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Abstract: The leaching of low-sulfur Ni-Cu matte in acid-oxygen (CuSO4-H2SO4-O2) solution at atmospheric pressure was 
researched. This matte was obtained from high grade Ni-Cu matte by magnetic separation, which mainly contained Ni-Cu alloy and a 
small quantity of sulfides. The effects of temperature, agitation speed, oxygen flow rate, particle size, acid concentration and 
concentration of copper ion were studied. It is found that the matte particles are leached by shrinking core mechanism and the 
leaching process is electrochemically controlled. In a temperature range of 30−60 ℃, the surface reaction is rate-limiting step, with 
an apparent activation energy of 41.9 kJ/mol. But at higher temperature (70−85℃), the rate process is controlled by diffusion through 
the product layer, with an apparent activation energy of 7.3 kJ/mol. 
Key words: acid-oxygen leaching; Ni-Cu matte; Ni-Cu alloy; apparent activation energy; leaching kinetics 
                                                                                                             
 
 
1 Introduction 
 

Although nickel-copper mattes are conventionally 
treated by pyrometallurgical method, hydrometallurgical 
processes have gained an advantage for reducing the 
environmental impact of industrial activities and 
recovering valuable metals from such feeds in recent 
years[1]. However, the complex chemistry of Ni-Cu 
matte offers a challenge for the process control and 
optimization of its leaching process[2]. For many years, 
numerous studies on the leaching of Ni-Cu matte have 
been reported. The leaching behaviors of nickel-copper 
matte at atmospheric pressure were studied[3−6]. The 
studies on high pressure leaching of nickel-copper matte 
were also conducted[7−8]. Especially, a semi-empirical 
mathematical model for the acid-oxygen pressure 
leaching of Ni-Cu matte has been developed for the 
improvement of the pressure leaching process[2]. And 
the studies on the operations and improvements of the 
existing Ni-Cu matte refining processes have been 
made[9−12]. In these works, the leaching of Ni alloy in 
Ni-Cu matte was mentioned and it played an important 
role in the atmospheric pressure leaching of nickel- 
copper matte. 

Low-sulfur Ni-Cu matte mainly contains Ni-Cu 

alloy and a small quantity of sulfides. And the 
dissolution of Ni alloy is the main leaching behavior 
during the leaching of Ni-Cu matte at atmospheric 
pressure. A detailed description of this leaching behavior 
is helpful for the process control and optimization of the 
leaching of Ni-Cu matte. For this reason, the leaching of 
low-sulfur Ni-Cu matte in acid-oxygen (CuSO4-H2SO4- 
O2) solution at atmospheric pressure was investigated in 
the present work. The effects of temperature, agitation, 
oxygen flow rate, particle size, acid concentration and 
concentration of copper ion were studied. 
 
2 Experimental 
 

The raw material used in this study was the 
low-sulfur Ni-Cu matte, which was obtained from high 
grade Ni-Cu matte by magnetic separation. From the 
X-ray diffraction analysis, the main phases present in the 
matte were nickel alloy, heazlewoodite (Ni3S2) and 
chalcocite (Cu2S) (Fig.1). Chemical analysis of the matte 
indicated the following elemental contents: Ni 48.1%, Cu 
21.1%, Co 1.08%, Fe 5.56%, S 12.5% and precious 
metals with Ag 131 g/t, Au 32 g/t, Pt 112 g/t and Pd 74 
g/t. A portion of the matte was screened in three different 
size fractions (74−150, 58−74, 45−58 μm) in leaching 
tests. 
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Fig.1 X-ray diffraction pattern of low-sulfur Ni-Cu matte 
 

Leaching tests were performed in a 1.5 L glass 
vessel placed in a water bath with temperature control. 
The cover of the vessel was fitted with baffles, a gas inlet, 
a thermometer and a variable speed stirrer. Gas was 
supplied by an oxygen pump and a nitrogen pump with 
adjustable flow meters. And oxygen partial pressure was 
controlled by adjusting the flow rate ratio of oxygen to 
nitrogen. In an experimental procedure, 0.8 L solution 
with predetermined concentrations of copper sulfate and 
sulfuric acid was added to the leaching vessel and heated 
to the desired temperature. Then, gas was injected into 
the pulp with required flow rate and oxygen partial 
pressure. Stirrer was set to the required speed after 3.20 g 
matte sample was added. The typical test conditions 
excepted for a special mention for all tests were particle 
size of 74−150 μm, sulfuric acid concentration of 0.5 
mol/L, copper ion concentration of 10 g/L, temperature 
of 80 , stirring speed of 500 r/min and℃  gas flow rate 
per litre slurry of 2.0 L/min with oxygen partial pressure 
of 100 kPa. 

At predetermined time intervals, samples were 
taken using a pipette and immediately filtered. The 
solution samples were analyzed for Ni content using 
inductively coupled plasma (ICP). The fraction of nickel 
extraction was calculated for examining the leaching rate 
of the matte. 
 
3 Results and discussion 
 
3.1 Chemical reactions 

Based on the literature data for Ni-Cu matte leached 
in acid-oxygen solution (CuSO4-H2SO4-O2) and the 
characterization of the leaching liquor and residues 
obtained[5−7], the following chemical reactions were 
chosen to study the leaching process of the low-sulfur 
Ni-Cu matte at atmospheric pressure. 

During the leaching process, the main reactions 
identified for nickel leaching from the matte are 

Ni(Fe)+H2SO4+1/2O2→NiSO4(FeSO4)+H2O      (1) 
 
2Ni3S2+3/2O2+3H2SO4→3NiSO4+Ni3S4+3H2O    (2) 

 
Ni3S2+Ni+4CuSO4→4NiSO4+2Cu2S             (3) 
 
Ni(Fe)+CuSO4→NiSO4(FeSO4)+Cu             (4) 
 
3.2 Effect of temperature 

To determine the effect of temperature, the leaching 
tests of the matte were conducted in the temperature 
range of 30−85 ℃ with typical test conditions described 
above. The effect of temperature is significant on the 
leaching rate of nickel in the temperature range of 30−60 
℃, while slight in the temperature range of 70−85 ℃ 
(Fig.2). Significant effect of temperature indicates a 
leaching process controlled by surface reaction. And 
slight effect of temperature suggests that the leaching 
process is generally controlled by a transport process. 
 

 
Fig.2 Effect of temperature on nickel extraction from matte 
 
3.3 Effect of agitation rate 

A leaching system controlled by transport through a 
product layer indicates that agitation has a slight effect 
on the leaching rate. Tests with various agitation speeds 
were performed with typical test conditions described 
above. The results are concluded as shown in Fig.3. It is 
 

 
Fig.3 Effect of agitation speed on nickel extraction from matte 
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found that the extraction rate of nickel has little 
dependence on agitation. This agrees with the 
characteristic of product layer controlled leaching 
process. 
 
3.4 Effect of oxygen partial pressure and gas flow rate 

For the acid-oxygen leaching of the matte (Eqs.(1) 
and (2)), effective oxygen partial pressure is important 
and mainly determined by gas flow rate and oxygen 
partial pressure for a special leaching system. Tests were 
carried out with various gas flow rates and oxygen partial 
pressures under the typical conditions described above. 
With the gas flow rate of 1.0 L/min, the extraction rate of 
nickel increases when oxygen partial pressure increases 
from 60 kPa to 80 kPa, while it has little effect on the 
extraction rate under 80−100 kPa (Fig.4). As shown in 
Fig.5, gas flow rate is significant for the leaching rate of 
the matte. At atmospheric pressure, gas flow rate is a key 
factor for effective oxygen partial pressure and the 
oxidation−reduction potential of leaching system. These 
also indicate that the leaching of nickel is electro- 
chemically controlled through half-reaction. 
 

 
Fig.4 Effect of oxygen partial pressure on nickel extraction 
from matte 
 

 
Fig.5 Effect of gas flow rate on nickel extraction from matte 

3.5 Effect of particle size 
The matte with three particle size distributions was 

leached with the typical conditions described above. The 
influence of particle size distribution of the matte on the 
kinetics of nickel extraction is presented in Fig.6. The 
extraction rate of nickel decreases with increasing the 
particle size. The faster rate of nickel extraction observed 
with the finer particle size may be attributed to the larger 
surface area and thinner product layer presented by the 
finer particles. In addition, the morphology and structure 
of the product layer on particle surface may also have an 
effect on the extraction rate of nickel. 
 

 
Fig.6 Effect of particle size distribution on nickel extraction 
from matte 
 
3.6 Effect of acid concentration 

To determine the effect of acid concentration, 
kinetic tests were performed with different acid 
concentrations under the typical conditions described. It 
is found that the nickel extraction with acid 
concentrations of 0.3 and 0.7 mol/L is faster than that 
with 0.5 mol/L (Fig.7). This is probably due to more 
oxygen dissolved in lower acid solution[13], while 
higher acid may lead to direct reaction between the nickel 
 

 
Fig.7 Effect of acid concentration on nickel extraction from 
matte 
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alloy and sulfuric acid with releasing hydrogen gas. For 
an industry practice, acid-oxygen leaching of nickel- 
copper matte is conducted in a lower acid solution. 
Therefore, nickel alloy dissolution is generally described 
by Eq.(1). 
 
3.7 Effect of copper ion concentration 

A small amount of copper ion acts as catalyst for the 
leaching of Ni-Cu matte, and it has been determined in 
previous works[14]. In this work, however, it seems that 
copper ion acts as a reactant for cementation by Eqs.(3) 
and (4). Kinetic tests were performed with different 
copper ion concentrations under the typical conditions 
described above. The results are concluded as shown in 
Fig.8. It can be seen that, the increase of initial copper 
ion concentration leads to increasing of the extraction 
rate of nickel. This indicates that cementation has a little 
contribution to the nickel extraction in such an acid- 
oxygen solution. 
 

 
Fig.8 Effect of initial copper ion concentration on nickel 
extraction from matte 
 
3.8 Kinetics of nickel leaching from matte 

In this work, the well-known shrinking-particle 
model was chosen to represent the change during the 
leaching process[15]. The kinetic equations are as 
follows. 

For reactions controlled by surface reaction: 

ktX =−− 3/1)1(1 b                             (5) 

For reactions controlled by transport through a 
product layer: 

ktXX =−−− 3/2)1(3/21 bb                     (6) 

where Xb is the extraction rate of nickel; and k is a rate 
constant. Detailed description of these kinetic models 
can be found in other works[15−16]. 

The activation energy of the reactions was 
determined from the Arrhenius equation (Eq.(7)): 

)/exp( RTEAk −=                            (7) 
where k is the reaction rate constant; A is the frequency 
factor; R is the gas constant; and E is the activation 
energy of the reaction. 

A plot of model fitting for nickel extraction versus 
time based on Fig.2 is shown in Fig.9. It is found that the 
leaching system is controlled by surface reactions in the 
temperature range of 30−60 ℃ and transport through a 
product layer in the temperature range of 70−85 .℃  
From the slopes of these plots in Fig.9, rate constants 
(k/min) were determined and plotted against 103/T 
(Arrhenius plot) as presented in Figs.10 and 11. Two 
distinct apparent activation energies, namely 7.3 kJ/mol 
at high temperatures (70−85 ℃) and 41.9 kJ/mol for 
lower temperatures (30−60 ℃) were obtained. These 
values of the activation energy indicated that the rate of 
the reaction was probably controlled by transport through 
a product layer at higher temperatures. At low 
temperatures, the activation energy was quite high, 
indicating that the rate was controlled by a surface 
reaction. 
 

 
Fig.9 Plot of data fitting of nickel extraction (Xb) vs time at 
various temperatures based on Fig.2 
 

 

Fig.10 Arrhenius plot of data presented in Fig.9 in temperature 
range of 30−60 ℃ 
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Fig.11 Arrhenius plot of data presented in Fig.9 in temperature 
range of 70−85 ℃ 
 
4 Conclusions 
 

1) Under the applied test conditions, the kinetics of 
the leaching of nickel from the matte is influenced by 
process parameters such as temperature, oxygen flow 
rate, particle size distribution and acid concentration. 
Variations in the stirring speed, oxygen partial pressure 
and copper ion concentration appear to have little or no 
effect on the leaching kinetics. 

2) The matte particles are leached by shrinking core 
mechanism and the leaching process is electrochemically 
controlled. The surface reaction is the rate-limiting step 
in the temperature range of 30−60 ℃, with an apparent 
activation energy of 41.9 kJ/mol. At higher temperatures 
(70−85 ℃), however, the rate process is controlled by 
diffusion through the product layer, with an apparent 
activation energy of 7.3 kJ/mol. 
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