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Abstract: Ammonia leaching is a promising method for processing low-grade copper ores,
especially those containing large amounts of oxidized copper. In this paper, we study the
effect of Si-containing minerals on the kinetics of Cu and Ag leaching from low-grade copper
concentrates. The results of experiments on the pressure leaching of the initial copper concentrate
in an ammonium/ammonium-carbonate solution with oxygen as an oxidizing agent are in good
agreement with the shrinking core model in the intra-diffusion mode: in this case, the activation
energies were 53.50 kJ/mol for Cu and 90.35 kJ/mol for Ag. Energy-dispersive X-ray spectroscopy
analysis (EDX) analysis showed that reagent diffusion to Cu-bearing minerals can be limited by
aluminosilicate minerals of the gangue. The recovery rate for copper and silver increases significantly
after a preliminary alkaline desilication of the concentrate, and the new shrinking core model is
the most adequate, showing that the process is limited by diffusion through the product layer and
interfacial diffusion. The activation energy of the process increases to 86.76 kJ/mol for Cu and
92.15 kJ/mol for Ag. Using the time-to-a-given-fraction method, it has been shown that a high
activation energy is required in the later stages of the process, when the most resistant sulfide minerals
of copper and silver apparently remain.

Keywords: ammonia leaching; high-pressure leaching; copper extraction; silver extraction;
desilication; kinetics

1. Introduction

The depletion of reserves of high-quality raw materials of non-ferrous metals is an increasingly
significant problem around the globe today. As a result, low-grade ores and concentrates are involved
in processing [1,2], and enterprises have to sacrifice recovery and quality to maintain the required
levels of productivity.

The deterioration of technological parameters and indicators is due to a decrease in the content of
valuable components and an increase in harmful impurities, along with the fact that non-ferrous and
noble metals often exist in minerals as fine impregnations in gangue with mutual intergrowth and the
presence of nanodispersed, colloidal grains, etc. [3,4].

Traditional methods of processing and the beneficiation of such raw materials are characterized
by significant losses, since such finely disseminated components cannot be separated and recovered to
an acceptable degree to obtain monometallic concentrates and intermediates, which leads to significant
losses of valuable metals and the stockpiling of various industrial products and waste.
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At the same time, the use of such off-balance materials in processing can increase the term of
exhaustion of natural resources by several times, which is greatly important for sustainable economic
development and environmental safety. Therefore, science and industry are in a constant search for
new effective ways of processing such troublesome raw materials.

Currently, the world has developed a large number of diverse technologies for processing such
complicated raw materials. The most common technologies involve the ultrafine grinding of raw
materials [5–7]; various versions of hydrochemical oxidation with different oxidizing agents, including
microorganisms [8–11], nitric acid and its decomposition products [12–15]; processes at elevated
temperatures and pressures [16,17]; and combined technologies with various types of preliminary
roasting, which are less and less popular due to environmental problems and low technical and
economic indicators [18,19].

One of the most widespread technologies in the industry involves sulfuric acid and neutral pressure
leaching for the quantitative oxidation of sulfides containing valuable metals (pyrite, arsenopyrite,
chalcopyrite, etc.), followed by the cyanidation of the obtained cakes to recover noble metals and
non-ferrous metals from solutions [20]. The recovery of silver by cyanidation from sulfuric acid
autoclave leachates is difficult due to intergrowths with quartzite and the formation of argentojarosite,
inert with respect to the cyanide ion [21]. Therefore, leaching in ammonia media can be used to
avoid the formation of argentojarosite and to increase the degree of silver recovery directly at the
pressure-leaching stage [22].

Ammonia has been widely used as an effective leaching agent in many hydrometallurgical
processes over many years. Ammonia can be used to leach base metals (Cu, Ni, Co and Zn), as well as
precious metals (Ag and Au), owing to the formation of soluble and very strong ammonia complexes.
Various ammonium salts [23] can act as complexing agents. For example, for sulfide copper minerals
and silver, the formation of complexes can be represented as follows (Equations (1) and (2)):

CuS + 2NH3 + 2O2→ Cu(NH3)2
2+ + SO4

2−, (1)

Cu(NH3)2
2+ + 2NH3→ Cu(NH3)4

2+, (2)

Ag2O + 4NH3 + H2O→ 2[Ag(NH3)2]+ + 2OH−, (3)

2Ag + 2NH3 + 0.5O2 + H2O→ 2[Ag(NH3)2]+ + 2OH−. (4)

Ammonia is also considered an attractive leaching agent because of its low toxicity, low cost and
ease of regeneration by evaporation from alkaline solutions [24]. Selectivity is an important advantage
of the ammonia medium in hydrometallurgy, meaning that the desired metals can be dissolved and
the undesired iron segregated in the same unit.

For many years, Alexander Mining (has plants using the “AmmLeach” technology in the
Democratic Republic of the Congo and Australia) led the implementation and development of
ammonia leaching for the recovery of copper from sulfide, oxidized ores and tailings, as well as the
recovery of cobalt [25]. According to Alexander Mining, the key advantages of this technology include
the ability to leach in atmospheric conditions, the low consumption of reagents to process acid-intensive
materials, the ability to use standard equipment, high selectivity, and a low environmental impact.

The first industrial application of an ammonia leaching process related to the hydrometallurgical
recovery of copper from oxidized ores was put into operation in 1916 [26]. Since that time, a large
number of studies have been carried out to study the kinetics of leaching various copper ores
and copper-containing wastes in ammonia media at atmospheric [27–31] and high pressure [32,33].
For example, Liu et al. [30] studied the leaching of calcareous bornite ore in a solution containing
ammonia and ammonium persulfate. The study showed that copper recovery rises from 82.7 to 90.3%
as the temperature increases from 303.15 to 333.15 K. It was also revealed that copper recovery reaches
77.8% and 88.1% at ammonia concentrations of 1.0 mol/dm3 and 2.5 mol/dm3, respectively, and that
an increase in the concentration of ammonium persulfate from 0.5 mol/dm3 to 2.0 mol/dm3 effects
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an increase in copper recovery from 80.9% to 90.3%. Baba et al. [34] investigated the kinetics of leaching
with ammonium sulfate solutions of complex covellite ore mined in Nigeria. It was revealed that the
process was controlled by the diffusion kinetics, with an activation energy of 37.37 kJ/mol. In this case,
copper recovery was 86.2% under optimal conditions.

Ammonia leaching with oxygen as an oxidizing agent was used commercially in 1954 to
extract copper, nickel and cobalt from sulfide ores and concentrates by Sherritt Gordon [23] in Fort
Saskatchewan. In the 1970s, Anaconda developed the Arbiter ammonia leaching process [24]. In one
study [35], it was shown that for a concentrate containing 25% copper in the form of chalcopyrite
in a solution of ammonium hydroxide and ammonium carbonate with the use of oxygen as an oxidizing
agent under optimal conditions (НН4OH concentration of 5 mol/dm3; (NH4)2CO3, 0.3 mol/dm3; L/S,
20 to 1; stirring speed, 1000 rpm; temperature, 333 K; and oxygen flow rate, 1 dm3/min), only 70% of
copper could be recovered into solution. A kinetic analysis of this process shows that the leaching rate
was controlled by diffusion through the product layer, and the activation energy was 25 kJ/mol.

Ammonia leaching can also be used to extract precious metals. The ammonia–cyanide process
was used commercially by Hunt to process tails from Comstock Lode in Nevada and copper–iron
gold ores in Dale, California [36]. The industrial application of the Hunt process started in 2014, when
ammonia leaching was introduced at the Gadabay plant [26].

Few studies, however, have focused on the kinetics of simultaneous copper and silver recovery by
ammonia leaching from low-grade concentrates or ores under pressure [22,24,37]. Therefore, the aim of
this work is to investigate the kinetics and mechanisms of the ammonia pressure leaching of low-grade
sulfide raw materials containing copper and silver, in order to study the effects of Si-containing minerals
on the kinetics of Cu and Ag leaching.

2. Materials and Methods

2.1. Materials

All the reagents used in this study were of analytical purity. A 25% ammonia solution was
provided by JSC Azot (Kemerovo, Russia), and caustic soda was provided by JSC Bashkir Soda
Company (Sterlitamak, Russia).

To achieve the required concentrations of solutions, ammonia and caustic alkali solutions
were diluted with distilled water obtained on the apparatus manufactured by GFL GmbH
(Burgwedel, Germany).

The original high-siliceous copper concentrate was provided by an ore processing plant at
a Zhezkazgan mine, Kazakhstan [38]. The concentrate was obtained by a two-stage flotation enrichment
(rougher and scavenger) of the initial low-grade ore containing 0.53% of copper and 12.53 ppm of Ag.
The yield of the concentrate was 7.09%, while the copper recovery 93.7%. The average particle size of
the concentrate was 30 µm; 90% of the particles were smaller than 61 µm.

Table 1 shows the chemical composition of the obtained concentrate. Figure 1 shows an X-ray
diffraction pattern of this concentrate. As can be seen from Table 1 and Figure 1, the initial concentrate
contains a large amount of aluminosilicates and quartz, while the content of sulfur and copper does
not exceed 5%. It is obvious that the iron is partly present in oxidized form (chlorites).

Table 1. Chemical composition of initial low-grade copper–silver concentrate, wt. %.

Cu Fe S SiO2 Al2O3 Na2O Ag Other

7.0 8.2 5.7 55.1 10.5 2.2 140 ppm 11.3
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Figure 1. XRD pattern of initial low-grade copper–silver concentrate.

Table 2 shows the distribution of copper-containing minerals in the concentrate. The amount of
oxidized copper was determined by leaching the initial concentrate in 10% sulfuric acid solution for 2 h
at 95 ◦C without an oxidizing agent. The distribution of primary and secondary copper sulfides was
determined by the x-ray analysis of the concentrate after the complete removal of aluminosilicates [39].
It can be seen that the largest part of the copper is represented by primary and secondary sulfides, but
oxidized minerals are also present.

Table 2. Copper distribution in initial low-grade copper–silver concentrate, by minerals.

Copper Form. Content, wt. %

Primary sulfides 14.7
Secondary sulfides 66.5

Oxidized form 18.8
Total 100

2.2. Analytical Methods

The chemical analysis of the original material and the resulting solid products of the studied
processes was performed using an Axios MAX X-ray fluorescence spectrometer (XRF) (Malvern
Panalytical Ltd., Almelo, The Netherlands). The phase analysis was performed on an XRD 7000
Maxima diffractometer (Shimadzu Corp., Tokyo, Japan).

Scanning electron microscopy (SEM) was performed using a JSM-6390LV microscope (JEOL Ltd.,
Tokyo, Japan) equipped with a module for energy-dispersive X-ray spectroscopy analysis (EDX).

Samples from each experiment were taken at the selected time intervals, and the obtained
solutions were analyzed using inductively coupled plasma mass spectrometry (ICP-MS—NexION
300S quadrupole mass spectrometer, PerkinElmer Inc., Waltham, MA, USA).

2.3. Experiments

Laboratory experiments for NaOH and NH4OH leaching were carried out using a 0.6 dm3

autoclave reactor (Parr Instrument, Moline, IL, USA), equipped with sample collection vessel. The
reactor was thermostated. The materials were stirred using an overhead mixer at 700 rpm, which
ensured a uniform density of the pulp and eliminated diffusion limitations. A portion of the raw
material weighing 100 g was added to a prepared solution of NaOH (300 g/dm3) or NH4OH and
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(NH4)2SO4 (with solution concentrations of 0.5 mol/dm3 (NH4)2SO4 and 7 mol/dm3 NH3); the L/S ratio
in all the experiments was 5 to 1. Then, the resulting pulp was heated in an autoclave with constant
stirring. After the required temperature was reached, the oxygen supply and time countdown began.
At the predetermined time intervals, a portion of the leaching pulp was taken with help of excessive
pressure in reactor and cooled in a sealed vessel to atmospheric temperature. The obtained pulp was
filtered in a Buchner funnel (ECROSKHIM Co., Ltd., St. Petersburg, Russia); the solutions were sent
for ICP-MS analysis. At the end of experiment, the leaching cake was washed with distilled water,
dried at 100 ◦C to a constant weight, weighed and sent for XRF analysis. All the experiments were
performed twice, and the mean values are presented here.

3. Results and Discussion

3.1. Leaching Kinetics of the Initial Concentrate

The pressure leaching of sulfide copper concentrate in an ammonia environment is possible only
in the presence of an additional oxidizing agent, necessary for the conversion of copper and silver
into oxidized forms. However, even with a strong oxidizing agent, the efficiency of copper and silver
recovery will strongly depend on the process temperature. In order to determine the limiting stage
and to better understand the mechanisms of the reactions, we studied the kinetics of the ammonia
leaching of a sample of the original concentrate at various temperatures and otherwise-equal conditions.
The oxygen pressure in reactor was 0.6 MPa, and the total pressure was 0.9 MPa at 120 ◦C and 1.8 MPa
at 160 ◦C. The obtained leaching kinetic curves at various temperatures ranging from 120 to 160 ◦C are
shown in Figure 2.
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Figure 2. Effect of temperature and ammonia leaching duration on the degree of Cu (a) and Ag
(b) recovery into solution.

Figure 2a shows that as temperature the increased from 120 to 160 ◦C, the degree of copper recovery
into solution increased significantly. After 3 h of leaching at 120 ◦C, the degree of copper recovery
into the solution is 36.0% and reaches 81.3% at 160 ◦C within the same amount of time. The degree of
silver recovery also increases (Figure 2b). However, unlike copper, silver can be effectively recovered
into solution only at temperatures above 160 ◦C. After 3 h of leaching at 160 ◦C, the recovery of silver
in the solution was 51.1%, while at below 130 ◦C, it did not exceed 15–16%. According to published
data [28], oxidized copper leaches quite efficiently into an ammonia solution, even at atmospheric
pressure. The oxidation rate for copper sulfides in an ammonia solution in autoclave conditions is also
quite high, even at temperatures below 140 ◦C [22,35], which means that the process under study has
certain limitations.

As shown in Figure 3, the corresponding experimental data for the leaching of silver and copper
from the initial concentrate were linearized using various shrinking core models (SCM) [40–42] (Table 3),
and the most adequate one proved to be the internal diffusion model, 1–2/3α − (1 − α)2/3 = Kt, where α
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is the degree of component recovery into the solution, K is the reaction rate constant (min−1) and t is
the duration (min). This result indicates that the leaching of copper and silver is limited by the rate of
the supply of oxygen or a leaching reagent to the reaction surface through a layer of the product or
unreacted substance.
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Table 3. SCM equation fitting for Cu recovery from the initial low-grade concentrate.

# Limiting step Equation
R2

120 ◦C 130 ◦C 140 ◦C 150 ◦C 160 ◦C

1 Diffusion through the product layer (sp) 1 − 3(1 − α)2/3 + 2(1 − α) 0.991 0.988 0.977 0.994 0.977
2 Diffusion through the liquid film (sp) α 0.667 0.662 0.626 0.625 0.610
3 Surface chemical reactions (sp) 1 − (1 − α)1/3 0.750 0.729 0.805 0.737 0.845
4 New shrinking core model 1/3ln(1 − α) + [(1 − α)-1/3

− 1] 0.989 0.993 0.960 0.989 0.968
5 Hybrid (1st equation + 3rd equation) (1 − 3(1 − α)2/3 + 2(1 − α)) + (1 − (1 − α)1/3) 0.855 0.846 0.841 0.846 0.947

sp—spherical particles; α—the degree of Cu recovery into the solution.

Figure 4 shows a plot of lnk versus the inverse of temperature, 1/T (K−1). In accordance with
the Arrhenius equation, the slope of the straight line in Figure 4 was used to determine the apparent
activation energy of the leaching of copper and silver as 53.50 kJ/mol and 90.35 kJ/mol, respectively.
It follows that the silver leaching reaction requires higher activation energies than copper leaching.
This is probably due to the fact that the copper in the initial material is represented by various minerals,
including oxides, some easily soluble at lower temperatures. By contrast, silver and a certain part of
sulfide copper are more refractory. It is also possible that the copper and silver minerals are finely
impregnated in the aluminosilicate rock, resulting in diffusion limitations. As shown before [43], a high
value of the activation energy is not always representative of a kinetically controlled reaction.
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To reveal the effect of aluminosilicates on the mechanism of leaching, electron micrograph and
EDX analyses of the initial concentrate particles (Figure 5) were performed. According to Figure 5,
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there are two types of grain with different morphologies in the initial concentrate: grains with a smooth
surface with ultrafine particles scattered on them and grains with a rough surface. The result of the
EDX analysis (Table 4) shows that the first type of grain is most likely a sulfide mineral. The EDX
analysis also indicates that sulfides are bound to aluminosilicates by mutual germination, since silicon
is distributed, although unevenly, over the entire surface, including at accumulations of copper and
silver. At the same time, silver is inextricably linked with copper accumulation areas.
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3.2.1. Kinetics of Copper and Silver Leaching from a Concentrate after Preliminary Desilication 

Figure 5. SEM images of typical grains of the initial concentrate (a, b) and SEM image with the position
of an EDX spectrum (c).

Table 4. The elemental compositions (energy-dispersive X-ray spectroscopy analysis (EDX) spectrum)
of the initial concentrate, wt. %.

Element Al Si S Fe Cu Ag O Total

Figure 5c. Point 001 2.78 21.07 2.83 18.39 18.60 0.15 36.16 100
Figure 5c. Point 002 3.10 32.29 0.29 11.12 7.24 0.00 45.96 100
Figure 5c. Point 003 3.58 40.46 0.00 2.92 1.89 0.00 51.15 100
Figure 5c. Point 004 2.91 10.43 0.62 27.41 26.33 0.50 31.80 100
Figure 5c. Point 005 1.49 5.61 0.29 53.19 7.29 0.00 32.13 100
Figure 5c. Point 006 4.40 14.31 5.74 12.16 34.85 0.83 27.71 100

Thus, we can assume the inhibitory effect of aluminosilicates, as their layer on the particle surface
prevents the diffusion of oxygen and ammonia. Aluminosilicates can also adsorb non-ferrous metals
from solution [44,45]. Therefore, the direct pressure ammonia leaching of the concentrate without
pre-treatment does not allow copper and silver recovery from a low-grade concentrate into the solution
at temperatures below 160 ◦C, which is explained by the diffusion limitations created by a layer of
aluminosilicates on the surface of sulfides.
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In order to remove the passivating effect of aluminosilicates, one can use physical (mechanical
activation, fusion) and chemical methods (preliminary alkaline desilication). Therefore, to further
study the effect of aluminosilicates on copper and silver recovery into an ammonia solution, we studied
the process kinetics after extracting silica from the original material by pressure alkaline leaching.

3.2. Effect of Preliminary Desilication on Ammonia Leaching of Low-Grade Copper–Silver Concentrate

To exclude the possible effects of silica-containing minerals, we investigated the preliminary
removal of silicon from the concentrate by pressure alkaline leaching under the following conditions:
NaOH = 300 g/dm3, L/S = 5:1, t = 200 ◦C, total pressure = 1.5 MPa, and duration = 2 h [39]. The method
allowed the recovery of 63% of the silicon into the solution, while the cake had the following composition
(Table 5):

Table 5. Chemical composition of desilicated copper concentrate, wt. %.

Cu Fe S SiO2 Al2O3 Na2O Ag Other

10.7 12.6 8.7 30.5 15.1 8.8 210 ppm 13.6

3.2.1. Kinetics of Copper and Silver Leaching from a Concentrate after Preliminary Desilication

The effect of temperature and the duration of leaching on copper and silver recovery from
a desilicated concentrate is shown in Figure 6.
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Figure 6. Dependence of the recovery of copper (a) and silver (b) into the solution on the temperature
and duration of leaching of desilicated concentrate.

Figure 6 shows that, as in the case of the initial concentrate, the temperature has a significant
effect on the speed of the process; after 60 min of leaching, copper recovery increases from 63% to 94%.
A significant influence of the duration in the range 0–60 min is observed at all studied temperatures;
after 60 min, the rate of Cu and Ag recovery in the solution decreases significantly, which is most
likely due to diffusion limitations. Nevertheless, the rate of Cu and Ag recovery into solution from
a desilicated concentrate is much higher, especially clearly seen in case of silver and apparently
associated with a decrease in the passivating or sorption effect of aluminosilicates after desilication
and with an increase in the surface area of sulfide particles that are in contact with solvent.

As shown in Figure 7, the corresponding experimental data on Cu and Ag leaching from
a desilicated concentrate were also linearized using various shrinking core models. In this case, the
most adequate was a new model proposed by Dickinson and Heal [40], 1/3ln(1 – α+((1 − α)-1/3

− 1) = kt,
where α is the degree of a component’s recovery into solution, k is the reaction rate constant (min−1),
and t is the duration (min). This result indicates that the leaching of copper and silver is limited by the
rate of the supply of oxygen or leaching agent to the reaction surface through the interfacial transfer
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and diffusion across the product layer. Thus, we can assume that in this case, the process mode changes:
interfacial transfer is added to the internal diffusion.
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Based on the slope of the straight line in Figure 8, the apparent activation energy of the leaching is
86.76 kJ/mol for Cu and 92.15 kJ/mol for Ag, respectively. This indicates an increase in the effect of
temperature on the leaching of copper.
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Figure 8. Dependence of lnk−1000/T for the recovery of copper (a) and silver (b) into solution from a
desilicated concentrate.

The obtained high value of the activation energy along with the high degree of description of the
kinetic curves by the new SCM equation, which is applicable for the processes restricted by the supply
of reagents through the diffusion layer, indicates a complex mechanism of the autoclave leaching of
copper and silver in an ammonia environment.

The SCM can only be used to determine the average values of the activation energy, which may
lead to the omission of some reaction features. The time-to-a-given-fraction method [46] was used to
calculate the apparent activation energy at different points in the leaching process. The time required
to achieve a certain degree of leaching and the apparent activation energy, Ea, are related according to
Equation (5).

lntx = const − lnA + Ea/RT, (5)

The slope of the graph plotted with lntx and 1000/T coordinates allows one to calculate the
apparent activation energy.

The calculation of activation energy by the graphical method was performed as shown in Figure 9.
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Figure 9. Dependence of lntx on 1000/T for various degrees of recovery of copper.

According to Figure 9, the calculated values of the apparent activation energy according to the
time-to-a-given-fraction method change from 39.77 to 60.95 kJ/mol as the degree of copper recovery
into the solution increases from 10% to 50%. These values are lower than the activation values obtained
earlier in the SCM model. The low activation energies in the initial period of the ammonia pressure
leaching of copper from desilicated concentrate is explained by the increased dissolution rates for less
refractory oxidized compounds and secondary copper sulfides. Additionally, there seems to be a change
in the slope of the curves at 140 ◦C (2.42 1/K), suggesting a change in the rate-determining mechanism
at higher temperatures. It can be assumed that the effect of kinetic difficulties at low temperatures may
be higher. Chalcocite is dissolved according to the following reactions (Equations (6) and (7)):

2Cu2S + 4NH4OH + 2(NH4)2SO4 + O2 = 2Cu(NH3)4SO4 + 2CuS + 6H2O (6)

CuS + 4NH4OH + 2O2 = Cu(NH3)4SO4 + 4H2O, (7)

The dissolution of covellite and other refractory sulfides (chalcopyrite, bornite) at subsequent
stages of leaching occurs at lower rates due to lower solubility, which explains the increase in activation
energy [47].

The efficiency of copper and silver recovery will strongly depend on the oxygen pressure [24].
The effect of oxygen pressure in the range of 0.2 to 0.8 MPa on copper recovery at a leaching temperature
of 140 ◦C is shown in Figure 10.Metals 2020, 10, x FOR PEER REVIEW 12 of 19 
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The results in Figure 10 show the positive effect of an increase in oxygen pressure on the recovery
of Cu and Ag into solution. As the oxygen pressure increases from 0.2 to 0.8 MPa, copper recovery
increases from 77.2% to 93.6% over 180 min of leaching, and silver recovery increases from 53.6%
to 73.7%. An increase in the process duration for the entire studied range also positively affects the
transition of Cu and Ag into solution. The final concentration of copper in the solution at an oxygen
pressure of 0.8 MPa was 20.3 g/dm3, and the concentration of Ag was 0.4 mg/dm3. This solution can
be used for the extraction of valuable metals. The final concentration of iron in the solution in all the
experiments was 0.6–1 mg/dm3.

Using the slopes of the straight lines obtained by substituting data for Cu and Ag recovery at
oxygen pressures of 0.2–0.8 MPa and a temperature of 140 ◦C into the new SCM (Figure 11a,b), we
plotted a graph with the lnkc-lnPo2 coordinates to determine the partial order with respect to oxygen
pressure (Figure 11c,d) [47]. As a result, the empirical orders with respect to oxygen pressure were
0.959 for Cu and 0.932 for Ag, both close to 1, which may also indicate external diffusion limitations [48].
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(b) recovery into solution, and dependence of lnkc on lnPo2 to determine the oxygen order for Cu
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3.2.2. Characteristics of Solid Residue

To study the effect of preliminary desilication on the mechanism of leaching, electron micrographs
and maps of the surface (SEM-EDX) of solid residue particles obtained at oxygen pressures of 0.8 MPa
and a temperature of 140 ◦C after 3 h of leaching were examined. The SEM image and map-scans for
the desilicated concentrate are presented in Figure 12.
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Figure 12. SEM image of desilicated concentrate (a), and map-scans (b–e) for Si, Cu, Fe and
S, respectively.

In contrast to the initial material, the cake after pressure desilication contains much less silica
(Table 5), although it is also distributed over the entire surface, and has a heterogeneous surface with
many cavities and voids (Figure 12a,b), which facilitates the access of reagents to sulfide minerals.
The presence of pores is explained by the dissolution of Si-bearing minerals in an alkaline solution.
Additionally, spherical particles are formed on the surface, which is associated with the precipitation
of sodium hydroaluminosilicate [49]. However, sodium hydroaluminosilicate can also inhibit the
process [50] but apparently to a lesser extent due to its high porosity. The existence of amorphous
inclusions in the cake is confirmed by the presence of noise in the XRD pattern of the cake after
desilication (Figure 13). In addition, the XRD pattern in Figure 13 shows that the main phases after
desilication are cancrinite, quartz and pyrite, as well as a small amount of copper minerals.
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Figure 13. XRD pattern of desilicated concentrate (a), and the product of its leaching in ammonia
solution (b).

The cakes after desilication have a relatively uniform distribution of the above elements, especially
Si, which is explained by the formation of sodium hydroaluminosilicates on the surface of copper and
iron minerals (Figure 12b).

The cakes after the pressure ammonia leaching of desilicated concentrate were also analyzed
by scanning electron microscopy to assess morphological changes. The SEM and map-scanning
images obtained for the ammonia pressure leaching cake of the desilicated concentrate are presented
in Figure 14.
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According to the SEM images, the residue after ammonia pressure leaching is represented by
particles larger than 30 µm with a rough surface (Figure 14a). The diffraction pattern of this cake
(Figure 13b) shows that cancrinite and hematite are the main minerals in the material.

The copper content decreases significantly after ammonia pressure leaching (Figure 14c). It follows
that preliminary alkaline desilication makes it possible to reduce the diffusion limitations caused by
aluminosilicates and quartz (into which sulfide minerals are apparently finely impregnated) due to
the formation of a porous surface during leaching. A schematic diagram of the process is presented
in Figure 15.
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Figure 15. Schematic diagram of the effect of pre-desilication on recovery of Cu and Ag during
ammonia leaching.

Thus, a new environmentally friendly method of processing such a low-grade copper–silver
concentrate is proposed, eliminating the need for ultra-fine grinding, which leads to the formation
of a large amount of fine and toxic waste. Silica that is converted to an alkaline solution, in turn,
can be used to obtain additional valuable products. Ammonia can also be easily regenerated by
distillation [31].

4. Conclusions

The effect of aluminosilicate minerals and their preliminary alkaline leaching on the ammonia
pressure leaching of low-grade copper concentrates has been investigated. Using new methods for
studying the kinetics of the processes, it has been shown that the limiting stage of the process changes
over the course of the leaching. The following conclusions have been reached:

1. In addition to sulfide minerals of copper, the initial concentrate contains a large amount of
oxidized copper and aluminosilicate compounds that coat valuable components, preventing their
leaching into the solution.

2. The results of the experiments on the pressure leaching of the initial copper concentrate
in an ammonium/ammonium-sulphate solution in the presence of oxygen are in good agreement
with the shrinking core model in the intra-diffusion mode; the activation energies for copper and
silver in this case were 53.50 kJ/mol and 90.35 kJ/mol, respectively.

3. After the preliminary alkaline desilication of the concentrate, the recovery rate for Cu and
Ag increases significantly, and the new shrinking core model proves to be the most adequate,
indicating that the process is limited by diffusion through the product layer and interfacial
diffusion. The partial order with respect to oxygen pressure is close to 1, which may also indicate
external diffusion limitations. The activation energy of the process increases to 86.76 kJ/mol for
Cu and 92.15 kJ/mol for Ag.

4. Using the time-to-a-given-fraction method, it was shown that a high activation energy is necessary
in the later stages of the process at low temperatures, when the most refractory sulfide minerals
of Cu and Ag appear to be unleached.
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