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Abstract: This study investigated the effects of H2O2 treatment on xanthate interaction and flotation separation of chalcopyrite and 
pyrite by making use of a series of laboratory flotation experiments and surface analysis techniques. Flotation test results showed that 
H2O2 treatment influenced the flotation behaviors of the two minerals; however, flotation of pyrite was depressed more significantly 
than that of the chalcopyrite. Under well-controlled H2O2 concentration, the selective separation of chalcopyrite from pyrite was 
realized at pH 9.0, at which the recovery of chalcopyrite was over 84% and that of pyrite was less than 24%. Zeta potential, 
UV−visible and IR spectrum measurements revealed that the collector interacted differently with the two minerals after H2O2 

treatment, and the surface of chalcopyrite adsorbed much greater amount of xanthate than that of the pyrite. IR and XPS analyses 
showed that the H2O2 treatment significantly changed the surface properties of pyrite to very hydrophilic species that inhibited the 
adsorption of collector and thus depressed the floatability of pyrite. While, the surface of chalcopyrite remained mildly inert to H2O2, 
as a result, the adsorption of xanthate and its oxidation to dixanthogen were very effective, which enhanced the flotation of 
chalcopyrite. 
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1 Introduction 
 

Pyrite (iron disulfide, FeS2) is the dominant gangue 
mineral in flotation separation of multiple sulfide 
minerals [1]. Copper-containing sulfide minerals often 
coexist with the pyrite in the natural ore deposits. Pyrite 
is readily floatable mineral until pH 11 in the presence of 
thiol collectors, such as xanthate [2]. Consequently, the 
misreporting of pyrite in the flotation concentrates 
dilutes the grade of concentrates by increasing the 
contents of sulfur and iron, and causes the environmental 
pollution through SO2 emissions during smelting 
processes [3−5]. Hence, there are several economic and 
environmental benefits of pyrite rejection from natural 
ores before their pyroprocessing. 

Routinely, the lime and cyanides are generally used 
in the copper ore industry as the main depressants of 
pyrite floatability. However, the obvious drawbacks of 

using these inorganic reagents are that they are very 
expensive and hazardous to human and environment. To 
replace highly toxic depressants with environmentally 
benign reagents, several organic polymers have also been 
used. The organic depressants have their own benefits of 
the environmental friendliness, superior selectivity, 
widely available and cost-effective characteristics [2]. 
The most common organic depressants include   
dextrin [6], biopolymer [7], tannin [8], chitosan [2] and 
lignosulphonates [3]. The majority of these polymers 
exhibited promising possibilities in the pyrite rejection 
while they are used in the laboratory flotation 
experiments under carefully controlled conditions. 
However, the pyrite generally exhibits different 
floatability performances in different mineral deposits, 
where the lattice defect and surface structure 
inhomogeneity of pyrite are inconsistent [9,10]. All these 
characteristics create difficulties for finding an effective 
depressant of pyrite for copper ore industry. 
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Extensive literature indicates that the complexity or 
ease of the selective flotation separation of sulfide 
minerals is always dominated by the level of surface 
oxidation. The surfaces of the sulfide minerals are very 
sensitive to the oxidation procedures and the extent of 
surface oxidation is largely dependent on the mineral 
type; pyrite and galena are comparatively more  
sensitive to oxidation, followed by the sphalerite and 
chalcopyrite [11]. For those reasons, the selective 
separation of sulfide minerals by means of the oxidative 
treatment procedures is gaining importance day by day. 
Various oxidizing agents such as sodium hypochlorite 
(NaClO), manganese dioxide (MnO2), oxygen (O2), 
hydrogen peroxide (H2O2) and ozone (O3) have been 
employed in the flotation technology for the selective 
separation of sulfides minerals [12,13]. 

Among others, the H2O2 treatment is relatively 
simple, cost-effective and less hazardous to human and 
environment. Using H2O2 treatment, the successful 
separation of the molybdenite and chalcopyrite minerals 
was conducted by HIRAJIMA et al [12,13]. The 
improved recovery of copper metal from the nickel- 
bearing minerals in the real ore processing was achieved 
at very low concentrations of H2O2 [14]. Literatures 
pertaining to the comminution of sulfide minerals 
indicate that the H2O2 formed during the milling      
of minerals had significant effects on their    
flotabilities [15,16]. Moreover, the extents of the surface 
oxidation of pyrite by H2O2 are much greater than those 
of the other sulfide minerals [15], which may be due to 
the higher affinity of hydroxyl and hydroperoxyl radicals 
of H2O2 towards the Fe(II) and Fe(III) metal ions on 
pyrite surface (Fenton reaction). 

Therefore, by considering its different reactivity 
behaviors with different minerals of the complex 
mineralogical structures, we also hypothesized that H2O2 
could be a potential depressant of pyrite in Cu−Fe 
flotation circuits with xanthate as the collector. In this 
regard, this study investigated the effects of H2O2 
treatment on the xanthate interaction and floatability of 
chalcopyrite and pyrite and their selective separation 
using an industrial grade sodium butyl xanthate (SBX) as 
the collector. The flotation behavior and mechanism were 
investigated through a series of single and binary mineral 
selective flotation experiments, supplemented by the zeta 
potential measurements, UV−visible spectrum analysis, 
infrared (IR) spectrum analysis and X-ray photoelectron 
spectroscopy (XPS). 
 
2 Experimental 
 
2.1 Minerals and reagents 

Pure samples of pyrite and chalcopyrite minerals 
were received from Yunfu, Guangdong Province, China. 

The XRD and XRF analyses, shown in Fig. 1 and Table 
1, respectively, confirmed the purity of pyrite and 
chalcopyrite samples. The samples were carefully 
handpicked, crushed and ground in the laboratory 
porcelain mill and sieved to obtain the maximum amount 
of 38−74 µm fraction for flotation experiments. The 
materials with undersize <38 µm were further ground  
to ≤5 µm fraction for the X-ray diffraction (XRD) and 
X-ray fluorescence (XRF) analyses, zeta potential 
measurements, UV−visible spectrum, IR spectrum and 
XPS spectrum measurements. The ground samples were 
stored in the sealed glass bottles under the well- 
controlled conditions to protect them from oxidation. 
However, before using any measurement, the ground 
samples were mixed with 50 mL HNO3 solution with a 
concentration of 1 mol/L and treated under the 
ultrasonication for 1 min according to Ref. [13]. The 
resulting suspension was filtered, rinsed with ultrapure 
water, subsequently immersed in acetone under the  
 

 

Fig. 1 XRD patterns of pure mineral samples of pyrite (a) and 

chalcopyrite (b) 

 
Table 1 XRF results of pure mineral samples (wt. %) 

Mineral Cu Fe S Si Ca Mg

Chalcopyrite 30.43 27.58 30.46 0.97 0.66 0.71

Pyrite − 43.83 49.59 1.11 0.56 0.53
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vacuum, and finally freeze-dried over 24 h. The purpose 
of this step was the removal of the external surface 
oxidation products from the mineral surfaces. 

Sodium butyl xanthate (SBX, industrial grade with 
the purity greater than 85%) from the Chemical Factory 
of Zhuzhou, China, was used as the collector in flotation 
experiments. The analytical grade H2O2 (30%, mass 
fraction) was used for the surface oxidation treatments. 
The analytical grade terpineol (purity greater than 95%) 
from Guangdong Xilong Chemical Co., Ltd., was used as 
the frothing agent. The analytical grade sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) were 
used to maintain the pH of the solutions. The deionized 
(DI) water with a resistivity of 18.2 MΩꞏcm was used in 
all experiments. 
 
2.2 Mineral treatment with H2O2 

The ground powder of the representative sample of 
chalcopyrite or pyrite (2 g) was mixed with 30 mL DI 
water in a 50 mL-beaker, and the pH of the suspension 
was adjusted to the required level by adding HCl or 
NaOH under the continuous stirring at 650 r/min. 
Afterwards, the required concentration of H2O2 
(1−11 mmol/L) was added into the suspension and 
conditioned for the total time of 3 min. The H2O2 
addition can affect the pulp pH; therefore, the pH of the 
pulp was regularly maintained at the required value. 
Finally, the treated suspension was used in the 
subsequent flotation tests, or filtered and freeze-dried for 
the further surface analysis measurements mentioned 
above. 
 
2.3 Flotation experiments 

Single and binary mineral selective flotation 
experiments were performed in the XFG flotation 
machine (Exploring Machinery Plant, Changchun,  
China) with a 40 mL-plexiglass cell at an impeller speed 
of l650 r/min. In each of the single mineral tests, 2 g of 
the untreated mineral or H2O2-treated mineral suspension 
from Section 2.2 was transferred to a 40 mL-plexiglass 
cell. Following the pH adjustment with a stirring time of 
2 min, the collector SBX was added to the suspension 
and conditioned for 3 min. Afterwards, the terpineol    
(1 μL) was added to the cell with a conditioning time of 
1 min, and the froth and sink products were collected for 
5 min. Both sink and froth fractions were oven-dried at 
60 °C for 12 h and then weighed for the recovery 
calculation. The experiments were repeated three times 
and the average recovery was reported as the final value. 
The standard deviation, represented by an error bar, was 
determined using the mean of the three measurements 
under the same experimental conditions. 

In each of the binary mineral selective flotation 
tests, the H2O2-treated minerals were manually blended 

in a 1:1 mass ratio for use as the flotation feed with the 
chemical composition listed in Table 2. The flotation 
procedure and the dosage and the addition order of the 
collector and frother used in the binary mineral selective 
flotation systems were the same as that of single mineral 
flotation except for the flotation feed. However, the 
recovery and grade of minerals in the binary mineral 
selective flotation systems were determined from the 
solid mass distribution between the concentrate and 
tailings and their chemical assays. 
 
Table 2 XRF results of mixture of chalcopyrite and pyrite 

treated by H2O2 (wt.%) 

Cu Fe S Si Ca Mg Others

15.55 34.38 43.58 1.01 0.43 0.57 Bal. 

 

2.4 Zeta potential measurements 
Zeta potential measurements were conducted using 

a ZETASIZER Nano-Zs90 series (Malvern Instruments, 
UK). All of the measurements were performed at room 
temperature ((25±1) °C) with 1 mmol/L KNO3 as the 
background electrolyte solution. The mineral suspension 
was prepared by dispersing 0.02 g of the treated or 
untreated minerals into a 50 mL-beaker containing    
40 mL of the KNO3 solution, and then magnetically 
stirred for 10 min in the presence and absence of SBX. 
After permitting the coarser grains to settle for 5 min, the 
pH of the suspension was noted and the supernatant 
containing the finer particles was transferred to a 
capillary cell for measurements. The zeta potential 
measurements were determined three times for each 
sample, and the average was reported as the final value. 
The standard deviation was also calculated as described 
previously. 
 
2.5 UV–visible spectrum analysis 

The UV−visible spectra of the SBX solutions before 
and after the interaction with minerals were recorded 
using a 201 UV−visible spectrophotometer (Shimazu, 
Japan). In each of the measurements, the mineral 
suspension was prepared by dispersing 2 g of the treated 
or untreated minerals into a 40 mL-beaker containing  
35 mL of the DI water, and then magnetically stirred for 
10 min in the presence of collector SBX with a 
pre-determined concentration. Following the centri- 
fugation process of the resulting solution at 9000 r/min 
for 20 min, the absorbance of the supernatant was 
determined using the quartz colorimetric utensil. All of 
the measurements were performed at room temperature 
((25±1) °C). 
 
2.6 Infrared spectrum analysis 

The infrared (IR) spectra of the mineral samples 
before and after the treatment with H2O2 and SBX were 
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recorded in the wavenumber range from 4000 to 
400 cm−1 using the IR Affinity−1 spectrometer 
(Shimadzu Corporation, Kyoto, Japan). For this 
acquiring IR spectra of the minerals, 1.0 wt.% of the 
required mineral sample was mixed with the 
spectroscopic grade KBr. Mineral samples were prepared 
as follows: 1.0 g of the ground pyrite or chalcopyrite 
mineral before and after the treatment with H2O2 was 
dispersed into a 40 mL-plexiglass cell containing 35 mL 
DI water and conditioned for 15 min with and without 
the pre-determined dosage of SBX. Finally, the resulting 
suspensions were filtered, washed three times with DI 
water, and freeze-dried for 24 h prior to IR analysis. All 
of the measurements were performed at room 
temperature ((25±1) °C). 
 
2.7 X-ray photoelectron spectroscopy analysis 

The X-ray photoelectron spectra (XPS) of Fe 2p,  
Cu 2p, S 2p and O 1s were recorded from the surface of 
pyrite and chalcopyrite using a 1063 XPS spectrometer 
(Thermo Fisher Scientific, USA) with Al Kα as the 
sputtering source at 12 kV and 6 mA. The total spectral 
energy and the step size were set to be 100.0 and 1.0 eV, 
respectively. The sample preparation procedure was the 
same as that described in Section 2.6. All the 
measurements were performed at room temperature 
((25±1) °C). The collected data were analyzed using the 
software XPS Peak (Version 4.1). 
 
3 Results and discussion 
 
3.1 Single mineral flotation 

Figure 2 shows the flotation behaviors of pyrite and 
chalcopyrite before and after the treatment with H2O2 as 
a function of pH in the presence of SBX. Before the 
H2O2 treatment, both the pyrite and chalcopyrite 
followed the same flotation trends with SBX and their 
recoveries were more than 80%, until pH 10. This result 
indicated that SBX was significantly adsorbed on the 
surfaces of both minerals and thus enhanced their 
flotabilities in the wide range of pH 5−10. After the 
treatment with H2O2, the flotabilities of pyrite and 
chalcopyrite were dropped simultaneously and the pH 
had a profound effect on their recoveries. Interestingly, 
the depression of H2O2-treated pyrite was much greater 
than that of H2O2-treated chalcopyrite in the studied pH 
range of 5−11, indicating that H2O2 treatment had a 
much greater affinity towards the pyrite surface which 
inhibited the adsorption of collector. As seen in Fig. 2, 
the recovery of pyrite was steeply dropped from 83% to 
33% at pH 5 and then decreased further to become very 
low (20%) by increasing the pH from 5 to 11. The 

recovery of chalcopyrite was also dropped from 81% to 
68% at pH 5 and then increased with increasing pH and 
reached about 80% at pH 11. This implied that the H2O2 
treatment had very limited influence on the chalcopyrite, 
as a result, its surface adsorbed greater amount of the 
collector that enhanced its flotation. 
 

 
Fig. 2 Flotation behaviors of chalcopyrite and pyrite before and 

after treatment with H2O2 in the presence of SBX 
 

The results shown in Fig. 2 indicated that the 
optimum depression of pyrite and the maximum recovery 
difference between the chalcopyrite and pyrite after the 
treatment with H2O2 were achieved at pH 9 or above. 
Therefore, single mineral floatability tests were further 
extended by fixing the pH around 9 and varying the 
concentrations of H2O2. Figure 3 displays that the 
floatation recoveries of pyrite and chalcopyrite were 
dropped simultaneously with increasing the H2O2 
concentration. However, a remarkable difference was 
again noted between the flotation recoveries of the two 
minerals at the low H2O2 concentration. As seen, the 
recovery of pyrite was dropped significantly from 40% 
to 12% in the H2O2 concentration range of 1−7 mmol/L, 
and then became stable and unchanged with further 
 

 
Fig. 3 Flotation recoveries of chalcopyrite and pyrite as 

function of H2O2 concentration in the presence of SBX 
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increasing of the H2O2 concentration. While, in the same 
H2O2 concentration range, the recovery of chalcopyrite 
was slightly decreased from 85% to 70%, and the 
excessive concentration greater than 7 mmol/L had a 
slightly negative impact on the chalcopyrite recovery. 
Single mineral floatability results therefore suggested 
that the separation window between the chalcopyrite and 
pyrite can be possible at low alkaline pH after their 
treatment with the low concentration of H2O2 in the 
presence of SBX as the collector. 
 

3.2 Zeta potential 
The surface charge of the sulfide minerals 

containing copper, lead and iron varies significantly with 
the pre-treatment actions. In this regard, the zeta 
potential measurements were performed to monitor the 
changes in electric charge on the surfaces of pyrite and 
chalcopyrite before and after the treatment with H2O2 
and SBX. Figure 4 shows that the zeta potential of 
untreated minerals was negative at the tested pH (5−11) 
and had an isoelectric point (IEP) less than pH 5; this 
result is consistent with the previous literatures [1,17]. 
Furthermore, the zeta potentials of these minerals were 
gradually decreased with increasing pH due to adsorption 
of hydroxyl ions on their surfaces. In the presence of 
SBX alone, the zeta potentials of both minerals were  
 

 

Fig. 4 Zeta potentials of pyrite (a) and chalcopyrite (b) before 
and after treatment with H2O2 in the absence and presence of 
SBX 

significantly decreased, indicating that xanthate anions 
were strongly absorbed onto the surfaces of pyrite and 
chalcopyrite; this result therefore validated the single 
mineral floatability tests in which both minerals were 
highly floatable with SBX. 

After the treatment with H2O2, the zeta potentials of 
chalcopyrite and pyrite shifted to more positive side, 
showing that the H2O2 treatment modified their surface 
characteristics. However, compared with chalcopyrite, 
the positive shift in the zeta potential of pyrite particles 
was much more obvious as its IEP shifted to the higher 
pH of about 6.5, indicating that H2O2 treatment had 
much greater affinity on the surface of pyrite than that of 
the chalcopyrite. Moreover, the subsequent addition of 
SBX did not significantly decrease the zeta potential of 
H2O2-treated pyrite, representing that the pyrite surface 
was highly oxidized by H2O2. Therefore, the strongest 
depression of H2O2-treated pyrite in single mineral 
flotation tests may be attributed to no or less adsorption 
of the collector on the pyrite surface. On the other hand, 
the zeta potential of H2O2-treated chalcopyrite surface 
was greatly decreased to more negative values after the 
subsequent addition of SBX, indicating that the 
adsorption of the collector on the chalcopyrite surface 
was more efficient. The effective adsorption of SBX onto 
the chalcopyrite might be due to the lower surface 
oxidation by H2O2 treatment, as indicated by the minor 
shifts in the zeta potential of chalcopyrite surface after 
the H2O2 treatment. Therefore, the higher flotabilities of 
H2O2-treated chalcopyrite in single mineral flotation tests 
may be attributed to the effective adsorption of collector 
onto chalcopyrite surface. 

The oxidative treatment can dissolve the mineral 
surfaces into their respective metal species in the 
solution and the precipitation of these species onto the 
surfaces results in the increase of surface potentials of 
minerals [18]. The FeO, FeOOH and Fe2(SO4)3 from the 
pyrite surface and Cu(OH)2, Cu2O and CuO from the 
chalcopyrite surface are noted as the most dominant 
oxidation species and their formation and concentration 
are largely dependent on the degree of oxidation [18]. 
Moreover, the FeO, FeOOH and Fe2(SO4)3 are relatively 
strong hydrophilic species that greatly inhibit the 
adsorption of collector and its oxidation to dixanthogen 
on the mineral surfaces and thus depress their 
flotabilities [18]. Several other investigations have 
confirmed that the xanthate has much higher interaction 
with the copper hydroxide precipitates compared with 
iron hydroxides or sulfate species [19]. Therefore, the 
lower adsorption of collector on the pyrite surface may 
be attributed to the presence of FeO, FeOOH and 
Fe2(SO4)3 species resulted from the H2O2 treatment. To 
the contrary, the effective adsorption of collector on the 
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chalcopyrite surface may be attributed to the presence of 
lower surface oxidation products by H2O2. 
 

3.3 UV−visible spectrum 
Zeta potential results have shown that the H2O2 

treatment affects the adsorption of collector onto the 
mineral surfaces. To validate the zeta potential 
measurements, UV−visible spectra were recorded to 
know the interaction of SBX with mineral surfaces. As 
can be seen in Fig. 5, before the interaction with  
minerals there was an intensive xanthate peak around 
301 nm [20], which then significantly decreased or 
disappeared from the solution when xanthate interacted 
with pyrite and chalcopyrite before their treatment with 
H2O2. Apparently, the intensity of xanthate peak was also 
decreased after the interaction with H2O2-treated 
chalcopyrite, thus confirming the zeta potential results 
that the xanthate was strongly adsorbed onto 
H2O2-treated chalcopyrite surface. The significant 
depletion of xanthate peak after the interaction with 
untreated minerals and the H2O2-treated chalcopyrite 
indicated the complete adsorption of xanthate on their 
surfaces. The xanthate was chemically adsorbed on the 
surfaces of pyrite and chalcopyrite and formed the 
chemical coordination with iron (Fe) and copper (Cu) 
metals on their surfaces through its sulfur (S) atoms. 
Therefore, a broad absorbance appeared at 420−450 nm 
in the spectra of untreated minerals and H2O2-treated 
chalcopyrite might be attributed to Fe—S and Cu—S 
bonds [20]. To the contrary, the intensity of the xanthate 
peak was not significantly decreased after the interaction 
with H2O2-treated pyrite, indicating that less amount of 
collector was adsorbed on the H2O2-treated pyrite. These 
results are in good agreement with zeta potential 
measurements and showed that there was the weak 
interaction between the xanthate and H2O2-treated pyrite 
surface. 
 

 

Fig. 5 UV−visible spectra of SBX solution before and after 

interaction with minerals 

3.4 Infrared spectrum 
Infrared (IR) spectrum spectroscopy is one of the 

best tools to obtain the detail understanding of the 
surface properties of minerals and adsorption mechanism 
of flotation reagents on mineral surfaces. The IR spectra 
of the treated and untreated minerals in the absence and 
presence of SBX are shown in Fig. 6. In the IR spectra of 
SBX-treated minerals, all the possible peaks of xanthate 
adsorptions were observed on the chalcopyrite and  
pyrite surfaces around 1145, 1275 and 2926 cm−1 
corresponding to the stretching vibrations of the 
xanthate−iron/copper compounds, dixanthogen and CH2 
groups, respectively [9], indicating that SBX was 
strongly absorbed on the pyrite and chalcopyrite surfaces 
before the treatment with H2O2. This validated the zeta 
potential measurements and UV−visible spectrum 
analysis that xanthate was substantially adsorbed on the 
untreated minerals and thus enhanced their floatability. 
 

 

Fig. 6 Infrared spectra of pyrite (a) and chalcopyrite (b) before 

and after treatment with H2O2 in the absence and presence of 

SBX 

 
The IR spectra of chalcopyrite and pyrite after the 

treatment with H2O2 revealed a significant difference that 
was actually contributed to their different interaction 
behaviors with SBX and thus different flotation trends. 
In the spectra of H2O2-treated pyrite, the characteristic 
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peaks around 1086.35 and 597.21 cm−1 were assigned to 
2
4SO   and that at 825.08 cm−1 corresponded to the 

stretching vibrations of FeO and FeOOH [21], indicating 
that the pyrite surface was highly oxidized after the 
treatment with H2O2. Hence, no or less adsorption peaks 
of xanthate on the H2O2-treated pyrite surface revealed 
that the adsorption of collector and its oxidation to 
dixanthogen were significantly blocked by the 
hydrophilic species on pyrite surface [18,22]. Compared 
with pyrite, there was very limited effect of H2O2 
treatment on the chalcopyrite surface; minor peaks of 

2
4SO   and Cu(OH)2 were noted in the spectra of H2O2- 

treated chalcopyrite. However, the treated and untreated 
chalcopyrite contained some weaker signals of 2

4SO   
(1088.73 cm−1) and CuO or CuO2 (788.13 cm−1) [23]. 
Thus, the slight depression of chalcopyrite in the single 
mineral flotation tests may be due to the presence of 
these oxidized species on its surface [24]. In addition, the 
strong adsorption peaks of SBX and its oxidation to 
dixanthogen on the H2O2-treated chalcopyrite surface  
can be seen around 1145.21 cm−1 (copper–xanthate), 
1274.92 cm−1 (dixanthogen) and 2925.72 cm−1 (CH2), 
indicating that the H2O2-treated chalcopyrite still 
adsorbed much greater amount of SBX. Apparently, the 
extent of surface oxidation of pyrite was much greater 
than that of chalcopyrite, which might be due to the 
strong affiliation of hydroxyl and hydroperoxyl radicals 
of H2O2 with ferrous/ferric iron ions of the pyrite through 
the Fenton reaction mechanism [25]. The difference in 
the mineralogical structure of the pyrite and chalcopyrite 
may also be one reason of their different interaction 
behaviors with H2O2 [11,24]. 

The IR spectrum results therefore confirmed the 
zeta potential measurements and UV−visible spectrum 
analysis and showed that the adsorption of collector and 
its oxidation to dixanthogen on the H2O2-treated pyrite 
surface were significantly inhibited by the presence of 
FeO, FeOOH and 2

4SO   hydrophilic species resulted 
from the H2O2 treatment of pyrite. To the contrary, due to 
very limited effects of H2O2 treatment on the 
chalcopyrite surface, the adsorption of collector     
and its oxidation to dixanthogen on the H2O2-treated 
chalcopyrite surface were more effective. 
 

3.5 XPS spectrum 
The IR spectrum results have shown that different 

extents of the surface oxidation species on pyrite and 
chalcopyrite contributed to their different interaction 
behaviors with SBX. It is also widely believed that 
hydrophilic or hydrophobic characteristics of the sulfide 
minerals are greatly affected by the chemical state of 
their important surface species such as Fe, Cu, S     
and O [13]. Therefore, in this work, the high resolution 
spectra of Fe 2p, Cu 2p, S 2p and O 1s species were also 

recorded from the surfaces of pyrite and chalcopyrite in 
order to gain a full understanding of the surface 
chemistry of these minerals before and after the 
treatment with H2O2. 

In the high resolution XPS spectra of untreated 
pyrite shown in Fig. 7, the characteristic peaks at 707.91  
and 720.71 eV from the Fe 2p spectra and 161.74 and 
162.82 eV from the S 2p spectra corresponded to 
spin-orbitals of 2p3/2 and 2p1/2, respectively [14,22].  
The O 1s spectra indicated that the peaks around  
529.90 and 530.42 eV corresponded to O2− and —OH, 

 

 

Fig. 7 High resolution XPS spectra of pyrite before and after 

treatment with H2O2 : (a) Fe 2p; (b) S 2p; (c) O 1s 
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respectively [26]. It is generally considered that the 
Fe(III) and Fe(II) oxides have the binding energies 
around 530.20 eV [27], thus the peak at a binding energy 
of 530.42 eV can be allotted to iron oxide. As shown, 
after the treatment with H2O2, all of the three spectra 
indicated much greater changes to the surface of pyrite, 
indicating that the pyrite surface was sufficiently 
oxidized by H2O2. In the Fe 2p spectra of treated pyrite, 
the peaks at 711.25 and 725.20 eV and 713.05 and 
726.60 eV were assigned to the binding energies of 
FeO/FeOOH and Fe2(SO4)3 species, respectively [22,28]. 
The S 2p spectra treated by H2O2 confirmed the presence 
of Fe2(SO4)3 peaks at 167.99 and 169.01 eV [14,29]. The 
deconvolution of the O 1s spectra also supports the 
FeO/FeOOH and Fe2(SO4)3 peaks at 531.22 and   
532.02 eV, respectively [27,29]. These results therefore 
confirmed the IR spectrum measurements and indicated 
that the surface of pyrite was significantly oxidized by 
H2O2 treatment and its surface contained sufficient 
amount of FeO/FeOOH and Fe2(SO4)3 like hydrophilic 
species. 

In the high resolution XPS spectra of chalcopyrite 
shown in Fig. 8, the binding energies at 932.12 and 
951.90 eV from Cu 2p spectra, 708.14 and 721.61 eV 
from Fe 2p spectra, and 161.44 and 162.58 eV from    
S 2p spectra corresponded to spin-orbitals of 2p3/2     

and 2p1/2 respectively [13,14,30]. In the O 1s spectra, the 
binding energies around 529.80 and 530.43 eV 
corresponded to the lattice oxygen and adsorbed oxygen, 
respectively [31]. Some weaker binding energies around 
933.17 and 935.07 eV from the Cu 2p spectra and  
530.43 eV from O 1s spectra signified the presence of 
CuO or CuO2 peaks on the untreated chalcopyrite  
surface [12,27,31−34], indicating that chalcopyrite 
surface was also slightly oxidized during the sample 
preparation. By comparing the spectra of chalcopyrite 
before and after the treatment with H2O2, no significant 
changes were noted, thus suggesting that there were the 
negligible effects of H2O2 on the chalcopyrite surface. As 
seen clearly, there were no significant evidences of the 

2
4SO   species from the S 2p and O 1s spectra of H2O2- 

treated chalcopyrite. Hence, these results were also 
consistent with the IR spectrum analysis and revealed 
that the chalcopyrite surface remained mildly inert to 
H2O2 treatment at the investigated concentrations. 

 
3.6 Selective flotation 

After gaining a full understanding on the     
effects of H2O2 treatment on the xanthate interaction  
and floatability of individual minerals, further   
selective flotation experiments on the mixture of H2O2- 
treated minerals were carried out at pH 9 with SBX 

 

 

Fig. 8 High resolution XPS spectra of chalcopyrite before and after treatment with H2O2 : (a) Cu 2p; (b) Fe 2p; (c) S 2p; (d) O 1s 
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concentration of 17 mg/L. For this, the minerals were 
manually mixed in a mass ratio of 1:1 for use as the 
flotation feed with the chemical compositions listed in 
Table 2. In addition to the grades and recoveries of 
chalcopyrite and pyrite, the mineral recovery differences 
(i.e., Rchalcopyrite−Rpyrite) and the separation selectivity 
index (i.e., recovery ratio of chalcopyrite to pyrite) were 
also calculated and presented in Fig. 9. 

In Fig. 9(a), the sufficient improvement in the grade 
and recovery of chalcopyrite indicated that the selective 
separation between the chalcopyrite and pyrite occurred 
by increasing H2O2 concentration from 1 to 5 mmol/L. 
To attain a balance between the recovery and grade, so 
called ‘‘trade-off domain”, was found in H2O2 
concentration range of 3−5 mmol/L. Within this 
concentration range, both the grade and recovery of the 
chalcopyrite reached 84.71% and 83.11%, respectively, 
and those of pyrite were less than 20%. However, the 
excessive concentration of H2O2 had a slightly negative 
impact on the chalcopyrite recovery. Figure 9(a) further 
showed that the flotation concentrate contained a 
chalcopyrite grade improvement of nearly 70% 
compared to that of the initial flotation feed in Table 2. 

A similar trend can be seen in Fig. 9(b), both the 
recovery difference and separation selectivity index of  
 

 
Fig. 9 Selective flotation results: (a) Recovery and grade of 

minerals; (b) Separation selectivity index and recovery 

differences of minerals 

two minerals were increased in the straightforward 
manner by increasing H2O2 concentration up to        
5 mmol/L. At 5 mmol/L H2O2, both the recovery 
difference and the selectivity index of these minerals 
reached at the maximum values about 68.14% and  
5.58%, respectively. Figure 9(b) also showed that the 
excessive dosage of H2O2 had somewhat negative 
influences on the selective separation of chalcopyrite and 
pyrite, indicating that the same phenomenon occurred in 
the binary mineral selective flotation as that in the single 
mineral floatability tests. The selective flotation results 
shown in Fig. 9 clearly indicated that the surface of 
H2O2-treated chalcopyrite adsorbed much greater amount 
of SBX than that of H2O2-treated pyrite. Moreover, when 
the H2O2-treated minerals were placed together in the 
suspension, the SBX was preferentially adsorbed onto 
the chalcopyrite surface and thus allowed it to float in the 
mixture. 

From all of the microflotation results, it was noted 
that the excessive concentration of H2O2 has a negative 
impact on the chalcopyrite recovery; and thus, on     
the selective separation of chalcopyrite and pyrite. 
NOOSHABADI et al [15] also reported that H2O2 
formed during the milling of sulfide minerals has the 
significant effects on their flotabilities. Both pyrite and 
chalcopyrite in the presence of H2O2 induce the 
oxidation of their surfaces with the formation of the 
hydrophilic FeOOH and 2

4SO   species that cause their 
depression in flotation. HIRAJIMA et al [12,13] 
conducted the selective flotation of molybdenite from 
chalcopyrite with H2O2 and their results suggested   
that the higher concentration of H2O2 resulted in the 
lower floatability of chalcopyrite. CHIMONYO et al [14] 
worked on the real ore containing copper and nickel 
minerals and reported that at very low concentrations of 
H2O2, the recovery of copper increased significantly. 

Based on the above reported studies, we also 
hypothesized that at the high concentration of H2O2, the 
sulfate species may be formed on the chalcopyrite 
surface, which resulted in poor adsorption with xanthate. 
However, under the well-controlled conditions, the H2O2 

treatment can produce the effective separation between 
chalcopyrite and pyrite at slight alkaline pH in the 
presence of SBX, as well demonstrated in Fig. 9. 
Therefore, the H2O2, which is relatively non-hazardous, 
widely available and cost-effective, has a great potential 
to be used as an alternative depressant in the Cu−Fe 
conventional flotation circuits with xanthate as the 
collector. 
 
4 Conclusions 
 

(1) The H2O2 treatment depressed the flotation of 
pyrite much stronger than that of the chalcopyrite with 
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sodium butyl xanthate (SBX) as the collector. The best 
selective separation between the chalcopyrite and pyrite 
was realized at pH 9, at which the recovery of 
chalcopyrite was nearly to 84% and that of pyrite was 
less than 20%. 

(2) The zeta potential, UV−visible and IR spectrum 
measurements indicated that the interaction and 
adsorption of xanthate on the surfaces of H2O2-treated 
chalcopyrite were much greater than that on H2O2- 
treated pyrite. 

(3) The IR and XPS spectrum measurements further 
indicated that the surface of pyrite was seriously 
oxidized and covered with the hydrophilic FeO, FeOOH 
and Fe2(SO4)3 species after the treatment with H2O2. 
While, the surface of chalcopyrite remained mildly inert 
to H2O2 at the investigated concentrations. 

(4) Different extents of oxidation species on pyrite 
and chalcopyrite surfaces after the treatment with H2O2 
contributed to their different interaction behavior with 
xanthate and thus the different flotation trends. 
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摘  要：通过一系列浮选试验和矿物表面分析技术研究 H2O2 处理对黄药浮选分离黄铜矿与黄铁矿的影响。浮选

试验结果表明，H2O2对两种矿物的浮选行为具有一定影响，H2O2对黄铁矿的抑制效果强于黄铜矿。在一定 H2O2

浓度条件下，黄铜矿在 pH 9.0 时可从黄铁矿中选择性分离出来，此时黄铜矿的回收率达 84%以上，而黄铁矿回收

率低于 24%。Zeta 电位、紫外−可见分光光谱以及红外光谱等分析结果表明，H2O2处理后的两种矿物对捕收剂的

吸附量不同，黄铜矿表面对黄药的吸附量远远大于黄铁矿表面对黄药的吸附量。红外光谱和 XPS 分析结果表明，

H2O2处理可大幅度提高黄铁矿表面的亲水性，从而抑制捕收剂的吸附，使其可浮性下降；而黄铜矿对 H2O2不产

生吸附，因此对黄药的吸附和对二黄原酸的氧化效果较好，黄铜矿的浮选回收率较高。 

关键词：H2O2 处理；选择性分离；黄药吸附；黄铜矿；黄铁矿 
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