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Abstract: As the depletion of zinc sulfide ores becomes more severe, investigations into the recovery
of zinc from zinc oxide ores have aroused more interest. In this regard, acid-based hydrometallurgical
treatment strategies have had great effectiveness. However, they are inadequate for low-grade zinc
oxide ores. In this study, we examined the alkaline treatment of gossan for the recovery of oxide
ores that bear zinc, such as siderite and limonite. Additionally, of particular note, the effects of a
leaching agent, its concentration and time, temperature, liquid-to-solid ratio, as well as the agitation
rate on the leaching of zinc from gossan were studied to evaluate the effects of these parameters on
the kinetics of zinc dissolution. The results showed that the leaching of zinc is controlled by a single
rate-controlling step with an activation energy of 4.458 kJ/mol before 120 min and 5.536 kJ/mol after
120 min, with zinc leaching efficiency less than 50% in all leachings.
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1. Introduction

Gossan is a massive deposit formed by the oxidation and weathering of sulfide
deposits. Its composition is dominated by neo-formed minerals, mainly oxidate, secondary
sulfates, vitriol-bearing iron, and manganese such as goethite and hematite derived from
sulfide oxidation. Gossan also contains remnants of gangue minerals, generally primary
clays such as silicates bearing silicon, aluminum, and calcium [1-8].

Many metals such as lead, zinc, copper, nickel, and cobalt dissolve in sulfuric acid, and
sulfuric acid is formed by the oxidation of pyrite and other sulfides as the sulfides weather
and leach. These metals can then either co-precipitate with Fe compounds or adsorb onto
their surfaces. The initial product of weathering is mainly amorphous ferric hydroxide,
Fe(OH)s, which gradually crystallizes to either goethite or hematite. Other important
minerals associated with Fe oxides include jarosite, gypsum, clay minerals, and silica. If
the metal and Fe compounds co-precipitate, they are incorporated into the Fe-mineral
structure via isomorphous substitution, thus causing distortions in the unit cell dimensions
depending on the ionic radii differences. During the weathering of sulfide minerals, silver,
lead, and copper are strongly adsorbed by iron oxides under acidic conditions. In addition,
gold can also form stable thiosulfate complexes that are oxidized into sulfates in sulfide-rich
ore deposits under higher oxidation conditions. Therefore, gold remains in the iron cap as
the main residual mineral and can be recovered [9-12].

Zinc mainly comes from zinc sulfide ores, as sulfides are easy to be separated from
gangue and can be enriched by conventional flotation techniques. However, with the
continuous depletion of sulfide ores, strategies for extracting zinc metal from oxidized
zinc ores are also being explored. Such ores include zinc-bearing minerals such as smith-
sonite (ZnCO3), hydrozincite (2ZnCO3-3Zn(OH),), zincite (ZnO), willemite (Zn,SiOy),
hemimorphite (Zn4Si,O;(OH),-H;0), and other oxide minerals such as siderite (FeCO3)
and limonite (FeOOH -nH,0). Additionally, zinc oxide ores are usually difficult to separate.
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In many reports on the recovery of zinc oxide ores, at least two approaches for their
processing have been identified. Firstly, zinc oxide ores are concentrated by conventional
physical separation methods such as flotation, gravity separation, or magnetic separation,
with low metal recovery and high operating costs [13-16]. Secondly, zinc oxide ores
can be treated via pyrometallurgical or hydrometallurgical methods. However, in actual
practice, the pyrometallurgical process is not that ideal because of its heavy pollution,
large energy consumption, and heavy capital investment [17,18]. Thus, various types of
hydrometallurgical processes have been developed, i.e., the acidic leaching process, which
has been widely applied with good recoveries [19-21]. However, it is becoming increasingly
apparent that this process is not economical for low-grade zinc oxide ores with high
contents of Fe, Ca, Mg, and SiO,. In fact, such metals dissolve during the dissolution of zinc
minerals, resulting in high acid consumption and complex purification processes [22-24].
To overcome these shortcomings, many studies have explored the alkaline treatment of low-
grade zinc oxide ores because iron does not dissolve and silica gel does not form during the
leaching process. Consequently, alkaline leaching has become an effective way to process
low-grade complex zinc oxide ore with the advantages of low corrosion and low pollution.
Alkaline leaching reagents include ammonia, sodium hydroxide, ammonia—ammonium
chloride, ammonia—ammonium carbonate, and ammonia—ammonium sulfate. Although
many studies concerning the leaching of zincite, smithsonite, willemite, and hemimorphite
have been reported, there are still no reports on the recovery of oxide ores bearing zinc, such
as siderite and limonite, from gossan using alkaline treatment. To this end, the purpose of
this research was to study the leaching of zinc from siderite and limonite using alkaline
solution and to assess the effects of several experimental conditions on the kinetics of zinc
dissolution.

2. Materials and Methods
2.1. Elemental Analysis

Samples used in this study were obtained from Guangxi Zhuang Autonomous Region,
China. X-fluorescence analysis was used, and the results of the semi-quantitative analysis of
the samples with multiple elements are shown in Table 1. It can be seen that the composition
of chemical elements of the sample is simple; the main chemical elements are Fe, Zn, Si, Al
and O, and the content of other elements is small.

Table 1. Chemical components of Tongkeng ore.

Component

Zn

Fe SiO, Al,O3 CaO MgO S Pb Mn Cd

Content/%

13

40.2 59 4.5 0.8 0.3 0.36 0.1 0.09 0.02

2.2. XRD Analysis

The X-ray diffraction data shown in Figure 1 indicate that the main zinc-bearing min-
erals are smithsonite, siderite, and limonite, and the gangue mineral is quartz. Additionally,
by analyzing the mineral types and occurrences, the distributions of zinc in these minerals
were determined. As can be seen from Table 2, the main minerals bearing zinc are siderite
and limonite. Therefore, it can be inferred that zinc exists in gossan ores in the forms of
siderite, limonite, and smithsonite.
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Figure 1. XRD pattern of the raw ore.

Table 2. Distribution of zinc in the main minerals of the raw ore sample.

Minerals Mineral Content/% Zinc Content/% Zinc Distribution Rate/%
Siderite bearing zinc 41.87 10.53 33.93
Smithsonite 2.58 52.06 10.33
Limonite bearing zinc 51.93 13.85 55.35
Gangue 3.62 1.40 0.39
Total 100.00 13.00 100.00

2.3. Leaching Rate Calculation

Metal leaching velocity # has been used as an index to assess the leaching effect.
The leaching rate of zinc can be calculated by weighing the leaching residue and
analyzing the zinc content of the leaching residue. The formula to calculate is as follows:

(MDéZn — mGZn)

= 1
Hzn Maczn x 100

where 177z, is the leaching rate of zinc, %; M is the mass of sample before leaching, g; a7, is
the zinc grade in the sample, %; m is the mass of leached slag, g; 7, is the zinc grade in the
leached slag, %.

2.4. Modeling of Dynamics

Dynamics modeling tasks mainly include two aspects: one is contraction of the reaction
core model and the class model choice and judgment; the second, according to the results of
test data, the mathematical model for fitting. The main application of the kinetic model is
to calculate the activation energy of each reaction process or stage according to the relation
equation of velocity constant and temperature established by Arrhenius and judge the type
of control steps of the reaction accordingly.

2.5. Leaching Experiments

Ammonia, ammonia—ammonium carbonate, sodium hydroxide, ammonia—ammonium
sulfate, and ammonia—ammonium chloride were used as the leaching reagents in the leach-
ing and kinetic experiments. Leaching tests were carried out in a flask on a thermostatically
controlled magnetic stirrer. Then, 50 g of ore was added to an agitated leaching solution
with a known amount of alkaline solution and maintained at a required temperature. The
liquid-to-solid ratio was kept constant. Parameters such as the leaching reagent, alkaline
concentration, leaching time and temperature, L/S ratio, as well as agitation rate were
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studied. The optimum leaching conditions were determined according to the following
steps: 50 g of the sample was leached with alkaline solutions of different concentrations
and stirred with a magnetic stirrer at a rotational speed of 400 rpm. To determine the effect
of leaching time, 50 g of the sample was leached in a known alkaline solution at 60 °C at
different intervals with an L/S ratio of 4:1. To determine the effect of leaching temperature,
the leaching temperature varied while all other parameters remained fixed. Finally, the
optimal L/S ratio was determined using a 4 mol-L~! alkaline solution with the required
concentration in the solid sample at 60 °C and 120 min. From the above experiments, the
overall optimum leaching conditions were determined.

3. Results and Discussion
3.1. Effects of Various Leaching Conditions
3.1.1. Effect of Leaching Agent

Figure 2 shows the correlation between the zinc leaching efficiency and leaching time
with different leaching agents. The results showed that the leaching rate of zinc increased
greatly with the increase in leaching time from 10 min to 120 min. However, after 120 min,
the leaching rate was significantly reduced. Overall, the zinc leaching efficiency was below
50%, which may have been caused by the different origins and properties of the gossan
ore minerals. Figure 2 also shows that the leaching efficiency of gossan ore leached by
ammonia—ammonium chloride was higher than that of other leaching agents. The reason
for this may have been that the electrostatic interactions between zinc and this leaching
reagent were stronger than those of the other leaching agents.
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Figure 2. Effect of leaching time on the leaching efficiency of zinc in different lixiviants.

As noted in Section 2.1, zinc exists in the gossan ores in the form of siderite, limonite,
and smithsonite. The present results suggest that zinc in smithsonite can be dissolved in
the leaching solution, whereas zinc in limonite can be partly desorbed under external forces.
Zinc in siderite cannot be recovered due to its solubility in the leaching agent. Therefore, it
can be concluded that it is difficult to recover zinc from gossan ore via this alkaline leaching
method.

Figure 3 shows the XRD patterns of the leaching slags after different lixiviant leach-
ing. Compared with the XRD pattern of the raw ore (Figure 1), the diffraction peaks
of smithsonite in the samples leached by different lixiviants decreased, indicating that
smithsonite was leached by alkaline solutions. Based on the zinc content and slag prop-
erties, the main forms of residual zinc are isomorphism and adsorption in siderite and
limonite, respectively.
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Figure 3. XRD patterns of the leaching products by different lixiviants.

3.1.2. Effect of Leaching Agent Concentration

Ammonia—ammonium chloride was used as the leaching agent here and in the sub-
sequent tests. In all kinds of investigation cases, the initial leaching agent concentration
was varied at first, while other parameters were kept constant: the leaching time (120 min),
leaching temperature (60 °C), L/S ratio (4:1), and agitation rate (400 rpm). Figure 4 shows
the correlation between zinc leaching efficiency and leaching agent concentration under
these conditions. The results demonstrate that when the ammonia—ammonium chloride
concentration increased from 2 mol-L~! to 4 mol-L~!, the metal leaching efficiency was
significantly improved. However, the leaching efficiency of zinc varied slightly after
4 mol-L~1.
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Figure 4. Effect of leaching agent concentration on zinc extraction.

3.1.3. Effect of Leaching Time

As metal extraction can be improved by prolonged leaching times, the leaching time
duration was varied to examine its influence on zinc leaching efficiency. Specifically, the
leaching tests were performed as the leaching time varied from 10 min to 360 min and the
leaching temperature was 60 °C. The values of leaching agent concentration, L/S ratio,
and agitation rate were maintained at 4 mol-L ™1, 4:1, and 400 rpm, respectively. Figure 5
shows the variation in the leaching efficiency of zinc as a function of leaching time at
60 °C. The zinc leaching efficiency also increased with leaching time. Yet, the zinc leaching
efficiency only increased rapidly before the leaching time reached 120 min, and after that,
the efficiency changes became relatively small.
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Figure 5. Effect of leaching time on zinc extraction.

3.1.4. Effect of Leaching Temperature

Leaching temperature varied from 30 °C to 90 °C in the leaching tests; the alkaline
concentration range was 4 mol-L~1; and the leaching time, L/S ratio, and agitation rate
remained constant at 120 min, 4:1, and 400 rpm, respectively. The effects of temperature
on the efficiency of zinc extraction are plotted in Figure 6. The zinc leaching efficiency
rose from 36.29% to 46.34% with the increase in temperature. Obviously, the reaction
temperature exerted no significant impact on the leaching efficiency of zinc.

50 -
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5 45h
3
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e
Q
g 40|
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Leaching temperature/ ‘C
Figure 6. Effect of leaching temperature on zinc extraction.

3.1.5. Effect of L/S Ratio

The effect of the liquid-to-solid ratio on the extraction of zinc was investigated with
six different L/S ratios. For these tests, the alkaline concentration, leaching temperature,
leaching time, and agitation rate were maintained at 4 mol-L~ 1, 60 °C, 120 min, and
400 rpm, respectively. Figure 7 shows the variation in zinc leaching efficiency as a function
of the L/S ratio under the above conditions. As can be seen from the figure, when the
L/S ratio was greater than 4:1, the extraction rate of zinc did not change significantly.
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Figure 7. Effect of L/S on zinc extraction.

3.1.6. Effect of Agitation Rate

The leaching efficiency of zinc can be improved by increasing the agitation rate as
it keeps mineral particles suspended in the liquor and reduces the thickness of the mass
transfer boundary layer on the particle surface. For these reasons, the effect of the agitation
rate on the leaching efficiency of zinc was examined. The leaching tests were carried out
with the agitation rate varying from 200 rpm to 600 rpm. For these tests, the leaching
agent concentration, leaching time, leaching temperature, and L/S ratio were maintained
at 4 mol-L~1, 120 min, 60 °C, and 4:1, respectively. Figure 8 shows the variation in the
leaching efficiency of zinc as a function of the agitation rate. The efficiency of zinc leaching
was obviously improved when the agitation rate rose from 200 rpm to 400 rpm. After
400 rpm, however, the leaching efficiency remained almost unchanged. Therefore, zinc
extraction efficiency is optimal at 400 rpm, and higher agitation has no obvious benefit in
terms of its associated increased capital and operating costs.
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Figure 8. Effect of agitation rate on zinc extraction.

3.2. Kinetic Analysis

In a fluid-solid reaction system, the reaction rate is generally controlled by one of
the following steps: diffusion through the fluid membrane, diffusion through the product
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layer, or a chemical reaction of unreacted particles on the core surface. Zinc oxide and zinc
carbonate react with ammonia—ammonium chloride according to the following reactions:

ZnCOs + 2NH4* + 2NH; — Zn(NHj3)4>* + H,O + CO,, (1)

ZnO + 2NH,* + 2NH; — Zn(NH3),%" + H,0, ()

Clearly, as the reaction progresses, the size of the initial particle decreases. Thus, the
shrinking core model with variable particle sizes can be used to describe these reactions.
This process can be simulated by an isometric spherical particle of changing size with a
surface reaction or diffusion-controlled regime. If the process is controlled by the diffusion
resistance of fluid film, the reaction fraction of zinc at any time can be calculated based on
the following equation, which is applicable to small particles moving in the Stokes regime:

2
3

= i, (3)

1—(1-x) 7

where x is the fraction of reacted zinc. The time for the complete disappearance of a particle,
s, can be calculated from:

__PRg

= Mkgen” @)
__PRg PR
t_kagcA{l (1-x3], ©®)

p stands for the density of the solid reactant, Rs the radius of the unreacted particle,
b the stoichiometric coefficient of the reaction, M the relative molecular mass of the solid
reactant, k; the mass transfer coefficient, and c4 the leaching agent concentration.

In order to determine the kinetic parameters and rate-controlling steps of zinc leaching
in an ammonia—ammonium chloride solution, the experimental data were analyzed on the
basis of the shrinking core model (Equation (5)). The validity of the experimental data to
the integral rate was tested using statistical and graphical methods, and multiple regression
coefficients obtained for the integral rate expression were calculated. The calculated
regression coefficients indicate that this method is most suitable for the rate expression of
fluid film diffusion control. Similarly, from the results of the statistical analysis, the leaching
of zinc from gossan in ammonia—ammonium chloride solutions was found to be controlled
by fluid film diffusion. The corresponding integral rate expression was determined to obey
the following rate equation:

1—(1—-x)% =kt ©)

k= (koe?%> « t @)

Equation (6) provides the best straight lines relative to the other equations tested. Plots
of 1 — (1 — x)2/3 versus t are shown in Figure 9 (before 120 min) and after 120 min is shown
in Figure 10 at various reaction temperatures with a specific range of particle sizes and
leaching agent concentration under a given L/S ratio. The apparent rate constants, k, were
evaluated by the corresponding slopes of the straight lines. Using the Arrhenius equation
(Equation (7)), a plot of Ink versus 1/T should give a straight line with slope —E(/RT and
intercept Inky. To this end, the experimental data were combined with Equation (7) to draw
Ink versus 1/T for each value of the reaction temperature. Figure 11 shows 120 min ago.
After 120 min, is shown in Figure 12. In this way, the activation energies (Eg) and reaction
rates (ko) with leaching times before and after 120 min were calculated as 4.458 kJ-mol~!
and 4.22 x 10 and 5.536 kJ-mol ! and 2.84 x 103, respectively.
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Figure 12. Relation of Ink and 1/T (R? = 0.9159) for leaching times greater than 120 min.

The values of the activation energy indicate that the process is a fluid film diffusion-
controlled process, which is consistent with the research results of similar fluid—solid
reaction systems. The value of the activation energy in the dissolution process can help pre-
dict the rate-controlling step. That is to say, the activation energy of a diffusion-controlled
process typically ranges from 4 to 12 kJ-mol !, while it is usually greater than 40 k] mol !
for a chemically controlled process. The relatively small values of the activation energy
obtained for the dissolution process indicate that the leaching of zinc from gossan in
ammonia—ammonium chloride is controlled by fluid film diffusion. Thus, Equation (6) can
be written as follows:

Before 120 min: . siss

1-(1-x)3 = (4.22x102e_T) x t ®)
After 120 min: . so
1-(1-x)3 = (2.84x103e*T) x t )

Obviously, the activation energy differs before and after 120 min of leaching time.
As mentioned in Section 3.1.1, the zinc in smithsonite could be dissolved in the leaching
solution, whereas zinc on limonite could be partly desorbed, and zinc in siderite could
not be recovered due to its solubility in the leaching agent. The dissolution of zinc in
smithsonite occurs quickly, whereas zinc desorption in limonite is relatively slow, which is
the key step for alkaline leaching.

4. Conclusions

In summary, the ore used in this study from the gossan of sulfide deposits displayed
a complex nature, as evidenced by the chemical analysis. An alkaline leaching method
was investigated for its ability to leach zinc from siderite and limonite. The results showed
that the leaching efficiency of zinc is 50% lower than that of conventional leaching. By the
comparison of the XRD pattern of the raw ore, different diffraction peaks of smithsonite
were observed, indicating the successful extraction of smithsonite by the alkaline treatment.
Finally, the kinetic analysis of the experimental data indicates that the leaching of zinc
from gossan using ammonia—ammonium chloride as the leaching agent is controlled by
fluid film diffusion. The activation energy was found to be 4.458 k]-mol~! for leaching
times below 120 min and 5.536 kJ-mol~! above 120 min, which is consistent with a fluid
film diffusion-controlled reaction. As well as the fact that alkaline leaching is simple in its
process, the raw material is widely available, it has low energy consumption, low cost, and
the characteristics of the pollution of the environment’s light, there are obvious economic
benefits and social benefits. From the above research conclusion, the zinc leaching efficiency
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less than 50%. Using the alkali leaching method, it is difficult to recover zinc from iron cap
ore, and thus, it cannot be applied to large-scale industrial production.
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