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Copper ammonia leaching from smelter slag
Abstract: Copper smelter slag can be considered as an important source for using in the copper
hydrometallurgy. Ammonia leaching seems to be attractive for processing copper slag. Under the influence
of ammonia, copper, which is part of the minerals of copper, forms soluble ammonia complexes, while iron
precipitates as insoluble compounds. In the present work, the possibility of leaching the copper smelter slag
(1.26 wt.% Cu) of the Balkhash smelter using NH4OH solutions was considered. The effect of experimental
factors (leaching duration, reagent concentration, temperature, stirring rate, as well as a solid-to-liquid
ratio) on the extraction of copper into solution was studied. It was found that the extraction of copper into
solution increases with increasing temperature (in the studied range 298 – 333 K), pulp density (up to 10
pct) and stirring rate (up to 800 rpm). The concentration of NH4OH almost does not affect on the level of
copper extraction in the range of 1-4 M. The following experimental conditions provide the recovery of
65% of Cu into ammonia solution: 1M NH4OH, T = 333 K, particle size 90% < 200 mesh, solid-to-liquid
ratio 10 pct, stirring rate 800 rpm, and leaching duration 180 min, 65% of copper is extracted into the
solution. Shrinking core model with mixture kinetics was used to describe the process of ammonia leaching
of copper from smelter slag. The activation energy and pre-exponential factor for the reactions of copper
dissolution were calculated to be 16.2 ± 0.7 kJ/mol and 0.138 ± 0.001 min-1, respectively. The relatively low
value of the activation energy indicates that the rate of the overall leaching process is controlled mainly by
the processes of mass transfer rather than by the rate of chemical reactions of copper dissolution.
Key words: copper smelter slag, ammonia leaching, shrinking core model, copper dissolution, ammonia
complexes of copper.

Introduction
Being the solid waste by-product of copper pyrometallurgical production, the copper smelter slag
contains a significant amount of valuable metals,
primarily, copper and zinc [1-5]. This slag is usually dumped directly, or used as ballast or additive
in building or road industry [6-8]. Considering the
environmental and economic aspects, it is critical to
find ways to recover valuable metals from the slag.
However, this task is not easy to implement, because
copper slag consists of a matrix of fayalite (Fe2SiO4)
and includes minor components of target valuable
metals.
Hydrometallurgy is considered as the promising
way to recover such metals from the copper slag [914]. Among other hydrometallurgical processes, sulfuric acid leaching is recognized as the most convenient process for this because of the producing huge
amount of acid on the metallurgical plants. However,
using this process leads to the dissolution of iron pre© 2019 al-Farabi Kazakh National University

senting in the slag that causes problems in the subsequent treatment of the leachate. In addition, sulfuric
acid solutions are highly corrosive.
Ammonia leaching is being proposed for using
in copper metallurgy as an alternative to sulfuric acid
leaching [15-19]. The main advantages of ammonia
leaching of copper- and zinc-containing sources are
as follows: (i) raw material with high carbonation can
be leached by ammonia solutions; acidic leaching can
not be used for processing these types of material due
to high consumption of acid (ii) equipment corrosion
are eliminated (iii) complexion capacity of iron with
ammonia is very low, and iron, leached, precipitates
in the form of insoluble compounds. Thus, ammonia leaching has a suitable selective capacity for the
non-ferrous metals to the iron (iv) unlike acids, ammonia does not react with alumina silicates, and ferrosilicates (v) the residual ammonia in the soil after
leaching can act as fertilizers. The main disadvantage
of ammonia leaching is the high evaporation capacity
of ammonia.
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Despite the fact that ammonia hydrometallurgy
has been developing for a long time, there is a very
limited number of works devoted to ammonium
leaching of non-ferrous metals from metallurgical
slag [20-24]. In the present paper, we attempted to
use ammonia leaching to extract copper from copper
smelting slag sample of the Balkhash copper smelter (Central Kazakhstan). The aim of the work was
to investigate the influence of experimental factors
on the copper extraction from the smelter slag into
the solution during ammonia leaching, as well as to
determine the conditions that provide an acceptable
level of copper recovery.
Materials and Methods
Slag sample. Copper smelter slag, used in this
research, was obtained from copper smelter plant of
«Kazakhmys Smelting» (Balkhash, Central Kazakhstan). The major phases of the slag sample were identified by X-ray powder diffractometry (XRD) as (FeSiO4), ferrosilite (FeSiO3), and magnetite (Fe3O4).
2
The copper-containing minor phases were chalcocite
(Cu2S), chalcopyrite (CuFeS2), covelline (CuS), and
cuprite (Cu2O). Zinc was mainly presented in the
form on its ferrite (ZnFeO2). The chemical composition of the slag sample determined by ICP-AES
(Perkin Elmer, Optima 8000) after complete microwave-assisted dissolving in nitric acid was, wt. %:
Fe 14.72, Si 40.28, Zn 2.73, Cu 1.26, Al 1.32, S 0.97,
Ca 0.83.
Crushed, ground, and sieved (-0.074 mm) slag
sample was used for the leaching experiments.
Leaching experiment. The leaching tests were
performed in a 1-L flask. The slag sample (20 g) was
placed in the flask filled with an ammonia-ammonium
aqueous solution with pre-determined concentrations
of NH4OH, as well as a liquid-to-solid ratio. The flask
was stirred at 500 min-1 at a predetermined temperature with continuous air bubbling (300 mL×min-1).
After leaching, quantitative analysis of metal ions
(Fe, Cu, Zn) in the leachate was performed by using
ICP-AES (Perkin Elmer, Optima 8000). All experiments were repeated 3 times.
Variable parameters. The following parameters
were varied during the experiments to determine the
conditions that provide the highest copper recovery
into solution (limit values are shown in brackets):
concentration of NH4OH(1-4 M), temperature (298
– 333 K), leaching duration (40-240 min), and liquidto-solid ratio (6-20 pct).
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Results and Discussion
Leaching behavior of copper-containing phases.
Copper minerals of the slag react with aqueous ammonia in the presence of oxygen with the formation
of ammonia complexes of copper (Eqs.1-4):
2Cu2S + 0.5O2 + H2O + 4NH3 =
= 2CuS + 2Cu(NH3)2+ + 2OH-

(1)

CuS + 4NH3 + 2O2 = Cu(NH3)42+ + SO42-

(2)

2CuFeS2 + 12NH3 + 8.5O2 + 2H2O =
= 2Cu(NH3)42+ + 4SO42- + 4NH42+ + Fe2O3
Cu2O + 8NH4OH + 0.5O2 =
=2Cu(NH3)42+ + 6H2O + 4OH-

(3)
(4)

According to the Eh-pH diagram for the copperammonia-water system, Cu(I) and Cu(II) complexes
with ammonia are ionic species stable in alkaline
aqueous media [22]. In the solutions with an ammonia concentration of 0.01 to 5 M, the complex
Cu(NH3)42+ predominates.
Complexation of copper ions can only happen
with NH3 and not with NH4+- ions. Therefore, the
conditions should be maintained to shift the equilibrium between NH3 and NH4+ to the left side in the Eq.5:
NH3 + H2O = NH4++ OH-

(5)

Obviously, increasing the pH of the medium (i.e.,
increasing the concentration of hydroxyl ions) is desirable for rising the free ammonia concentration.
Once the pH is greater than 9.25, NH3 is the dominant
species in the system.
Effect of temperature. The leaching tests were
performed at 298, 318 and 333 K while NH4OH concentration, S:L ratio, and stirring rate were set at 1M,
10 g: 1 L (10 pct) and 800 rpm, respectively. Fig.1
demonstrates that comparatively higher Cu recovery
was obtained as the reaction temperature increased.
At a temperature of 333 K, copper recovery into solution reached 62% after 4 hours of leaching. A further
increase in temperature is impractical due to the loss of
ammonia in the environment. As has been demonstrated
by Liu et al. [24], copper (II) oxide easily reacts with
ammonia at ambient temperature with the formation
of a soluble copper complex. Apparently, it is precisely
due to the leaching of Cu2O that the presence of dissolved copper in the solution is ensured at 298 K.
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Figure 1 – Effect of temperature and leaching duration
on copper recovery into solution (1M NH4OH, particle size 90%
< 200 mesh, S:L = 10 pct, stirring rate 800 rpm)

Effect of NH4OH concentration. The influence
of NH4OH concentration on copper recovery into
the solution has been investigated by varying the reagent concentration from 1 to 4 M at constant values
of temperature (333 K), solid-to liquid ratio (10 pct),
and stirring rate (800 rpm). The results obtained are
present in Fig.2.

Figure 2 – Effect of NH4OH concentration and leaching duration on copper recovery into solution (333 K, particle size 90%
< 200 mesh, S:L = 10 pct, stirring rate 800 rpm)

As can be seen from Fig. 2, an increase in the
concentration of NH4OH leads to an increase of copper extraction into solution; however, 4 hours after
the start of leaching, the concentration of the reagent
practically ceases to affect the degree of copper recovery, which reaches a plateau at 62%.
The following aspects should be taken into account when discussing the effect of NH4OH concentration on the leaching of copper from slag. Firstly,
Int. j. biol. chem. (Online)
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it is the stoichiometry of the reactions (Eqs. 1-4).
According to the above-mentioned equations, 1M
of copper requires from 1M (for chalcocite) to 8 M
(for chalcopyrite) moles of ammonia to leach. If we
take into account that the copper content in the slag
is 1.26 wt.%, and the solid-to-liquid ratio at leaching
(10 pct), then the theoretical ammonia consumption
for copper leaching will be about 0.10 mol per 1 litre
of solution (without taking into account the equilibrium constants of the reactions of copper minerals with
ammonia). Another point is related to the fact that an
increase in the concentration of ammonia in solution
leads to a decrease in the concentration of oxygen.
Oxygen, in turn, is an important component of the
reaction mixture (see Eqs. 1-4).
Effect of stirring rate. Stirring is a very important process in the ammonia leaching of copper from
slag. The experiments carried out in the absence of
stirring showed a very low (up to 18%) recovery
of copper into solution even with prolonged (up to
5 hours) leaching. This circumstance indicates that
the limiting stage of copper leaching reactions is the
mass transfer of oxygen and ammonia to the surface
of copper minerals. The effect of stirring rate on copper recovery at constant values of NH4OH concentration (1M), temperature (333 K), and solid-to liquid
ratio (10 pct), is presented in Fig. 3.

Figure 3 – Effect of stirring rate and leaching duration on copper recovery into solution (1M NH4OH, 333 K, particle size
90% < 200 mesh, S:L = 10 pct)

The value of copper recovery increases with
stirring rate up to 800 rpm; above this rate, copper
recovery does not affect by the stirring rate. Apparently, up to a value of 800 rpm, the leaching process
is controlled by mass transfer, and above this value,
the leaching rate is controlled by inner diffusion of
the rate of chemical reactions.
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Effect of solid-to-liquid ratio. Solid-to-liquid ratio, or pulp density, is a very important parameter in
hydrometallurgy. The decrease in pulp density, as a
rule, intensifies the leaching process. On the other
hand, at low pulp density, there is an overrun of the
leaching agent and the content of the target metal in
the solution after leaching is reduced. Therefore, it
was important to find the minimum value of the pulp
density, providing an acceptable extraction of copper into solution. The results of the experiments on
determining the influence of solid-to-liquid ratio on
the copper recovery at the constant values of NH4OH
concentration (1M), temperature (333 K), and stirring rate (800 rpm), is presented in Fig.4.

Figure 5 – Plot of (1-2(1-X)1/3+(1-X)2/3) = kτ vs time
(1M NH4OH, particle size 90% < 200 mesh,
800 rpm, S:L = 10 pct)

The apparent rate constants for the reactions
of copper dissolution have been found as 0.0002,
0.0003 and 0.0004 min-1 for 298, 318 and 333 K, respectively.
In order to determine the activation energy of the
reactions of copper dissolution (Eqs. 1-4), lnk versus
1/T was plotted (see Fig.6).

Figure 4 – Effect of solid-to-liquid ratio and leaching duration
on copper recovery into solution (1M NH4OH, 333 K, particle
size 90% < 200 mesh, 800 rpm)

Increasing pulp density from 6 to 20 pct negatively affects the copper recovery. But, the values of
copper recovery at 6 and 10 pct are almost the same.
In both cases, the copper recovery values reach a plateau (64-65%) with a leaching time of 180 minutes.
Process kinetics. The shrinking core model was
widely applied for the rate expression of leaching reactions in hydrometallurgy [25]. In this work, mixture kinetics model proposed by Ekmekyapar et al.
[26] was used. The model is expressed by the following equation:
1 – 2(1-X)1/3 + (1-X)2/3 = kτ

(6)

where X is the fraction of the recovered component,
k is the apparent rate constant, and τ is the leaching
duration.
The straight lines in the Fig.5 demonstrate that
the leaching process if controlled by mixture kinetics.
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Figure 6 – Arrhenius plot (1M NH4OH,
particle size 90% < 200 mesh, 800 rpm, S:L = 10 pct)

The slope of the Arrhenius plot gives the E/R value, from which activation energy was calculated as
16.2 ± 0.7 kJ/mol. The relatively low value of the activation energy indicates that the leaching process is
controlled mainly by diffusion processes rather than
by the rate of chemical reactions.
For the calculating pre-exponential factor, the Arrhenius equation was used:
(7)
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where k is the apparent rate constant, A is the preexponential factor, Ea is the activation energy, R is
the universal gas constant, and T is the absolute temperature.
According to the Eq.7, pre-exponential factor for
the reaction of copper ammonia leaching was calculated to be 0.138 ± 0.001 min-1.
Conclusions
From the results of this study, the following conclusions were made regarding the characterization of
copper smelter slag obtained from the Balkhash copper plant and the ammonia leaching of this slag.
In the copper smelter slag, copper mainly presents as copper sulfides (Cu2S, CuFeS2, CuS) and oxide (Cu2O).
Temperature, stirring rate, as well as pulp density
have an impact on the copper recovery into solution
when ammonia leaching of the slag, while the concentration of NH4OH almost does not affect on the
level of copper extraction. The stirring rate influences
the process below 800 rpm, and pulp density has an
impact on the process above 10 pct.
At the conditions of 1M NH4OH, T = 333 K, particle size 90% < 200 mesh, solid-to-liquid ratio 10
pct, stirring rate 800 rpm, and leaching duration 180
min, 65% of copper is extracted into the solution.
Shrinking core model with mixture kinetics adequately describes the process of ammonia leaching
pf copper from smelter slag.
The activation energy of the chemical reactions
is calculated to be 16.2 ± 0.7 kJ/mol indicating that
the leaching process is controlled mainly by mass
transfer processes rather than by the rate of chemical
reactions.
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