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OPTIMIZATION OF DISSOLUTION OF COPPER FROM
 A NIGERIAN GOLDFIELDITE ORE FOR INDUSTRIAL UTILIZATION 
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ABSTRACT

Conventionally, copper ores are treated and processed by a high-energy intensive pyrometallurgical process. 
However, the huge amounts of emission of obnoxious gases demand the development of a simple, low-cost, and 
environmentally friendly technique. In this work, the dissolution kinetics of goldfieldite ore in ammonia-ammonium 
chloride was investigated. The influence of some experimental conditions were critically developed. It was affirmed 
that the dissolution rate increased with increasing concentration, reaction temperature, and decreasing particle 
diameter. At optimized experimental conditions (0.5 mol L-1 NH3-NH4Cl, 75°C, 45 µm), 88.2 % copper dissolution 
was recorded with calculated activation energy, Ea, of 19.4 kJ mol-1.
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INTRODUCTION

The scarcity of high-grade copper ores, which is 
largely due to the universal population growth and rise 
in consumption most especially in the high-tech sectors, 
has become a critical global threat in recent years [1]. 
As a crucial strategic metal, copper finds a wide array 
of utilizations in aviation, electronics, catalysis, and 
medicine, among others [2 - 4]; and thus, a key element 
in the removal of NOx and SOx from flue gases [5, 6]. 
At present, copper hydrometallurgy including leaching, 
solvent extraction, and precipitation, among others 
has developed appreciably and made the route draw 
global attention; thereby bringing novelty to the copper 
industry. Compared with energy-intensive copper 
pyrometallurgy, it has several distinct features such as 
effective recycling of valuable metals, ease of operation, 
low cost, and eco-friendliness, among others [7 - 9]. 
Almost 20 % of the global copper production is produced 

via hydrometallurgical routes, particularly by acidic and 
alkali leaching, solvent extraction, and electrowinning 
processes for low-grade ores.

However, numerous studies have been proposed 
for developing hydrometallurgical routes for leaching 
copper sulphide concentrates, at moderate and high 
reaction temperatures and pressure. Several leaching 
techniques, such as ammoniacal systems [10, 11], acid 
sulphate systems [12, 13], chloride systems [14, 15], 
nitrate systems [16], etc., have been examined. Thus, 
ammoniacal leaching has been commonly applied for 
the processing of non-ferrous metals from oxide ores 
and thereby allows for the maximum dissolution of the 
metal of interest leaving behind associated impurities 
including iron. These unwanted gangues led to a series 
of problems in processing the pregnant solution, such as 
the electrowinning of copper [17]. Also, the impurities 
present in the ore can cause high acid consumption.  
Although it has been reported that acid sulphate system 
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is found with slow leach kinetics cum passivation of the 
mineral surface while the chloride systems gave more 
prevalent kinetics are highly corrosive [18, 19]. 

Hence, ammonia has become more popular as a 
lixivating agent in the present economic meltdown 
cum climate action conditions as a result of its low 
toxicity, low cost, and regeneration by evaporation 
process [20].  The aim of this investigation is therefore 
expected to address a persisting problem in Nigerian 
goldfieldite ore by sourcing an appropriate leachant 
(ammonia-ammonium chloride solutions) with lower 
environmental and safety risks.

EXPERIMENTAL

Material
The goldfieldite ore used in this investigation was 

provided from Wase (Nigeria). The raw ore was crushed, 
ground, and sieved using standard sieves to obtain 
desired particle fractions (45, 75, 90, and 125 µm). 
Deionized water was used throughout the experiments. 

Leaching procedure
The leaching experiments were performed in a 500 

mL glass reactor equipped with a mechanical stirrer, a 
thermometer to control the reaction temperature, and a 
condenser to prevent loss of solution by evaporation. 
A 10 g L-1 of the pulverized ore was added to the 

agitated solution at a defined lixiviant concentration at 
a specified reaction temperature, varied time intervals 
(5 - 120 minutes), and various ammonia-ammonium 
concentrations (0.05 - 0.6 mol L-1 NH3-NH4Cl). After the 
completion of the leaching examinations, the resultant 
solution was filtered, washed, dried and re-weighed. 
The concentration with the maximum fraction dissolved 
was used for the subsequent optimization of other 
parameters including reaction temperature and particle 
size variations [21 - 23]. At desired time intervals, 
5 ml solution was withdrawn for analysis of copper 
and other associated impurities by atomic absorption 
spectrophotometer.  However, the un-leached products 
obtained at optimal leaching conditions were analyzed 
by XRD and SEM-EDS analyses for material purity 
tests [24].

RESULT AND DISCUSSION

Ore characterization
The composition of the crude goldfieldite ore 

examined by EDXRF gave 57.89 wt. % SiO2, 
9.02 wt. % Al2O3, 8.91 wt. % CuO, 1.34 wt. % 
Fe2O3, 19.19 wt. % PbO, and 1.55 wt. % As2O3, 
respectively. However, the X-ray analysis indicates 
that the sample under investigation contains mainly 
goldfieldite (Cu20.60Te5.20Sb1.71 : 96-901-1756), cerussite 
(Pb4.00C4.00O12.00 : 96-901-3804), and quartz (Si3.00O6.00 : 

Fig. 1. SEM micrograph of the crude goldfieldite ore.
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96-901-3322). However, the morphology of the crude 
goldfieldite ore was characterized by a bubble-cum-
corrosion etching pits assembly as affirmed in Fig. 1 [25]. 

Also, in Fig. 1, areas showing a bright colour 
were characterized by a high percentage of silicon, 
aluminium, and lead could therefore be attributed to 
gangue minerals.

LEACHING INVESTIGATION
Effect of ammonia-ammonium chloride 
concentration

The influence of ammonia-ammonium chloride 
concentration on the extent of ore dissolution has been 
critically examined. The results are summarized in Fig. 2.

As can be observed in Fig. 2, initially the dissolution 
rate appreciably increased with the increase of ammonia-
ammonium chloride concentration from 0.05 to 0.5 
mol L-1.  A further increase in ammonia-ammonium 
chloride concentration to 0.6 mol L-1 gave a decrease 
in the dissolution rate. So, it is mandatory to keep up 
NH3-NH4Cl concentration at 0.5 mol L-1 during the 
goldfieldite leaching process [26].

Effect of reaction temperature
A series of experiments were performed to 

investigate the influence of reaction temperature on 
the dissolution rate. The temperature varied from 25°C 
to 75°C. The dissolution rate curves as shown in Fig. 
3 indicate that the dissolution rate increased with an 
increase in reaction temperature.

The reaction temperature has a significant effect on 
the extent of copper dissolution from goldfieldite ore. At 
a temperature of 25°C, 47.2 % of copper was dissolved 
at 120 minutes of leaching, whereas at a temperature 
of 75°C, 88.2 % of copper was reacted only after 
120 minutes of leaching. Hence, a decrease in copper 
dissolution was observed at 80°C for 120 minutes and 
could be attributed to the decomposition of ammonia-
ammonium chloride solutions and their reaction with 
Cu(II) ions forming a precipitate [27].

Effect of particle size
The influence of particle size on the copper 

dissolution was studied for four size diameters (125, 
90, 75, and 45 mm) at 75°C, in solutions containing 0.5 
mol L-1 NH3-NH4Cl and a solid/liquid ratio of 10 g L-1 
is shown in Fig. 4. 

Fig. 2. Effect of [NH3-NH4Cl] on the dissolution of 
goldfieldite ore. Conditions: [NH3-NH4Cl] 0.05 - 0.6 mol/L, 
temperature 55°C, particle size 45 µm.

Fig. 3. Effect of temperature on the dissolution of 
goldfieldite ore. Conditions: [NH3-NH4Cl] - 0.5 mol L-1, 
temperature 75°C, particle size 45 µm.

As can be observed in Fig. 4, the rate of reaction 
increases as the size of the particles decreases. This effect 
is due to the increase in the interfacial area of the reaction 
as the solid particles become smaller [28].

Fig. 4. Effect of particle size on the dissolution rate of 
goldfieldite ore. Conditions: [NH3-NH4Cl] = 0.5mol L-1, 
temperature = 75°C, solid-to-liquid =10g L-1



Journal of Chemical Technology and Metallurgy, 58, 6, 2023

1142

KINETIC STUDIES
Tremendous attention has been paid to the 

investigation of the dissolution kinetics of non-
homogeneous systems. Leaching is a basic unit operation 
involving recovering metal from ore by a lixiviant and the 
reactions occurring during the process are heterogeneous 
[21, 29]. The shrinking core model (SCM), maintains 
that the dissolution study considers that the leaching 
process is controlled either by the diffusion or chemical 
reactions. However, the stoichiometries for the SCM 
when either diffusion or chemical reactions are the rate-
determining step can be summarized as follow [30]: 

				    (1)

			   (2)

where x - fraction of goldfieldite ore reacted; k - 
dissolution rate constant; t - leaching time.

From stoichiometries (1) and (2), when the process 
is chemical control, the R2 value is 0.754; and if it is 
diffusion controlled, the R2 is 0.958. The results of the 
fitting test of NH3-NH4Cl leaching depicted that the data 
fitted perfectly into reaction (2), as represented in Fig. 5.

The reaction order deduced from [NH3-NH4Cl] has 
a linear correlation value of 0.7432 as depicted (Fig. 6).

Also, calculating the activation energy of 0.5 mol 
L-1 NH3-NH4Cl leaching, the reaction temperature of the 
data was linearized in Fig. 7.

The kinetic rate constants for the reaction 
temperatures were estimated from the slopes of Fig. 7 
and were used to make an Arrhenius plot as summarized 
in Fig. 8.

However, the activation energy of a diffusion-
controlled is below 40 kJ mol-1, while for a chemically 
controlled is greater than 40 kJ mol-1 [21, 22, 24]. Therefore, 
in this study, the calculated activation energy was 19.4 kJ 
mol-1 which indicates diffusion-based rate control.

Fig. 5. The graph of  versus 
leaching time.

Fig. 6. The graph of ln k versus ln [NH3-NH4Cl].

Fig. 7. The graph of  versus 
leaching time. Fig. 8. The graph of ln k versus 1/τ.
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Material purity tests
The residual product achieved after 120 minutes 

of leaching in the 0.5 mol/L NH3-NH4Cl at 75°C, was 
subjected to XRD analysis. However, the major phases 
identified were ferrocolumbite (Fe2.99Mn0.89Ti0.11Nb7.58Ta

0.38W0.01Sc0.01Ca0.00Sn0.00O24.00 : 96-900-7253) and quartz 
(Si6.00O6.00 : 96-101-1177) as summarized in Fig. 9.

SEM analysis of the un-leached product achieved at 
optimized conditions reveals that the goldfieldite sample 
dissolves, whereas associated impurities including 
quartz do not dissolve. Hence, supported the formation 
of a protective surface layer and hinder copper extraction 
from the raw ore as shown in Fig. 10 [31, 32].

CONCLUSIONS 
The viable conditions in the alkali leaching 

of goldfieldite ore were determined to be reaction 
temperature, concentrations of ammonia-ammonium 
chloride, and particle diameter. The most suitable leaching 
conditions for ammonia-ammonium chloride solutions 
were: 0.5 mol L-1 NH3-NH4Cl, 75°C, and 45 µm. At the 
established conditions, about 88.2 % dissolution efficiency 
was achieved. The leaching rate is obeyed by the diffusion 
control reaction mechanism with calculated activation 
energy (Ea) of 19.4 kJ mol-1. Hence, it is revealed that 
the alkali leaching of goldfieldite ore is a versatile 
hydrometallurgical route for copper dissolution.

Fig. 9. X-ray diffraction pattern of the leached product.

Fig. 10. SEM images of un-leached goldfieldite ore.
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