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Abstract

The leaching kinetics of a low-grade zinc oxide ore in different acid media was investigated with respect to
the experimental variables including acid concentration, temperature, liquid to solid (L/S) ratio, and stirring
speed. The results obtained showed that the leaching reagent concentration and the reaction temperature
exerted significant effects on the extraction of zinc, whereas the L/S ratio and stirring speed exhibited a
relatively moderate effect on the leaching rate. The maximum leaching rate with inorganic acids was
obtained to be 90.76%, while the maximum zinc recovery with citric acid was determined to be 88.68%. It
was found that the zinc leaching process followed the kinetic law of the shrinking core model. It was
distinguished that the dissolution rate was controlled by diffusion through the fluid film in the HNO; medium
with the activation energy of 4.38 kJ/mol, whereas when dissolution was performed in the presence of HCI,
H,SO,, and citric acid, an intermediate process (i.e. a physico-chemical process) was the rate-controlling

step.
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1. Introduction

Metals play an important role in the industrial
development and improved living standards.
Society can draw on metal resources from the
Earth's crust as well as the metals discarded after
use. New routes to metal recycling are continually
investigated not only for reducing costs but also to
prevent the environmental pollution [1]. Zinc is
one of the most widely used metals that finds
applications in  paints, cosmetics, food,
constructions,  automobiles, = pharmaceutical,
detergent, textile, leather, electrical equipment or
metallic coatings for corrosion protection as well
as an endless list of other capital applications
[2-5]. According to Sethurajan et al., the zinc
demand and usage have increased many folds in
the recent years; in 2015, the demand for and
usage of Zn has exceeded its supply by 151,000
tons [6]. Consequently, there is a depletion of
high-grade Zn sulfide ores, which are the common
source of Zn metal production. Thus in the recent
years, extraction of Zn from non-sulfidic ores

such as carbonate ores, silicate ores, and
secondary resources is explored [6-9]. The widely
used method implemented to treat and recycle
zinc involves hydrometallurgical unit operations.
Hydrometallurgical extraction of metals is often
less costly, and it is less harmful to the
environment because it does not emit SO, and
some other hazardous gases. In addition, metals
can be obtained directly in pure form from leach
solutions or recovered from impure leach
solutions. Leaching processes constitute the first
step of the hydrometallurgical methods, and
leaching kinetics plays an important role in the
extraction of metals and compounds in an
economical way [8, 10-11].

Mineral acids such as HCI, H,SO,, and HNO; are
commonly used as the leaching reagents, from
which, H,SO, is the most preferred lixiviant [6,
10, 12-22]. In addition to inorganic acids, organic
acids have been applied as leaching reagents in
the recent years [4, 16, 23-30]. The results


mailto:aazizi@shahroodut.ac.ir

Seyed Ghasemi & Azizi/ Journal of Mining & Environment, Vol.8, No.4, 2017

obtained indicate that during the leaching process fitted equation to the experimental data was
of zinc oxidized ores, sulfuric acid leaching is the determined.

most viable and versatile process. However,

mineral acids cause environmental pollution, and 2. Experimental

may dissolve undesired impurities, especially 2.1. Materials

those containing high contents of iron, calcium, In order to conduct the leaching experiments, the
and silicon; the excessive acid consumption and required oxide samples were supplied from the
complex purification process would cause a Goushfil mine tailings in Iran. Then the samples
significant concern [1, 8]. Organic acids are not were crushed in a jaw crusher, and thereafter,
usually used as the leachants due to their low were ground by a laboratory ball mill until 80% of
dissolution efficiencies but they are attractive due the particles were less than 150 microns in
to the ease of biodegradation. They can be used in diameter. The chemical composition of the
mildly acidic conditions (pH 3-5) [1]. samples was then characterized by Oxford X-ray
Despite the fact that extensive works have been fluorescence apparatus ED2000 (80 kV, 40 mA,
carried out on the hydrometallurgical treatment of calibrated with Si-standard), and the results
low-grade zinc oxide ores, there are less reports obtained were tabulated in Table 1. The phases of
on the leaching kinetic of zinc oxide ores, the representative sample were also detected by
especially on the low-grade oxide ores [4, 10, 11, X-ray diffraction (XRD) analysis, and the main
21, 29]. Hence, this study was aimed to phases included dolomite (CaMg(COs),), barite
investigate the leaching kinetics of zinc from a (BaSQy), calcite (CaCOs), pyrite (FeS,), quartz
low-grade zinc oxide ore with the acid solutions (8i10,), goethite (FeO(OH)), smithsonite (ZnCO3),
including H,SO,4, HCI, HNO;, and C4HgO;. The and cerussite (PbCOs).

dissolution kinetics was examined according to H,S04 (96-98%), HNO; (65%), HC1 (37%), and
the heterogeneous reaction models, and the best citric acid monohydrate (CsHgO-, 99%) were used

as the leaching reagents.

Table 1. Chemical composition of low-grade zinc oxide ore (mass fraction, %).
Composition ZnO PbO ALLO; Fe,O; BaO SiO, CaO SO; MgO K,O MnO TiO, SrO
Content 591 532 495 1568 1576 24.77 1542 779 124 092 0.86 035 048

2.2. Leaching experiments where R is the recovery percentage of zinc; C,
The leaching experiments were conducted on the (g/L) is the concentration of zinc ion in the leach
representative samples in a 500-mL beaker, which solution; V (L) is the volume of leach solution; C,
was heated on a hot plate equipped with a digital (%) is the metal content of zinc in the oxide ore
controlled magnetic stirrer and a thermometer for sample, and m (g) is the mass of the low-grade
temperature control under different conditions zinc oxide ore used in the experiment.
including the citric acid concentration of 0.25-1
M, inorganic acid concentration of 10-25%, 3. Results and discussion
temperature of 50-80°C, stirring speed of 200-500 3.1. Effect of acid concentration
rpm, and liquid to solid (L/S) ratio of 10-25 mL/g. The dissolution rate of zinc was investigated using
For each test, 3 g of the representative sample was the H,SO,4, HCI, HNOs, and citric acid (CsHgO-)
placed in the beaker containing the desired solutions at 70 °C, a stirring speed of 500 rpm,
volume of the selected leaching reagents. The and an L/S ratio of 20. In this work, the effects of
leaching solutions were mixed using a magnetic the inorganic acid (H,SO,; HCI, and HNO;)
stirrer with a certain speed at the required concentrations on the leaching performance of
temperature. When the leaching process finished zinc was evaluated by regulating the concentration
within a required time interval, the sample was to 10, 15, 20, and 25%, while citric acid was
filtered and the liquid phase was analyzed for its investigated in the range of 0.25-1 M with steps of
zinc content. The zinc concentration was 0.25 M. The results obtained are given in Figure 1
determined using a Unicam Atomic Absorption as a fraction of zinc recovery vs. leaching time. As
Spectrometry (AAS). The leaching rate was it can be seen, the fraction of zinc dissolved was
calculated via the following equation: changed when the acid concentration was
C xV increased. As considered, H,SO, had the lowest
R = C xm x100 (D capability in leaching zinc. It can also be seen that
0

the highest zinc recoveries were obtained in the
580
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concentrations of 20%, 0.75 M, 25%, and 30% for
HNO,;, C¢HgO,;, HCI, and H,SO,, respectively.
Under the optimal condition, zinc dissolution was
very fast with citric acid at a concentration of 0.75
M. It attained 50.62% at the first 30 min and
reached 79.25% in 90 min. The lowest kinetic
dissolution was obtained with H,SO,; with a
reaction time of 30 min but it increased gradually
attaining 61.37% in 90 min. Therefore, the
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reaction rate was slower at H,SO, compared with
the other inorganic acids since it needed further
time and concentration to reach a high dissolution
efficiency. These behaviors are probably because
more H™ ions can react with carbonate ions in
solution to promote the reaction. A comparison
between the acids showed that nitric acid had the
highest zinc dissolution efficiency, followed by
citric acid, hydrochloric acid, and sulfuric acid.

100 -
—— 10 %

-+ =15%
—h =20 %
crasleees 25 0

90 -
80
70
60 -
50 +
40 ~

Zn recovery (%)

30 ~
20 ~
10 +

0 T T T T
80

100

100 -
—e—025M CsHgO4

- % —=0.5M
—k =0.75M

90 ~
80 ~
70 A
60 -
50 A

Zn recovery (%)

40 -
30
20 -
10

0 T T T T
0 20 40 60 80

Leaching time (min)

100

Figure 1. Effect of acid concentrations (H,SO4, HCl, HNOj3, C¢HgO,) on dissolution of zinc; operation conditions:
temperature = 70 °C, L/S = 20 mL/g, agitation speed = 500 rpm.

3.2. Effect of L/S ratio

The effect of L/S ratio on the dissolution rate of
zinc was investigated using different L/S ratios
(10, 15, 20, and 25 mL/g) at 70 °C, an H,SO,
concentration of 30%, an HCIl concentration of
25%, an HNO; concentration of 20%, a CcHgO,
concentration of 0.75 M, and a stirring speed of
500 rpm (Figure 2). The results obtained indicated
that agitation had a more pronounced effect on the
dissolution of zinc, especially in HNO; and HCl
solutions. As considered, the leaching rate of zinc
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increased with increasing L/S ratio for the
leaching agents. As it can be seen in Figure 2, the
maximum zinc dissolution was obtained at an L/S
ratio of 20 mL/g. It was observed that after 90 min
of dissolution, the leaching fraction of zinc
increased from 49.97 to 61.37% for H,SOy, 62.95
to 77.92% for HCI, 69.43 to 88.68 for HNOj3, and
65.25 to 79.25% for citric acid when the L/S ratio
increased from 10 to 20 mL/g, but with further
increment of L/S ratio up to 25 mL/g, the leaching
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rate reduced. This result indicates that an optimal
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Figure 2. Effect of L/S ratio on dissolution of zinc; operation conditions: temperature = 70 °C, HCI concentration
=25%, HNOj; concentration = 20%, CcHgO; concentration = 0.75 M, agitation speed = 500 rpm.

3.3. Effect of stirring speed

The leaching rate of zinc in different acid
solutions was investigated as functions of the
stirring speed under the following conditions:
temperature = 70 °C, H,SO, concentration = 30%,
HCI concentration = 25%, HNO; concentration =
20%, C¢HgO; concentration = 0.75 M, and L/S
ratio = 20 mL/g. The experimental data was
plotted in Figure 3 for different agitation speeds
ranging from 200 to 500 rpm. As it can be seen in
this figure, zinc dissolution with acid reagents was
strongly dependent on the stirring speed. As
considered, the leaching rate of zinc increased
with increasing the stirring for inorganic leaching
agents (H,SO,, HCI, and HNO;).
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It can also be observed in Figure 3 that after 90
min of dissolution, the zinc recovery increased
from 42.19 to 61.37% for H,SOy,, 52.87 to 77.92%
for HCI, and 70.24 to 88.68% for HNO3 when the
stirring speed increased from 200 to 500 rpm.
This result indicates that a high stirring speed is
beneficial for the extraction of zinc. A value of
500 rpm was kept for further use in this study,
whereas, for citric acid, when the stirring speed
increased from 200 to 400 rpm, zinc recovery
enhanced from 61.27 to 85.77%, and with a
further growth it reduced. According to Larba et
al., this behavior is due to the mechano-chemical
effect of the magnetic stirrer [1]. Therefore, a
stirring speed of 400 was found to be optimal for
leaching of zinc using citric acid.
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Figure 3. Effect of agitation speed on dissolution of zinc; operation conditions: temperature = 70 °C, L/S ratio =
20 mL/g, HCI concentration = 25%, HNO; concentration = 20%, and CcHgO; concentration = 0.75 M.

3.4. Effect of temperature

The effect of temperature on the rate of zinc
dissolution from low-grade zinc oxide ore was
investigated over a temperature range of 50-80 °C,
at an L/S ratio of 20 mL/g, and a stirring speed of
500 rpm when inorganic acids were used as the
leaching reagents and 400 rpm when citric acid
was applied as the leaching agent. Also the
concentrations of H,SO,, HCI, HNO;, and citric
acid were adjusted to 30%, 25%, 20%, and 0.75
M, respectively. The results obtained are
presented in Figure 4. As it can be seen in this
figure, zinc dissolution with acids was highly
temperature dependent. The results obtained

583

indicate that temperature has a more pronounced
effect on the dissolution of zinc with citric acid
than that observed with the inorganic acids. It was
seen that after 90 min of dissolution, the zinc
leaching rate by citric acid was only 61.19% at 50
°C but quickly increased to 88.68% when the
temperature was increased to 80 °C. It was also
observed that zinc recovery enhanced from 40.27
at 50 °C to 65.21 at 80 °C, 59.52% at 50 °C to
81.62 at 80 °C, and 79.79% at 50 °C to 90.76 at
80 °C when sulfuric acid, hydrochloric acid, and
nitric acid were used as the leaching reagents,
respectively.
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Figure 4. Effect of temperature on dissolution of zinc; operation conditions: agitation speed = 500 rpm for
inorganic acids and 400 rpm for citric acid, L/S ratio = 20 mL/g; HCI concentration = 25%, HNO; concentration
=20%, and C¢HgO, concentration = 0.75 M.

3.5. Leaching kinetic study

The rate of a reaction between a solid and a fluid
such as the system considered here can be
expressed by the heterogeneous kinetics models.
In a heterogeneous system, the overall rate
expression becomes complicated because of the
interaction between the physical and chemical
processes [31]. In order to interpret the results of
zinc dissolution in the different acidic media
studied, the kinetics was assessed on the basis of
the shrinking core model (SCM). SCM was
chosen because it approximated real particles
more closely than did the other conversion models
in a wide variety of situations [32]. In this model,
the solid reactant is considered to be non-porous
with a spherical shape, and it is initially
surrounded by a fluid film through which mass
transfer occurs between the solid and the bulk of
the fluid. As the reaction proceeds, a product layer
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forms around the unreacted core. However, it is
assumed that the initial outside radius of the solid
does not change while the leaching reaction
continues [32-34]. According to the SCM model,
the leaching rate is governed by the following
physical and chemical phenomena: rate of
transport of fluid reactant to and products from the
particle surface (i.e. diffusion through the fluid
film), rate of diffusion of the fluid reactant and
products through the porous product layer that is
formed on the unreacted core of solid (i.e.
diffusion through the product layer), and the
reaction rate at the surface of unreacted core (i.c.
surface chemical reaction). Each one of these
phenomena affects the rate of the overall leaching
reaction. One or more of these factors might
control the reaction rate [35].

The overall leaching process may be controlled by
the intrinsic chemical reaction or the external
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mass transfer. The following expressions can be
used to describe the dissolution kinetics of the
leaching process, assuming that the Zn-containing
minerals have a spherical size.

If the reaction rate is controlled by diffusion of the
leaching agent through the liquid film formed,
then the fraction of zinc reacting at any time, t, in
a film diffusion control situation can be expressed
as[6, 11, 32]:

2

1-(1-x)3 =kxt (2)

If the reaction rate is controlled by diffusion
through a product layer, then diffusion of the
reagent or dissolved species through a solid
reaction product at any time, t, can be calculated
as follows [32]:

2

1-3(1-x)3 +2(1—x) = k xt 3)

If the process is controlled by a surface chemical
reaction, then Eq. (4) can be used to describe the
dissolution kinetics of zinc [32]:

1

1-(1-x)3 =kxt (4)

where x is the fraction of zinc reacted, t is the
reaction time (min or h), and k is the apparent rate
constant (min~' or h™"). The rate of the process is
controlled by the slowest step of the sequential
ones.

To determine the kinetic parameters and
rate-controlling step of zinc leaching from the
Iranian low-grade oxide ore in the acid solutions
investigated in this study, the shrinking core
model was tested at various temperatures. The
validity of the experimental data in the integral
rate was tested by the graphical method. To test
the possibility of diffusion through a solid
reaction product, liquid film, and surface chemical
reaction, the left-hand side of Egs. (2), (3), and (4)
were plotted against time; the results obtained are
shown in Figures 5-7. The leaching experiments
were carried out at temperatures ranging from 50
to 80 °C in steps of 10 °C under the following
operational optimum conditions: an L/S ratio of
20 mL/g, an H,SO,4 concentration of 30%, an HCI
concentration of 25%, an HNO; concentration of
15%, a CgHgO; concentration of 0.75 M, an
agitation speed of 500 rpm when inorganic acids
were used as the leaching reagents, and a stirring
speed of 400 rpm when citric acid was used as the
leaching reagent.
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Using the slopes of the straight lines, the apparent
rate constants, k (Figures 5-7), were evaluated.
The rate constants were calculated using the
slopes of the straight lines, and their correlation
coefficients were given in Figures 5-7. When
these figures are compared, it is reveals that the
low R values obtained for the diffusion through
the product layer indicate that this model is not
the rate-controlling step. However, the largest
regression coefficients were obtained for the
liquid film diffusion and the chemical reaction
models, indicating that these models act as the
rate-controlling step in this leaching system. On
the other hand, it can be seen that R* values for
the kinetic models in Eqs. (2) and (4) are much
closer to each other, and thus it is difficult to
distinguish between the two models of surface
chemical reaction (Eq. (4)) and liquid film
diffusion (Eq. (2)). This is due to the small
difference between the two models, as pointed out
by Levenspiel (1999) [32]. On the other hand, in
the leach processes, the dissolution ratio depends
directly on the activation energy. Hence,
activation energy was employed to determine the
rate-controlling step of zinc leaching in the acid
solutions. The activation energy and the reaction
rate constant can be calculated by the Arrhenius
equation:

—Ea

K:AxeRxT

)

where K is a reaction rate constant (min™), A is
the frequency factor (min'), Ea is activation
energy of the reaction (J mol™), R is the universal
gas constant (8.314 J K mol™), and T is the
leaching temperature in Kelvin (K).

For the two reaction models of surface reaction
control (Eq. (4)) and liquid film diffusion control
(Eq. (2)), the Arrhenius equation was plotted as
Ln (K) ws. (1/T) for each temperature and
lixiviant, and the activation energies were
calculated using the slopes of the straight lines,
where the slope is —Ea/R. For example, the
Arrhenius plot (Ln (K) vs. 1/T) or zinc dissolution
by the hydrochloric acid solution based on the
solid product diffusion model is shown in Figure
8. The values for the activation energies
calculated from the Arrhenius plot is shown in
Table 2.

As shown in Table 2, the calculated activation
energy for each acid solution was less than 40
kJ/mol. The typical activation energy for a
chemically controlled process is greater than 40
kJ/mol (usually > 10 kcal/mol), whilst the
activation energy for the diffusion controlled
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process is from 4.2 to 12.6 kJ/mol [10-11, 34, 36-
38]. In addition, according to Habashi (1983), the
processes of intermediate control are also known;
in these processes, the diffusion rate equals the
rate of chemical reaction. The activation energy of
such processes is typically 5-7 kcal/mol
(i.e. 21-29.4 kJ/mol) [37]. Therefore, according to
the activation energy values determined in this
work, the rate of leaching process is controlled by
diffusion through the liquid film. In order to
further investigate this point, the leaching kinetics
of zinc in acid solutions with activation energy
greater than 10 kJ/mol was investigated in two
stages based on the chemical reaction model. The
results obtained are shown in Figures 9-11. As it
can be seen, the leaching rate is controlled by the
surface chemical reaction in the first 20 min with
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Also the kinetic analysis of the results obtained
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the rate-controlling step used to describe the
dissolution of zinc in hydrochloric acid, sulfuric
acid, and citric acid solutions is a physico-
chemical process.

['.8 7 HCl
07 ®50°C
Tl ee0C Yg = 0.0076x+0.0412 X
0.6 1 A70°C R2=0.9783 A
0 11 xs00c x
0.5 oY
£ LA Y
0.4 1
Y= 0.0075x+0.0269 } LA ]
| r=0969%2 PR
0.3 X . Yoo = 0.00563-0.0316
4 ¢ R2=0.9872
0.2 - X "
° Y40.=0.0058x+0.0142
0.1 - ¥ o R2=0.992
X x ¢
0 §— . : : .
0 20 40 60 80 100
Leaching time (min)
1 -
CsHgO,
o]
00 4] %0 OC
08 - ss0°C Ygo= 0.0084x+0.1014
.8 1| a700C R:=0.9329 v X
0.7 1| x80°C wioa A
A
] i .
0.6 x X S
0.5 { Yr=0.0081x+0.08358
R*=09252 + o 8 ®
['.4 T x .
0.3 | X $ o ¥ Yy=0.0051x+0035
3 e . R2=0.9702
0.2 1
e Yoy = 0.0071x+0.0648
0.1 § R1=09417
0 X r . . r .
0 20 40 60 80 100

Leaching time (min)
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Figure 8. Arrhenius plot for leaching of low-grade zinc oxide ore in HCI solution based on solid product diffusion

model.

Table 2. Activation energies calculated for leaching of zinc from low-grade oxide ore in acid solutions.

Leaching reagent

Shrinking core model

Activation energy (kJ/mol)

Citric acid
Sulfuric acid
Hydrochloric acid
Nitric acid

Citric acid
Sulfuric acid
Hydrochloric acid
Nitric acid

Citric acid
Sulfuric acid
Hydrochloric acid
Nitric acid

1-(1 _X)2/3

1_(1_)()1/3

1-3(1-x)** +2(1—x)

15.6
17.33
11.13
4.38

20.65

20.18
14.93
8.27

34.49
39.44
29.04
16.34
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4. Conclusions

The purpose of this work was to investigate the
leaching kinetics of an Iranian low-grade zinc
oxide ore in different acid solutions including
HCI, H,SO,, HNOs, and citric acid with respect to
the experimental variables such as acid
concentration, temperature, L/S ratio, and stirring
speed. The following conclusions can be drawn
from this work:

(1) The leaching reagent concentration and
reaction temperature exerted more pronounced
effects on the leaching rate of zinc, whereas the
L/S ratio and stirring speed exhibited a relatively
moderate effect on the dissolution of zinc.

(2) Nitric acid had the highest zinc dissolution,
followed by citric acid, hydrochloric acid, and
sulfuric acid.

(3) The dissolution kinetics of zinc was examined
according to heterogeneous models, and it was
distinguished that the leaching process followed
the kinetic law of the shrinking core model to
describe the leaching of zinc in the acid solutions.

(4) It was found that diffusion through the fluid
film (1- (1—x) **) was the rate-controlling steps in
the HNO; medium with the activation energy of
4.38 kJ/mol, whereas the dissolution rate was
controlled by the physico-chemical process in the
presence of HCI, H,SO,, and citric acid.

(5) The leaching rate of zinc in H,SO,4 and HCI is
controlled by the surface chemical reaction in the
first 20 min with the activation energies of 50.24
and 60.94 kJ/mol, respectively, whereas in the
range of 20-90 min, the diffusion process was the
rate-controlling step with the activation energies
of 20.89 and 9.88 kJ/mol for H,SO, and HCI,
respectively.

(6) it was determined that the dissolution of zinc
in citric acid solution is controlled by the diffusion
process with the activation energy of 22.21 kJ/mol
in 70 min, while in the last 20 min of dissolution,
the leaching rate is controlled by the surface
chemical reaction with activation energy of 43.43
kJ/mol.
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