
INTRODUCTION

Zinc is generally produced from zinc sulfide ores because
sulfides are easier to separate from gangue minerals and easier
to concentrate via conventional flotation techniques. However,
sulphide ores-the primary source of zinc-are becoming depleted.
Thus, oxide zinc minerals, such as zincite (ZnO), smithsonite
(ZnCO3), willemite (Zn2SiO4), hemimorphite [Zn4Si2O4(OH)2·H2O]
and hydrozincite [Zn5(CO3)2(OH)6] have recently become
important sources of zinc ores1-3.

A large amount of research has been conducted on the
treatment of zinc oxide ores via the hydrometallurgical method.
In particular, the leaching kinetics of hemimorphite and
willemite has been studied extensively4. On the other hand,
only few studies investigated the leaching of smithsonite ore.
These studies used inorganic acids as leaching reagents5-9.
Organic acids have been used as leaching reagents in recent
years10-13.

Previous studies discussed the dissolution kinetics of
smithsonite ore in ammonium chloride solution, describing
the effects of reaction temperature, ammonium chloride concen-
tration, ore particle size and stirring speed on zinc dissolution
rate. The results of these studies demonstrated that the zinc
leaching of ca. 91.2 % by using 84-110 mm ore particle size
at a reaction temperature of 90 ºC for a 240 min reaction time
with 5 mol/L ammonium chloride. The solid/liquid ratio was
maintained at 1:10 g/mL. The leaching kinetics indicated that
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both the chemical reaction at the new particle surface and the
diffusion through inert particle pores control the dissolution
rate. This process was found to have apparent activation energy
of 21.3 kJ/mol14.

Previous studies have investigated the dissolution kinetics
of smithsonite ore in hydrochloric acid solution with inorganic
acids as leach reagents. The order of the reaction with respect
to HCl concentration, solid-to-liquid ratio and particle size
were found to be 0.70, -0.76 and -0.95, respectively. In the
current study, the optimum leaching conditions for the smith-
sonite concentrate were found to be 1.5 M HCl, 45 ºC, -180 +
150 µm and 25 g/L solid-to-liquid (S/L) ratio at 500 rpm, which
corresponds to more than 95 % zinc extraction. The activation
energy of the process was calculated to be 59.58 kJ/mol15.

Hursit et al.10 used organic acids as leaching reagents
investigated the dissolution kinetics of smithsonite ore in aque-
ous gluconic acid solutions in a batch reactor based on certain
parameters, such as temperature, acid concentration, particle
size and stirring speed. The experimental data complied with
the shrinking core model. Stirring speed was found to have no
effect on dissolution rate, which is controlled by surface
chemical reactions. The activation energy of the process was
found to be 47.92 kJ/mol10.

The current study aims to investigate the dissolution
kinetics of smithsonite by using sulfamic acid as a leaching
agent and consequently optimize the smithsonite leaching
conditions. Moreover, the effects of certain parameters, such
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as temperature, acid concentration, particle size and stirring
speed, on the zinc extraction were investigated and the leaching
conditions were optimized. A corresponding chemical reaction
control model was found to suitably explain the relationship
between reaction time and the fraction of zinc leached. Finally,
the apparent activation energy of the process was determined.

EXPERIMENTAL

The pure smithsonite sample was obtained from Yunnan
Province in China. The sample was crushed, ground and then
sieved with standard test sieves to obtain the desired particle
size fractions. The XRD experiments were performed using a
Japan Science D/max-R diffractometer apparatus with CuKα

radiation (λ = 1.5406 Å) at an operating voltage of 40 kV and
a current of 40 mA. The diffraction angle (2θ) was scanned
from 10-90º. The XRD pattern and the chemical composition
of the smithsonite are shown in Fig. 1 and Table-1, respectively.
Fig. 1 shows the results of the X-ray analysis, which indicates
that the samples consisted of smithsonite and quartz.
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Fig. 1. X-Ray diffraction pattern of the pure smithsonite sample

TABLE-1 
CHEMICAL COMPOSITION OF 

THE PURE SMITHSONITE SAMPLES 
Element Zn Fe CaO Al2O3 Pb Cd SiO2 
Content (%) 49.46 0.4 0.59 0.50 0.67 0.46 1.74 
 

Procedure: The dissolution process was conducted in a
1000 mL, three-neck flask batch reactor, which was heated
using a thermostat to keep the reactor contents at constant
temperature during the reaction. The reactor was equipped
with a digitally controlled mechanical stirrer, a thermometer
for temperature control and a condenser to prevent material
loss via evaporation. Typically, 10 g of the solid was added
into 1000 mL of the freshly prepared solution at the desired
concentration and then 5 mL of the samples were taken perio-
dically for analysis. The zinc extraction was determined by
analyzing the solution for zinc content via inductively coupled
plasma-atomic emission spectroscopy (ICP-AES).

RESULTS AND DISCUSSION

The reaction between smithsonite and sulfamic acid can
be expressed as follows:

2NH3SO3 → 2H+
(aq) + 2NH2SO3

-
(aq) (1)

ZnCO3(s) + 2H+
(aq) → Zn2+

(aq) + CO2(g) + H2O(l) (2)
ZnCO3(s) + 2NH3SO3(aq) → Zn2+

(aq) + 2NH2SO3
-
(aq)

                                                      + CO2(g) + H2O(l) (3)
Effect of temperature: A series of tests, each lasting for

1 h, was conducted to determine the effect of temperature on
zinc extraction. The tests for the -96 + 75 µm particles were
conducted at a temperature ranging from 20 to 70 ºC, 0.5 mol/L
of sulfamic acid, 1:100 g/mL solid/liquid ratio and stirring
speed of 800 rpm.

Fig. 2 shows the results of the experiments conducted to
determine the effect of temperature. Under the experimental
conditions mentioned above, the extraction rate of zinc from
smithsonite ore increased considerably with increasing tempe-
rature. Zinc extraction increased from 28.99 to 98.95 % when
the temperature was increased from 20 to 70 ºC.

Fig. 2. Effect of temperature on smithsonite dissolution

Effect of sulfamic acid concentration: Experiments were
conducted on five different sulfamic acid concentrations ranging
from 0.125 to 0.675 mol/L to investigate the effect of sulfamic
acid concentration on the dissolution rate. The procedure for
the -96 + 75 µm particles was conducted at 60 ºC, stirring
speed of 800 rpm and 1:100 g/mL solid/liquid ratio. Fig. 3
shows the variations in the leaching rate of various sulfamic
acid concentrations. The zinc leaching rate increased when
the sulfamic acid concentration increased from 0.125 to 0.675
mol/L. Experimental results show that 77.48 and 95.13 % of
zinc were extracted from the sulfamic acid concentrations of
0.125 and 0.5 mol/L, respectively. The extent of extraction
slightly increased (95.13 % at 0.5 mol/L and 98.58 % at 0.675
mol/L) when the sulfamic acid concentration was further
increased to more than 0.5 mol/L.

Fig. 3. Effect of sulfamic acid concentration on smithsonite dissolution
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Effect of particle size: Five different particle sizes (-425
+ 250, -250 +150, -150 + 96, -96 + 75 and -75 + 45 µm) were
used in the experiments. The experiments were conducted at
0.5 mol/L sulfamic acid concentration, 60 ºC, 1:100 g/mL solid/
liquid ratio and 800 rpm stirring speed. The zinc dissolution
rate increased with smaller particle size (Fig. 4). The contact
area of the particles with the fluid increased with smaller particle
size. These results show that particle size had a significant
effect on zinc dissolution. Zinc extraction reached 77.93 % at
the particle size of -425 + 250 µm and then increased to 98.45 %
at the particle size of -75 + 45 µm after 1 h.

Fig. 4. Effect of particle size on smithsonite dissolution

Effect of stirring speed: Experiments on five different
agitation rates ranging from 200 to 1000 rpm were conducted
to determine the effect of stirring speed on the leaching of
smithsonite ore. In these experiments, the reaction temperature,
sulfamic acid concentration, particle size and solid-to-liquid
ratio were kept constant at 60 ºC, 0.5 mol/L, -96 + 75 µm and
1:100 g/mL, respectively. Fig. 5 shows the results of the experi-
ments, wherein the extent of zinc leaching increased slightly
with increasing stirring speed. The zinc leaching percentage
was 84.96 % at a stirring speed of 200 rpm and then increased
to 98.81 % when the stirring speed was increased to 1000
rpm.

Fig. 5. Effect of stirring speed on smithsonite dissolution

Kinetics study: Smithsonite leaching can be explained
using the following shrinking core model:

aAfluid + bB solid → Product
If the reaction rate is controlled by diffusion through a

product layer, then the integrated rate equation can be expressed
as follows16,17:

tk)X1(X
3

2
1 d

3/2 =−−− (4)

If the reaction is controlled by a surface chemical reaction,
then the integrated rate equation of this step can be written as
follows7,18:

tkX)1(1 r
3/1 =−− (5)

where X is the solid particle conversion fraction, kd is the
apparent rate constant for diffusion through the product layer,
kr is the apparent rate constant for the surface chemical reaction
and t is the reaction time.

The eqn. 5 versus time was plotted for temperature,
solution concentration, particle size and stirring speed to test
the validity of the model in eqn. 5. Figs. 6-9 show the graphs
obtained. As can be seen in Figs. 6-9, the kinetic model in
eqn. 5 appropriately represents the leaching process.

Fig. 6. Plot of 1-(1-X)1/3 versus t at various temperatures

Fig. 7. Plot of 1-(1-X)1/3 versus t at various sulfamic acid concentrations

Fig. 8. Plot of 1-(1-X)1/3 versus t for various particle sizes
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Fig. 9. Plot of 1-(1-X)1/3 versus t at various stirring speeds

Fig. 10 shows the Arrhenius plot of the leaching process.
The activation energy was calculated to be E = 42.86 kJ/mol.
The Arrhenius plot was consistent with the rate limitation steps
described above.

Fig. 10. Arrhenius plot of the smithsonite dissolution

Thus, the equation representing the kinetics of the leaching
process can be expressed as follows:

1-(1-X)1/3 = [k0.(C)α.( r0)β.(SS)γ exp(-E/RT)]t (6)

where C, r0, SS, E, R and T represent the concentration, particle
size, stirring speed, activation energy, universal gas constant
and temperature, respectively. The constants α, β and γ are
the reaction order of the related parameters and k0 is the
frequency or pre-exponential factor.

α, β and γ were determined to be 0.488, -0.361 and 3.509,
as shown in Figs. 11-13, respectively.

Fig. 11. Plot of ln k versus sulfamic acid concentration

Fig. 12. Plot of ln k versus particle sizes

Fig. 13. Plot of ln k versus stirring speed

Thus, the leaching of smithsonite ore can be described as
follows:

   1-(1-X)1/3 = [k0.(C)0.488.(r0)-0.361.(SS)3.509exp(-42.86/RT)]t (7)

Conclusion

This study investigated the dissolution kinetics of smith-
sonite in sulfamic acid solutions as well as the factors affecting
the kinetics. The dissolution kinetics of smithsonite concen-
trate in the sulfamic acid solutions was found to be controlled
by the shrinking core model for surface chemical reactions.
The activation energy was calculated to be 42.86 kJ/mol at the
temperature ranging from 20 to 70 ºC. The dissolution rate
can be expressed by eqn. 7. The order of the reaction with
respect to sulfamic acid concentration, particle size and stirring
speed was found to be 0.488, -0.361 and 3.509, respectively.
The dissolution rate increased with decreasing particle size.
The results indicate that sulfamic acid can easily dissolve zinc
in smithsonite ores. The optimum leaching conditions were
found to be temperature of 70 ºC, sulfamic acid concentration
of 0.675 mol/L, particle size of -75 + 45 µm and stirring speed
of 1000 rpm. A reaction time of 1 h was found to be sufficient
to exceed 98 % zinc extraction.
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