on sphalerite surface and dispersion in the system.

SANTOS et al [33] considered that leaching
residues showed no change in the sphalerite composition
after the leaching by the electron microprobe analysis. In
this regard, the elemental analysis result of this
micrograph is presented in Table 2. According to Table 2,
the content of sulfur increased on residue surface, while
the zinc content was decreased in the zinc dissolution
reaction progress. Furthermore, the XRD pattern of
leaching residue is demonstrated in Fig. 14. The sulfur
peaks are observed in the pattern, obviously, which
confirms that the sulfide layer is formed on the surface.
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Fig. 13 SEM photographs of zinc concentrate and leach
residues: (a) Residue after 10% zinc extraction; (b) Residue
after 35% zinc extraction; (c) Residue after 60% zinc extraction

Table 2 EDS analysis result of residue

Zinc extraction w/%
rate/% Zn S Si Fe O «d
10 48 252 53 412 1038 2.7
35 378 322 84 52 152 14

60 33.6 382 567 451 157 -

= — Sphalerite

. e — Sulfur
. 4 — Quartz
+ — Jarosite

50 60 70 80
20(°)

Fig. 14 XRD pattern of leaching residue

The direct leaching process has been designed in
more than one stage to overcome sulfide barrier layer, as
a possible problem [10,34,35]. The sulfur is removed
from residue and the sulfur-free residue is recycled back
into the leaching process. Present processes could reduce
sulfide barrier layer and increase leaching rate in the first
stage. So, the mass of residue for subsequent operations
is reduced, obviously.

4 Conclusions

The kinetics of direct leaching of zinc sulfide
concentrate was investigated in the tubular reactor (9 m
in height) and pilot scale. Results of the present study
reveals that the values of correlation coefficient (R*) for
chemical reaction control process are closer to 1 than
those for diffusion control. The dissolution rate increases
when the iron concentration, in proportion to the amount
of re-oxidized ferrous concentration, is increased and
kinetic constant and iron concentration have a linear
relationship with each other. As presented by chemical
reaction control regime in SCM, the reaction rate is
inversely proportional to the particle size. Also, the rate
is increased with increasing temperature and the apparent
activation energy is 49 kJ/mol. The high value
(>40 kJ/mol) of the apparent activation energy and the
inverse relationship between the kinetic apparent rate
constant (k) and particle size stabilize the chemical
reaction as control step of leaching. SEM—EDX analyses
on residue confirm the shrinking core model, so that
elemental sulfur covers some parts of particle surface.
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