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Abstract: Process improvement and kinetic study on copper leaching from low-grade cuprite ores in 

sulfuric acid solution are presented in this paper. Effects of major leaching parameters on copper 

leaching efficiency are determined. The results indicate that copper minerals in the raw ores are 

mainly cuprites. The reaction rate of this ore increases with an increase in temperature, reaction time, 

sulfuric acid concentrations and decrease in the particle size of ore. Leaching of about 92.5% of copper 

is achieved using 0.125-0.074 mm ore particle size at a reaction temperature of 353 K for 180 min 

reaction time with 150 g/dm3 sulfuric acid. The solid/liquid ratio was maintained constant at 1:15. 

Leaching kinetic indicates experimental data complies with shrinking core mode (SCM). It is found in 

the study that agitation rate is not an influential factor on leaching rate and that the dissolution rate is 

controlled by surface chemical reaction. The average activation energy of the process is determined to 

be 45.28 kJ mol-1, and the reaction order of H2SO4 is 0.8093. 
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1. Introduction 

The recovery of metals from nonferrous ores has been widely studied and the process selection 

depends upon both the composition and the localization of the ore (Akretche et al., 1995; Droppert 

and Shang, 1995; Fugleberg et al., 1995; Kosyakov et al., 1995). Hydrometallurgical extraction of metals 

is often used to treat lean and complex ores, especially low-grade ores, waste rocks tailings (Van der 

merwe and Kasaini, 2011; Ekenes and Caro, 2013; Haghighi et al., 2013) and results in the increase of 

metal recoveries and the reduction of air pollution. With the gradual depletion of high-grade 

nonferrous ores, the subsequent shift to low-grade ore bodies has presented a dilemma to the minerals 

processing industry. In these cases, finer grinds become inevitable to achieve the necessary mineral 

liberation, which produces particles that are generally below the optimum treatment sizes of current 

beneficiation practice. The beneficiation of such size particles by conventional processing methods is 

difficult and inefficient. The main obstacle is attributed to problems posed by their very small mass, 

large specific area, and the high surface energy (Anastassakis, 2002). Leaching process, which can 

extract the objective mineral composition under insufficient mineral liberation condition, is therefore 

the principal operation of the process, and many works are performed to study the composition of 

run-of-mine ore and dissolution kinetics, to improve extraction yields and economical aspects. 

Copper ores can be considered as classical examples which are treated by hydrometallurgical 

processes. Generally, either copper oxides or roasted sulfides are leached without requiring any 

further oxidation (Sabba and Akretche, 2006; Marsden and Wilmot, 2007). Sulfuric acid (H2SO4) and 

ammonia (NH3·H2O) are usually used as the lixiviant in the leaching copper ores, such as chalcopyrite 

(CuFeS2), malachite [Cu2(CO3)(OH)2]. Sulfuric acid is the most common leaching reagent used for the 

dissolution of oxidized copper ore because copper oxide ore can be dissolved in H2SO4 solution even 
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at room temperature. Thus, the sulfuric acid consumption dosage is the main economy factor in the 

leaching process. Depending on the characteristic of the ores, sulfuric acid consumption could range 

from 0.4 to 0.7 Mg for every Mg of copper recovered (Wu et al., 2013). However, energy consumption 

can also become an important economy factor when the leaching process runs under the condition of 

agitation and heating. Study the kinetics of copper leaching is therefore necessary for determining the 

factors that affect the leaching efficiency. 

Related to the kinetics of copper leaching, much work has been performed in laboratory (Grizo et 

al., 1982; Bingöl and Canbazoğlu, 2004; Habbache et al., 2009; Razavizadeh and Afshar, 2008). Bingöl 

and Canbazoğlu (2004) concluded that dissolution of malachite during the leaching was described by 

a logarithmic function, y=aln(x)+b and the initial dissolution of malachite was a diffusion controlled 

reaction. Grizo et al., studied the kinetics of copper leaching from a chalcocite-covellite ore and the 

rate-determining steps for each period was determined according to both the activation energies and 

the analytical expressions for each period. Habbache et al. (2009) studied the dissolution kinetics of 

CuO/Al2O3 catalyst in inorganic acid solutions. Razavizadeh and Afshar (2008) showed that the 

malachite dissolution rate could be modeled in two stages. Stage one was a diffusion-controlled 

reaction and the dissolution for the stag two was a chemical-controlled reaction. However, few 

researches were found so far concerning the hydrometallurgy technology for processing low grade 

cuprite-type copper oxide ore. This kind of ore is usually processed by mill running and then froth 

floating, but the recovery of copper is lower than 50% using this technology based on our previous 

researches (Xiong et al., 2012; Feng et al., 2013). For the foregoing reason, further research is still 

needed for effective exploitation of this kind of ore. 

The objective of this study was to develop a H2SO4 leaching technology for recovering copper from 

cuprite-type copper oxide ore. The effects of several parameters, including agitation rate, temperature, 

sulfuric acid concentration and particle size on copper leaching efficiency were evaluated. Finally, the 

leaching kinetic was examined according to the heterogeneous reaction models and the best fitted 

equation to the experimental data was determined. 

2. Material and methods 

2.1 Material 

The test material was a tuff-type copper oxide ore from the Dishui Copper Mine of Xinjiang Province, 

China. The oxidized copper ore was ground into different particle sizes of 0.200～ 0.125 mm,  

0.125-0.074 mm, 0.074-0.05 mm and below 0.05 mm using XMQ 240×90 ball mill for the leaching 

experiments. The particle size of sample for X-ray diffraction (XRD) and chemical composition 

analysis was below 20 μm. The chemical composition of raw ore used is shown in Table 1. The phase 

composition of copper in raw ore indicates that the occupancies of copper oxide and copper sulfide 

are 92.25% and 6.27%, respectively. The XRD pattern of raw ore is depicted in Fig.1. The copper oxide 

minerals were cuprites and malachite, and semi-quantitative results of XRD indicated that the 

contents of cuprite and malachite in the free copper oxide were 80.54% and 11.71%, respectively. 

H2SO4 (wt = 98%, Tianjin chemical reagent) was used as leaching reagent. 

Table 1. Chemical composition of raw ore (wt.%). 

TCu Fe S CaO MgO Al2O3 SiO2 

1.29 2.94 0.08 19.73 3.90 9.34 43.69 

2.2 Methods 

The leaching experiments were carried out in a 1 dm3 three-necked flask batch reactor. Temperature 

was controlled by a constant temperature water-bath heater (H-8 digital thermostat water bath pot) 

and the temperature error was ±0.5 ℃. Agitation rate was controlled by a digital controlled 

mechanical stirrer (JJ-1 (A) type precision electric mixer) controller. 200 cm3 solution containing 

specific lixiviant was added into the reactor. When the desired agitation rate and reaction temperature 

were reached, the solid sample was added into the reactor. A 2 cm3 of sample solution was withdrawn 

http://www.sciencedirect.com/science/article/pii/S0304386X03002391
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at specific time intervals for analyzing the concentration of copper. At the same time, 2 cm3 of fresh 

lixiviant was added into the reactor to keep the volume of the solution constant. 

 

Fig. 1. XRD pattern of raw ore 

3. Results and discussion 

3.1. Leaching processing of low-grade cuprite ores 

3.1.1. Effect of agitation rate 

To investigate the effect of agitation rate on the copper leaching efficiency, experiments with five 

different agitation rates were conducted at leaching time of 60 min and 180 min. During these 

experiments, the reaction temperature, H2SO4 concentration, particle size, and the mass ratio of liquid 

to solid were kept constant at 353 K, 50 g/dm3, 0.125-0.074 mm, and 4:1, respectively. As shown in Fig. 

2 , the copper leaching efficiency increased when agitation rate increasing up to 400 rpm, after which 

further increasing the agitation rate had little effect on the leaching efficiency. The copper leaching 

efficiency increases by no more than 15% when the agitation rates increased from 0 to 600 rpm after 

180 min leaching. This increase may be attributed to the solid granulates dispersing in the liquid 

sufficiently. From the principle of hydrometallurgy kinetics (Padilla et al., 2007; Souza et al., 2007), it is 

well known that the agitation rate has a great effect on the leaching efficiency in a process of leaching 

reaction (solid-liquid multiphase reaction) if the control step is fluid film diffusion, which can usually 

improve the leaching efficiency by more than 40 percentage. The fact that the influence of agitation 

rate on the copper leaching efficiency is not obvious indicates that the diffusion through the fluid film 

does not act as a rate-controlling step (Levenspiel, 1999). In the following experiments, an agitation 

rate of 400 rpm was adopted. 

 

 

Fig. 2. Effect of agitation rate on copper leaching efficiency 
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3.1.2. Effect of reaction temperature 

H2SO4 concentration of 150 g/dm3 and a mass ratio of liquid to solid of 15:1 were used to investigate 

the effect of reaction temperature on copper leaching efficiency. This amount of H2SO4 concentration 

has greatly exceeded the theoretical amounts. Thus, the concentrations of the leaching reagents could 

be regarded as constants before and after the reaction occurs. When the sample granularity was 0.125-

0.074 mm and agitation rate was 400 rpm, the influence curve of reaction temperature is presented in 

Fig. 3. It can be seen that the influence of temperature on the leaching efficiency of copper is obvious. 

The leaching efficiency increases with an increase in temperature, which is especially obvious between 

323 and 353 K. Specifically, the copper leaching efficiency increased from 68.3 to 92.5% when the 

temperature was increased from 303 to 353 K after 180 min leaching. 

 

Fig. 3. Effect of temperature on copper leaching efficiency 

3.1.3. Effect of particle size 

Four different particle sizes were used in the experiments with a H2SO4 concentration of 150 g/dm3, a 

reaction temperature of 333K, a mass ratio of liquid to solid of 15:1 and a stirring speed of 400 rpm. 

The results are given in Fig. 4. Data from Fig. 4 indicates that smaller particle sizes result in higher 

copper leaching efficiency. In the particle size range of 0.125-0.074 mm, the leaching efficiency of 

copper after 180 min leaching reached a high level and further increase in particle size, little change in 

copper leaching efficiency was observed. Thus, the desirable size distribution range for the present 

sample was in the range of 0.125-0.074 mm. 

 

Fig. 4. Effect of particle size on copper leaching process 

3.1.4. Effect of H2SO4 concentration 

Keep the temperature at 333 K, original particle size in the range of 0.125-0.074 mm, agitation rate of 

400 rpm and mass ratio of liquid to solid of 15:1, the influence of H2SO4 concentrate on copper 
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leaching efficiency was evaluated. The results are shown in Fig. 5. It is obvious that the concentration 

of H2SO4 had a pronounced effect on copper leaching efficiency. The experiments showed that the 

leaching efficiency of copper tended to increase with increasing of H2SO4 concentration, the copper 

leaching efficiency obtained after 180 min of reaction could be improved by 10% when the H2SO4 

concentration increased from 100 to 250 g/dm3. 

 

Fig. 5. Effect of H2SO4 concentration on copper leaching efficiency 

3.2. Kinetic analysis 

The rate of a reaction between a solid and a fluid such as the system considered here can be expressed 

by heterogeneous models. To interpret the results of low-grade cuprite ores dissolution in the sulfuric 

acid media, the kinetic has been assessed on the basis of the shrinking core model (SCM). SCM is 

chosen because it approximates real particles more closely than does the other conversion models in a 

wide variety of situations (Levenspiel, 1999; Habbache et al., 2009). In this model, the reaction between 

solid and fluid reactants is believed to occur on the outer surface of the solid. The solid reactant is 

initially surrounded by a fluid film through which mass transfer occurs between the solid and the 

bulk fluid. As the reaction proceeds, a product layer forms around the unreacted core. With the 

increase of the conversion, the unreacted core of the particle shrinks and the layer of the product 

thickens (Habbache et al., 2009; Künkül et al., 2013). 

If the reaction rate is controlled by diffusion through a product layer, the integrated rate equation 

is as follows (Baba and Adekola, 2010): 

 tKxx d )1(2)1(31 3/2 . (1) 

If the reaction is controlled by a surface chemical reaction, the integrated rate equation of this step 

can be written as follows (Ekinci et al., 1998; Jena et al., 1999): 

 tKx r 3/1)1(1  (2)
 

where, x  is the conversion fraction of solid particles, Kd is the apparent rate constant for diffusion 

through the product layer, Kr is the apparent rate constant for the surface chemical reaction, and t is 

the reaction time. 

3.2.1. Test the validity of SCM 

The experiments of agitation rate have indicated that the diffusion through the fluid film does not act 

as a rate-controlling step. Thus, when the SCM in which the rate limiting step is the chemical reaction 

(Eq. (2)) was applied to the data shown in Fig. 3, good linear fits were obtained as shown in Fig. 6. The 

slope of the straight line is the constant of apparent reaction rate Kr. Obviously; the straight lines in Fig. 

6 do not go through the origins. This phenomenon attributes to that the reaction rate of initial stage (0-

30 min) is too fast to be sampled, and the kinetic model for initial stage is not established. Similar 

results had been obtained by other researcher (Sun et al., 2009). Fig. 7 shows the lnk vs. 103 T-1 curves, 

which are the Arrhenius curves for leaching copper from low grade cuprite ores. The average 

activation energies were calculated from the slopes −Ea/RT. Calculations yielded Ea=45.28 kJ mol-1. The 
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activation energy of processes controlled with diffusion is characterized to be from 4.18 to 12.55 kJ 

mol-1, while for a chemically controlled process it is usually greater than 41.84 kJ mol-1 (Abdel-Aal, 

2000). It can be therefore concluded that the chemical reaction is the rate limiting step during the 

leaching process, which is in agreement with the results of the agitation rate effects. 

 

Fig. 6. Plots of 
3/1)1(1 x vs. leaching time at different temperatures 

 

Fig. 7. Plots of lnk vs. 103/T  

 

Fig. 8. Plot of 
3/1)1(1 x  versus time for various particle sizes 

The results for copper leaching shown in Fig. 4 are reploted according to Eq. (2). As Fig. 8 shows, 

there is also a linear relationship between panicle sizes and 
3/1)1(1 x . This proves again that the 

process proceeds in accordance with the model strictly. Moreover, the relationship between the 
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constant of apparent reaction rate (Kr) and the reciprocal of average particle size of ore d0
-1 is shown in 

Fig. 9. Thus, parameter Kr can be represented as Kr = 3.13556×10-4+2.9537 d0
-1 for the leaching process. 

It can be clearly seen that the reaction rate constant is inversely proportiona1 to the initial size. 

 

Fig. 9. Plot of constant apparent reaction rate (Kr) versus reciprocal of particle size of ore (d0-1) 

 

Fig. 10. Plot of 
3/1)1(1 x  versus time for various H2SO4 concentrations 

 

Fig. 11. Plot of ln Kr versus ln c(H2SO4) 

Meanwhile, to test the validity of the model in Eq. (2), 3/1)1(1 x versus time was plotted for the 

H2SO4 concentration according to the data shown in Fig. 5. As shown in Fig. 10, the slope of the 

straight line is the constant of apparent reaction rate (Kr), the linear relationship between H2SO4 

concentrations and 3/1)1(1 x indicated that the leaching kinetics can also be explained by the SCM at 

these H2SO4 concentrations. Moreover, the Kr tends to increase with increasing of H2SO4 concentration．
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Fig. 11 presents the relationship between lnKr and lnc(H2SO4). According to the slope of line, the 

chemical reaction order of H2SO4 can be calculated, which is n(H2SO4) = 0.8039 during the whole stage 

of 30-180 min. 

3.2.2. Macro-kinetic equation of the SCM 

The apparent reaction rate equation (Kr) of leaching copper from the complex multi-metal copper 

oxide ore can be described by the following equation (Mo, 1998; Sun et al., 2009): 

 ]/exp[)SO(H 42
1

00 RTEcdkK a
n

r    (3)  

where k0 is the constant. For deducing the constant value of k0 from Eq. (3), a linear relationship of Kr 

against the value of d0
-1×cn (H2SO4)×exp[-Ea/RT], designated as ‘multiple’ can be set up; the slope of the 

line is k0. At the core sample granularity of 0.1250-0.074 mm, the reciprocal of average particle size (d0), 

values of Kr, the order of reaction n (H2SO4) and activation energy (Ea) at different temperature against 

the ‘multiple’ have been obtained (shown in Table 2, the values of Kr and ‘multiple’ are magnified 1000 

times). 

Table 2. The values of Kr and d0-1×cn (H2SO4)×exp[-Ea/RT] designated as ‘multiple’ 

Temperature, K 
Apparent reaction 

rate (Kr), min-1 
Reciprocal of average 
particle size (d0), mm 

Order of 
reaction 

(n) 

Activation 
energy (Ea), kJ  

mol-1 
Multiple  

303 0.1    2.210E-04  

323 0.3    6.730E-04  

333 0.6 0.0995 0.8093 45.28 1.117E-03  

343 1.0    1.799E-03  

353 1.1    2.820E-03  

Fig. 12 shows the linear relationship of ‘Kr’ against ‘multiple’. As can be seen, the apparent reaction 

rate equation of this leaching process is as follows: 

 ]/28.45exp[)SOH(233.406 42
8039.01

0 RTcdKr   . (4) 

 

 

Fig. 12. The linear relationship of ‘K’ against ‘multiple’ (i.e. d0-1×cn (H2SO4)×exp[-Ea/RT]) 

Considering Eq. (2), the equation representing the kinetic of present copper ores can be expressed 

as: 

 ARTtcdx   ]/28.45exp[)SOH(233.406)1(1 42
8039.01

0
3/1 , (5)

 

where A is a constant. Eq. (5) is the leaching models of the stage of 30～180 min. Thus, the curves 

corresponding to the equation will not go through the origin of coordinate. 
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3.3. Discussion 

In this paper, process improvement and kinetic study on copper leaching from low-grade cuprite ores 

by H2SO4 was investigated. Finally, Leaching of about 92.5% of copper was achieved under the 

optimum leaching parameters. This therefore makes it possible for copper industries to leach copper 

from similar copper oxide ore and improve the utilization efficiency of copper resource. Generally 

speaking, the reaction rate of upper stage is relatively slow compare with the initial stage reaction rate, 

studying this stage’s kinetic of copper ores will more significant for their utilization efficiency. The 

schematics of SCM for copper leaching from low-grade cuprite ores in sulfuric acid solution is shown 

in Fig. 13. 

 

Fig. 13. Schematics of SCM for copper leaching from low-grade cuprite ores in sulfuric acid solution 

During testing the validity of SCM, the kinetic curves do not go through the origins. This 

phenomenon attributes to that the reaction rate of initial stage (0-30 min) is too fast to be sampled, and 

the kinetic model for initial stage is not established. Similar results had been obtained by Sun et al., 

and their results indicated that the process of leaching copper can be divided into three stages. 

Because the reaction rate of the first stage ( 0-2 min) is very fast and difficult to be sampled, the kinetic 

model for this stage is not established, and thus the second and third stage’s kinetic curves do not go 

through the origin (Sun et al., 2009). Also, complex copper components will make the kinetic curves 

do not go through the origin (Yan and Cai, 2000). Thus, experimental data of leaching kinetic in 

present study is agreed with the results of SCM and can provide some technical supports for the 

effective exploitation of cuprite-type copper oxide ore. 

4. Conclusions 

Copper minerals in the raw ores are mainly cuprites. Leaching kinetic indicates that the process of 

leaching copper from the present sample by H2SO4 can be described with shrinking core model (SCM). 

The apparent average activation energy is 45.28 kJ mol-1, and the reaction order of H2SO4 is 0.8093. 

Chemical reaction at the new particle surface is the rate controlling steps. The macro-kinetic equation 

for the process of leaching copper from low grade cuprite ores in sulfuric acid solution is as follows： 

 ARTtcdx   ]/28.45exp[)SOH(233.406)1(1 42
8039.01

0
3/1 .         (5)

 

The reaction rate of this copper oxide ore increases with an increase in temperature, reaction time, 

sulfuric acid concentrations and a decrease in the particle size of ore. The leaching efficiency of copper 

can be more than 92%, which exhibits better economic value. This therefore makes it possible for 

copper industries to leach copper from similar copper oxide ores and improve the utilization 

efficiency of copper resource. 
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