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Abstract: The adsorption behaviors of copper ions on chalcopyrite surfaces were investigated based on zeta potential measurements, 
X-ray photoelectron spectroscopy, copper ion adsorption experiments, first-principles calculations, and Hallimond tube cell flotation 
experiments. The results show that copper ions activate the chalcopyrite as a result of the interactions between copper ions and sulfur 
on the chalcopyrite surface. This adsorption increases the flotation rate under certain conditions, and this is beneficial for the flotation 
of chalcopyrite. The copper ions in the flotation pulp are mainly derived from surface oxidation dissolution and the release of fluid 
inclusions, and these effects enable chalcopyrite to be activated. 
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1 Introduction 
 

Copper is a thiophilic element. Copper ion is a 
well-known flotation activator, especially for sphalerite 
and pyrite, and this property has been widely used in 
industry [1,2]. Many studies have focused on the 
mechanisms of copper ion activation of metal sulfide 
minerals such as sphalerite and pyrite, and nonmetallic 
minerals such as chlorite and quartz [2–6]. The activation 
of sphalerite by copper ions occurs through ion  
exchange, in which the Zn of sphalerite is substituted by 
Cu(II) at a ratio of 1:1, thereby releasing Zn2+ into the 
solution [2,4,7]. This chemical reaction can be 
represented by 
 
ZnS(s)+Cu(aq)

2+→CuS(s)+Zn(aq)
2+                  (1) 

 
The amount of Cu(II) on the sphalerite surface 

decreases gradually and is converted to Cu(I) by 
oxidation of surface sulfur. Collecting agent molecules 
such as xanthate react with the cuprous sulfide formed on 
the surface of the mineral, thereby promoting the 
flotation response [8]. Pyrite, which has inherent 
floatability, can also be activated by copper ions. The 

mechanism of activation of pyrite by copper ions differs 
from that of sphalerite: copper ions are adsorbed on 
sulfur sites on the pyrite surface [9,10]. Activation by 
copper ions applies not only to metal sulfide minerals, 
but also to chlorites, lizardite, and quartz. In the pH 
range of 7–10, minerals activated by copper ions interact 
with xanthate to achieve floatability. In this pH range, the 
zeta potential is affected by the addition of copper ions 
and hydroxyl compounds. Compared with nickel ions, 
copper ions are better activators of nonmetallic  
minerals [6]. 

Copper ions have an unusual activation effect, 
which promotes the recovery of sphalerite, pyrite, and 
other minerals. However, the activation effect of copper 
ions makes mineral separation difficult. A comprehensive 
study of the special characteristics, applications, and 
control of activation by copper ions is therefore 
necessary. 

Copper ions are unavoidable ions in the flotation 
pulps of polymetallic sulfide ores. The main sources of 
these ions include the surface oxidation dissolution of 
minerals and copper ions in water [11–19]. In addition to 
these sources, fluid inclusions are very important sources  
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of copper ions [20]. Previous researchers did not take 
account of fluid inclusions, which may introduce new 
components into the flotation pulp. These ions increase 
the complexity of the flotation pulp. 

The influence of copper ions on the potential, 
surface properties, and flotation of chalcopyrite was 
investigated. Self-activation of chalcopyrite was 
proposed based on the experimental results, and a new 
explanation of chalcopyrite floatability was presented. 
 
2 Experimental 
 
2.1 Materials 

The experimental materials were obtained from the 
Dongchuan copper deposits located in the midlands of 
Yunnan province, China. High-purity chalcopyrite 
crystals were obtained from the material after the manual 
removal of gangue minerals such as calcite and quartz. 
X-ray diffraction (XRD, Japan Rigaku Corporation) was 
performed using Cu Kα radiation (λ=1.5406 Å) at an 
operating voltage of 40 kV and a current of 40 mA. The 
diffraction angle (2θ) was scanned from 10° to 90°. The 
XRD pattern and chemical composition of the material 
are shown in Fig. 1 and Table 1, respectively. 
 

 
Fig. 1 XRD pattern of chalcopyrite crystal 
 
Table 1 Chemical composition of materials (mass fraction, %) 

Cu Fe S SiO2 CaO 

33.24 27.22 34.81 3.23 1.50 

 
As shown in Fig. 1, four strong peaks are observed 

in the XRD pattern of chalcopyrite, consistent with those 
the powder diffraction standards card (No. 37−0471). 
The values of the lattice constants are as follows: 
a=b=5.2864 Å, c=10.4102 Å, α=β=γ= 90°, confirming 
that chalcopyrite has a tetragonal structure. Although 
impurities are present in the chalcopyrite, as shown in 
Table 1, they are not detected in XRD pattern because of 
their very low contents. The combined results in Fig. 1 

and Table 1 show that the chalcopyrite has high purity.  
The deionized water used in the experiment was 

obtained using a Milli-Q5O system. The reagents used in 
the experiments were AR-grade hydrochloric acid, 
sodium hydroxide, and copper sulfate. 
 
2.2 Zeta potential analysis 

The chalcopyrite (particle size approximately 1 mm) 
was cleaned with deionized water, and then air-dried in a 
glove box under argon gas. Dried pure mineral (14 g) 
was weighed for each experiment, placed in two 
ball-milling jars of the same model, and then installed in 
closed ball-milling pots on an impacted ball-milling 
instrument (MM400, Retsch, Germany). The vibration 
frequency was set at 900 min−1 and the grinding time was 
set at 8 min.  

Zeta potentials were measured using a ZetaProbe 
instrument (Colloidal Dynamics Company, USA), which 
used multiple-frequency electric acoustics. To ensure the 
accuracy of the measurements, a standard solution was 
used to calibrate the conductivity, potential, pH value, 
and temperature. The density, dielectric constant, and 
mass fraction of the sample, and the density, viscosity, 
and dielectric constant of water were input into the 
instrument’s TabControl operator. In each experiment, 
the ground sample was quickly placed into a measuring 
cup filled with deionized water, and the content of the 
sample solution was made up to 5%. The stirring speed 
was set at 200 r/min. Hydrochloric acid solution (2 
mol/L) and sodium hydroxide solution (2 mol/L) were 
used as titrants.  

After calibration, the potential, conductivity, and pH 
of the standard solution were consistent with the standard 
values. The isoelectric point (IEP) of chalcopyrite 
corresponded to a pH of about 2.4, consistent with the 
IEP values reported in the literature, which ranged 
between pH 2 and 3 [21,22]. This result indicated that 
the instrument had high precision, and chalcopyrite was 
an ideal experimental material. 
 
2.3 Determination of copper ions adsorbed on 

chalcopyrite surface 
CuSO4·5H2O was added to the aqueous solution to 

yield a final Cu2+ concentration of 1.10×10−4 mol/L. 
Fresh ball-milled chalcopyrite (1 g) was added to 20 mL 
of Cu2+ solution. Adsorption experiments were carried 
out in sealed vials for different lengths of time. A 
centrifuge (TL−4.7W, SCI, China) was used for 
solid–liquid separation, and the residual copper ion 
content of the supernatant was measured using 
inductively coupled plasma atomic emission 
spectroscopy. Solid samples were analyzed using X-ray 
photoelectron spectroscopy (XPS). 
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2.4 XPS analysis of copper ions adsorbed on 
chalcopyrite surface 
A solid sample with a copper ion adsorption time of 

30 min was subjected to XPS analysis (Kratos Amicus, 
UK). An anode Mg Kα source was used, at an operating 
voltage of 12 kV and a power of 180 W. 
 
2.5 Computational details 

The Vienna ab initio simulation package was used 
for the calculations [23–25]. The chalcopyrite (001) 
surface was used for surface structure calculation. All 
calculations were performed within the generalized 
gradient approximation proposed by PERDEW       
et al [26,27]. The projector augmented wave was used to 
describe electron–ion interactions [25,28]. The plane 
wave expansion was adopted for the Kohn–Sham wave 
function of the valence electron [25,28,29]. The 
Monkhorst–Pack method was used for the K-point grids 
in the Brillouin zone [29]. A linear tetrahedron with 
Blöchl correction was used to calculate the total system 
energy [30]. The Hellman–Feynman force field was used 
to optimize the ground-state atomic configurations [31]. 
The cutoff energy for the chalcopyrite structure was   
500 eV. The K-point grids were 7×7×3. For the (001) 
surface structure, a 2×2 supercell was selected for 
directions a and b, with eight atom layers in direction c. 
The vacuum thickness was 15 Å. An adsorbate molecule 
was introduced into the optimized structure during the 
calculation. The K-point grids were 3×3×1 in the 
Brillouin zone. The cutoff energy was 500 eV. 
Convergence tests were conducted by changing the 
sampling point density and the cutoff energy of the 
K-space. 
 
2.6 Effect of copper ion adsorption on chalcopyrite 

flotation 
Experiments were performed on two groups. One 

group consisted of freshly ground untreated samples, and 
the other group consisted of samples that had interacted 
with copper ions. A Hallimond tube cell was used to 
investigate the copper activation of chalcopyrite. 

For one group, mineral (1 g), deionized water   
(20 mL), and ethyl xanthate (1 mL, 1.5×10−4 mol/L) 
were added to a 25 mL beaker. The solution was stirred 
with a mechanical agitator at a speed of 1000 r/min for 3 
min. The solution was then transferred to a single-bubble 
tube. For the other group, mineral (1 g) and Cu2+ solution  
(20 mL, 1.10×10−4 mol/L) were added to a 25 mL beaker. 
The solution was stirred with a mechanical agitator at a 
speed of 1000 r/min for 5 min or 20 min. The solution 
was then transferred to a single-bubble tube. After 
flotation, the concentrate and tail products were filtered, 
dried, and weighed. 

 
3 Results and discussion 
 
3.1 Zeta potential analysis 

The zeta potential reflects the surface charge state of 
charged particles and is affected by the surface properties, 
solution concentration, pH, temperature, and other 
factors [32]. In aqueous solution, zeta potentials change 
with ion type and concentration, and then stabilize. Ions 
influence the zeta potential, and therefore change the 
surface charges of sulfide minerals [21,33]. Previous 
studies have mainly focused on IEP, particularly on the 
impact of different experimental conditions on the IEP. 
HEYES and TRAHAR [34] studied potentials in relation 
to time in a chalcopyrite flotation pulp under different 
conditions. They investigated the influences of quartz 
and the atmosphere (air and nitrogen) on flotation and Pt 
electrode potentials. At pH 12, KCN, which inhibited 
chalcopyrite flotation, decreased the Pt electrode 
potential.  

Studies have shown that an aqueous solution of 
Cu2+ formed four types of copper hydroxyl complex, i.e., 
Cu(OH)+, Cu(OH)2, Cu(OH)3

−, and Cu(OH)4
2−, and they 

undergo associated ligand reactions. The step-by-step 
accumulation constants of these reactions are expressed 
as follows [35]: 
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where β1, β2, β3, and β4 are the cumulative stability 
constants for Eqs. (2)–(5), and c represents the 
concentration of the respective components. Based on 
mass conservation, the total concentration of copper in 
the solution can be expressed as  

−−++ ++++= 2
432

2
T )OH(Cu)OH(Cu)OH(Cu)OH(CuCuCu cccccc  

(6) 
where cCuT is the total concentration of copper in all 
forms in the aqueous solution. Substitution of Eqs. (2)–(5) 
in Eq. (6) gives 

)1( 4
OH4

3
OH3

2
OH2OH1CuCu 2T −−−−+ ++++= cccccc ββββ  

(7) 
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The relationship between the concentrations of 
hydroxide and hydrogen ions in the solution can be 
expressed as  

+

−

−

=
H
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OH
10
c

c                                 (8) 

Substitution of Eq. (8) in Eq. (7) gives 
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The side-reaction coefficients α0, α1, α2, α3, and α4 

represent the percentages of Cu2+, Cu(OH)+, Cu(OH)2, 
Cu(OH)3

−, and Cu(OH)4
2−, respectively, in cCuT; the 

percentage of each component in the aqueous solution 
can therefore be expressed as 
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Based on the relationships among Eqs. (10)–(14), 
we conclude that 
 

143210 =++++ ααααα                                                      (15) 
 

The above equations show that the forms of Cu2+ 
presented in aqueous solution are closely related to the 
pH value of the solution. α0 is then substituted into Eqs. 
(11)–(14). The percentages of Cu(OH)+, Cu(OH)2, 
Cu(OH)3

−, and Cu(OH)4
2− in the solution can therefore 

be obtained. 
Figure 2 shows a plot of αM (M=0–4) against pH. 

The distribution of copper species in solution at different 
pH values can be obtained. Figure 2 also shows that the 
forms of Cu2+ presented in solutions with different pH 
values are different. At pH≤7.5, the copper in the 
solution mainly exists as dissociated Cu2+ and a small 

amount of Cu(OH)+ and Cu(OH)2, with Cu(OH)+ and 
Cu(OH)2 appearing at pH>5.5 and pH >6.5, respectively. 
At pH≤ 5.5, the copper in the solution exists as 
dissociated Cu2+, and at 7.5<pH≤12.25, the copper in the 
solution is mainly presented as Cu(OH)2 and a small 
amount of Cu(OH)2, Cu2+, Cu(OH)+, Cu(OH)3

−, and 
Cu(OH)4

2−. When the solution pH is in the range of 
9<pH<11, the Cu(OH)2 content is more than 95%. At 
pH>12.25, copper is presented mainly in the form of 
Cu(OH)4

2−, with a small amount of Cu(OH)3
− and 

Cu(OH)2. The percentage of Cu(OH)4
2− reaches 87% at 

pH=13. 
 

 
Fig. 2 Copper species fraction versus solution pH 
 

These results are similar to those published 
previously [36]. Figure 2 can be used to determine the 
concentrations of copper, the pH, and the distribution of 
Cu2+, Cu(OH)+, Cu(OH)2, Cu(OH)3

−, and Cu(OH)4
2−. 

The ionic reactions and zeta potential changes in 
aqueous solutions are used to investigate the changes in 
zeta potential with time, as shown in Fig. 3. The results 
in Fig. 3 show that the zeta potential values fluctuate 
with respect to time as a result of the complex reactions 
in solution. However, an overall trend in the zeta 
potential can be observed. From 0 to 5 min, the potential 
shows an upward trend, increasing from −1.13 to −0.5 
mV. The initial pH is 5.37. 

During the experiment, the pH continues to rise and 
the solution became more alkaline. This indicates that the 
concentrations of metal ions in the aqueous solution 
decrease. We attribute the decrease in metal ion 
concentration to ion adsorption on the mineral surface, 
which affects the zeta potential. From 7 to 20 min, the 
potential increases more slowly, and achieves 
equilibrium at 18 min; the potential is approximately 
−0.3 mV. From 7 to 20 min, the pH is essentially 
unchanged, at approximately 7.7, indicating that various 
reactions in solution achieve equilibrium. The zeta 
potential gradually increases until stability is attained. 
The changes in the zeta potential indicate that hydrogen 



Jiu-shuai DENG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3955−3963 

 

3959

ions or metal ions in the solution are continuously 
adsorbed on the mineral surface.  

Previous studies suggested that the effects of copper 
ions on sulfide ore flotation are related to pH. In an 
acidic medium, a replacement reaction occurs between 
copper ions and sulfide minerals. In contrast, under 
neutral and alkaline conditions, copper ions in the form 
of copper hydroxides are rapidly adsorbed or precipitated 
on surfaces to generate CuS [37]. In this work, the water 
used is pure and neutral, and therefore if copper hydroxyl 
complexes or copper hydroxides are generated and 
adsorbed on the surfaces, the equilibrium pH decreases. 
However, in the adsorption process, the pH is neutral to 
mildly alkaline, and the experimental results do not agree 
with those from previous studies. Although hydroxyl 
compounds of copper are observed under alkaline 
conditions, the copper ion activation of sphalerite, pyrite, 
and other sulfide minerals mainly produce Cu–S 
products, which do not affect the pH [38–40].  

The changes in the zeta potential in these 
experiments suggest that adsorption may occur between 
metal ions and mineral surfaces. It is reported in the 
literature that chalcopyrite is dissolved during crushing 
and grinding, resulting in a sulfur-rich surface by 
relaxation and reconstruction. The surface reaction 
primarily depends on sulfur, and then on metal atoms. 
Many surface reactions lead to the release of sulfur from 
chalcopyrite [41]. 
 

 

Fig. 3 Changes in zeta potential of untreated chalcopyrite 
solution with time 
 

To verify the impact of copper ions on the zeta 
potential, the zeta potential of an aqueous solution of a 
fresh sample was allowed to achieve stability. Copper 
ions were then artificially added to the solution, using a 
CuSO4·5H2O solution with a Cu2+ concentration of   
1.4× 10−4 mol/L. The results are shown in Fig. 4. 

Figure 4 shows that after the addition of copper ions, 
the zeta potential increases compared with that in Fig. 3. 
The average potential is −0.2 mV, and the potential 

shows a positive trend and the solution pH decreases to 
6.65. Compared with those in Fig. 3, the results in Fig. 4 
show that copper ions undergo hydrolysis in aqueous 
solution. The solution shows weak acidity, indicating that 
the amount of copper ions adsorbed on the surface 
reaches saturation. As shown in Fig. 5, further addition 
of copper ions does not change the equilibrium potential, 
but the pH decreases gradually. 
 

 

Fig. 4 Changes in zeta potential with time in addition of copper 
ions 
 

 

Fig. 5 Changes in zeta potential with time in addition of excess 
copper ions 
 

Zeta potential trends reflect the stabilizing tendency 
of ion adsorption. A comparison of the adsorption and 
hydrolysis processes suggests that a large amount of 
unavoidable ions are present in the solution, particularly 
copper ions. The effects of these ions on the zeta 
potential are mainly caused by adsorption. 
 
3.2 Copper ion adsorption experiments 

The results of copper ion adsorption experiments are 
shown in Fig. 6. The results show that the copper ion 
concentration (cCu) in the solution declines from 100×10−6 
mol/L to 46.0×10−6 mol/L within 0.5 min, to 2.6×10−6 
mol/L at 3 min, and declines further to 1.2×10−6 mol/L 
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Fig. 6 Experimental results for copper ion adsorption 
 
at 6 min. cCu decreases steeply within the first 3 min. 
After 15 min, cCu remaines almost unchanged, and the 
reactions in solution achieve equilibrium. This time is 
consistent with that for equilibrium of the zeta potential. 

The copper ions in solution mainly exist as Cu2+ and 
a small amount of Cu(OH)+ and Cu(OH)2, with Cu(OH)+ 
and Cu(OH)2 appearing at pH>5.5 and pH>6.5, 
respectively. At pH≤5.5, the copper in solution exists as 
dissociated Cu2+. At pH 7.32−10.68, the hydrolysis of 
copper ions is the highest, namely 0.066 mg/L, i.e., 
1.00×10−6 mol/L [36]; at pH less than 7.32 or greater 
than 10.68, the hydrolysis of copper ions decreases [36]. 
The decrease in the amount of copper ions in this 
experiment is therefore inferred to be mainly attributable 
to adsorption of copper ions on the chalcopyrite surface. 
 
3.3 XPS analysis 

Figure 7 shows XP spectra of the untreated and 
treated chalcopyrite. Figures 7(a) and (b) show the full 
spectra of chalcopyrite before and after treatment,   
Figures 7 (c) and (e) show S 2p and Cu 2p spectra of the 
untreated chalcopyrite, and Figures 7 (d) and (f) show  
S 2p and Cu 2p spectra of the chalcopyrite treated with 
copper ions. The results confirm that the copper 
concentration on the surface increases, but the sulfur 
concentration decreases. The same results are obtained 
from the relative intensities of Cu 2p and S 2p in the full 
spectrum. Semiquantitative analyses of the relative 
atomic concentrations on the surface indicate that the 
copper concentration increases from 32.56% to 39.42%, 
and the sulfur concentration decreases from 49.11% to 
41.02%. These results show that copper ions are 
adsorbed on the surface, leading to an increase in the 
copper concentration on the surface. 

Figure 7 shows that the position of the S 2p peak 
changes, indicating a change in the binding energy to 

that of S2−, showing that Cu–S species exist on the 
surface [7,42]. 

 
3.4 First-principles calculations 

The adsorption energy is calculated according to the 
following equation: 

−−=− (001)CuFeS(001)eSCu(II)/CuF(001)eSCu(II)/CuFads 222
EEE  

Cu(II)E                                                                                     (16) 

where (001)eSCu(II)/CuF 2
E  is the total energy of the 

adsorption system; (001)CuFeS2
E  is the total energy of the 

chalcopyrite; Cu(II)E  is the total energy of copper 
chloride.  

The most stable adsorption structure is shown in  
Fig. 8(a). Regardless of the initial position of the 
adsorbate, the copper atom interacts with the sulfur atom 
on the surface. The Cu—S (surface) bond length is 2.230 
Å. The adsorption energy is −23.986 kJ/mol. The 
Mulliken charge population shows that the Mulliken 
charges of the copper atom in CuCl2 before and after 
adsorption are 0.26e and 0.40e, respectively. These 
results indicate electron exchange between copper and 
surface sulfur. During adsorption, electrons are 
transferred to CuCl2 via surface sulfur. 

Figure 8(b) shows the charge density difference plot 
for the adsorption system. The light color represents the 
region with low electron density and the dark color 
represents the region with high electron density.   
Figure 8(b) shows the electron distributions around 
copper and sulfur. Based on a combination of the 
adsorption energy and electron distribution, we conclude 
that the chemical adsorption of a copper atom occurs at 
the sulfur atom on the surface and generates Cu—S 
bonds. This finding is consistent with the XPS results. 
 
3.5 Hallimond tube flotation experiments 

The experimental results for Hallimond tube 
flotation are shown in Fig. 9. The experimental samples 
were cleaned to remove the surface oxidation layer and 
other impurities. The influence of the copper ions on 
flotation was then studied. Figure 9 shows that within 20 
min, the recovery rate of nonactivated chalcopyrite is 
48.3%. The recovery rate of chalcopyrite activated by 
copper ions for 5 min increases to 57.6%. After 
activation for 20 min, the recovery increases to 66.1%. 
The recovery rate after activation for 20 min is higher 
than that after 5 min. However, the final recovery rates 
under the three conditions are similar, indicating that 
copper ion adsorption affects the flotation rate of 
chalcopyrite. These results also show that copper ions 
interact with the surface, and adsorption is beneficial to 
flotation. The results of the Hallimond tube flotation 
experiments show that copper ions are adsorbed on the 
surface. This adsorption promotes interactions between 
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Fig. 7 XP spectra of untreated and treated chalcopyrite: (a) Full spectrum, untreated; (b) Full spectrum, treated; (c) S 2p spectrum, 
untreated; (d) S 2p spectrum, treated; (e) Cu 2p spectrum, untreated; (f) Cu 2p spectrum, treated 
 

 
Fig. 8 Stable adsorption structure (a) and charge density difference plot of adsorption system (b) 
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Fig. 9 Hallimond tube flotation experiments on chalcopyrite 
 
the surface and ethyl xanthate, i.e., the copper ions 
activate the chalcopyrite. The experiments are conducted 
using an adequate ethyl xanthate concentration, 
otherwise xanthate copper formation would adversely 
affect the recovery rate. 
 
4 Conclusions 
 

1) The XPS results show that the ratio of copper to 
sulfur atoms on the chalcopyrite surface increases. 
Combined with the changes in the zeta potential, the 
displacement of the binding energy of the sulfur atom 
shows that chemical adsorption of the copper ions at 
sulfur atoms on the surface occurs.  

2) First-principles calculations show that the 
adsorbed copper reacts with the surface sulfur, further 
affecting the electronic structures of the second and inner 
layers. The adsorption energy is −23.986 kJ/mol. The 
Mulliken charge population and charge density 
difference plot show that more electrons are distributed 
around copper and sulfur. Electron exchange occurs 
between copper and surface sulfur. Chemical adsorption 
of copper on surface sulfur atoms generates Cu—S 
bonds.  

3) Under certain conditions, the adsorption of 
copper ions on the surface is conducive to chalcopyrite 
flotation. 
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铜离子在黄铜矿表面的吸附及活化作用： 

一个自活化的新观点 
 

邓久帅，文书明，刘 建，吴丹丹，丰奇成 

 
昆明理工大学 国土资源工程学院，复杂有色金属资源清洁利用国家重点实验室，昆明 650093 

 
摘  要：通过 Zeta 电位分析、X 射线光电子能谱分析、铜离子吸附试验、第一性原理计算及 Hallimond 浮选试验

综合揭示了铜离子在黄铜矿表面同样存在着吸附行为，铜离子对黄铜矿同样具有活化作用，主要诱因是铜离子与

表面活化位的硫作用，从而增加疏水性。这种吸附作用在一定条件下有利于黄铜矿自身的浮选。浮选矿浆中的铜

离子主要来源于黄铜矿的表面氧化溶解和矿物内流体包裹体的释放，这些离子的存在及吸附使黄铜矿具有自活化

特性。 

关键词：黄铜矿；铜离子；吸附；自活化 
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