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◊◊◊◊◊◊◊ 
Abstract: 
Formation of hydrogen peroxide (H2O2), an oxidizing agent stronger than oxygen, by 
chalcopyrite (CuFeS2), which is a copper iron sulfide mineral, during grinding, was investigated. 
It was observed that chalcopyrite and pyrite generated H2O2 in pulp liquid during wet grinding 
and also the solids when placed in water immediately after dry grinding. The generation of H2O2 
in either wet or dry grinding was thought to be due to a reaction between chalcopyrite and water 
where the mineral surface is catalytically active in producing •OH free radicals by breaking down 
the water molecule. When chalcopyrite and pyrite are mixed in different proportions, the 
formation of H2O2 was seen to increase with increasing pyrite fraction in the mixed composition. 
The results of H2O2 formation in pulp liquid of chalcopyrite and together with pyrite at different 
experimental conditions have been explained by Eh-pH diagrams of these minerals. This study 
highlights the necessity of revisiting the electrochemical and/or galvanic interaction mechanisms 
between the chalcopyrite and pyrite. 
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◊◊◊◊◊◊◊ 
Materials and methods:  
Crystalline pure chalcopyrite and pyrite minerals used in this study were procured from Gregory, 
Bottley & Lloyd Ltd., UK. Chalcopyrite contains 29% Fe, 29.5% S, 25.8% Cu, 0.54% Zn, 0.22% 
Pb and pyrite contains 44.4% Fe, 50.9% S. All pyrite and chalcopyrite samples used in this study 
were separately crushed through a jaw crusher and then screened to collect the –3.35 mm particle 
size fraction. The homogenized sample was then sealed in polyethylene bags. Solutions of 
sodium hydroxide (AR grade) and HCl (1 M) were. Deionized water was used in the processes 
of grinding. Solutions of 2, 9-dimethyl-1, 10-phenanthroline (DMP), copper (II) sulfate (0.01 M), 
and phosphate buffer (pH 7.0) were used for measuring H2O2 following the method described by 
Baga et al. (1988).  
 
Wet grinding  
Chalcopyrite mineral (100 g) of –3.35 mm size fraction in each grinding test was combined with 
400 cm3 of water and ground in a laboratory stainless steel ball mill (Model 2VS, CAPCO Test 
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Equipment, Suffolk, UK) with stainless steel medium for 60 min. The slurry samples were 
collected at pre-determined time intervals and they were immediately filtered (Millipore 0.22 
µm) and the liquid (filtrate) was analyzed for hydrogen peroxide.  
 
Dry grinding  
Chalcopyrite and pyrite single minerals of 100 g each were separately ground in a laboratory 
stainless steel ball mill with stainless steel medium for 60 min. After grinding, 5 or 12.5 grams of 
chalcopyrite and pyrite minerals or chalcopyrite-pyrite mixture that were < 106 µm were mixed 
with 50 cm3 of water using a magnetic stirrer and the slurry sample was collected at 0.5, 5 and 11 
min interval, filtered and was analyzed for hydrogen peroxide. The pH was regulated with HCl 
and NaOH solutions. Eh (pulp potential) was also measured at room temperature during mixing 
using a platinum electrode and expressed relative to the standard hydrogen electrode, SHE.  
 
Hydrogen peroxide quantification 
The spectrophotometric method using copper (II) ions and DMP has been found to be reasonably 
sensitive when applied to advanced oxidation processes (Kosaka et al. 1998). For DMP method 
(Baga et al., 1988) one milliliter each of DMP, copper (II) sulphate, and phosphate buffer (pH 
7.0) solutions were added to a 10 mL volumetric flask and mixed. A measured volume of liquid 
(filtrate) sample was added to the volumetric flask, and then the flask was filled up with 
ultrapure water. After mixing, the absorbance of the sample (at 454 nm) was measured with 
DU® Series 700 UV/Vis Scanning Spectrophotometer. The blank solution was prepared in the 
same manner but without H2O2. 

◊◊◊◊◊◊◊ 
Results and Discussion:   
Formation of hydrogen peroxide (H2O2) during wet grinding  
Initially the extent of H2O2 formation during wet grinding of chalcopyrite was investigated. For 
these studies, chalcopyrite mineral alone was wet-ground in a laboratory stainless steel ball mill. 
Slurry samples were collected at pre-determined time intervals. The slurry samples were filtrated 
(Millipore 0.22 µm) and liquid (filtrate) was analyzed for hydrogen peroxide. The results of 
hydrogen peroxide formation in pulp liquid by chalcopyrite are shown in Fig. 1. It can be seen 
that the concentration of H2O2 decreased first with increasing grinding time, most likely due to 
increased pH in the pulp as shown Fig. 2, but after 10 min the concentration of H2O2 increased 
with increasing grinding time due to increasing surface area of solids and its reaction with water.  
 

 
Fig. 1. Formation of H2O2 in wet grinding with increasing grinding time at natural pH (5.7). 
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Fig. 2. pH and Eh of pulp liquid during wet grinding. 

 
Formation of hydrogen peroxide (H2O2) after dry grinding and mixing with water 
Chalcopyrite or pyrite mineral of 100 g was dry-ground in a laboratory ball mill and the 
formation of hydrogen peroxide was studied when the dry-ground solids are mixed in water. The 
effect of water pH in which the solids are mixed, on the formation of hydrogen peroxide is 
shown in Fig. 3a and Fig. 3b (Javadi et al., 2013). It can be seen that with an increase in pH, the 
concentration of H2O2 decreased up to pH 8 and then increased above this pH. Fig. 3a also shows 
that the concentration of H2O2 increased with increasing mixing time, most likely due to 
increased chalcopyrite interaction with water. Increasing Eh with decreasing pH also 
corroborates the formation of high amounts of H2O2 at lower pH values. Fairthorne at al. (1997) 
using the Eh–pH stability diagram of chalcopyrite (Fig. 4a) showed that the formation of 
insoluble ferric oxide/hydroxide at neutral and basic pH values but also in acidic conditions at 
high Eh values. Notably the divalent Fe and Cu ions exist at low pH values from negative to high 
Eh values. These divalent ions are reported to aid the formation of H2O2 (Valko et al., 2005; 
Jones et al., 2011) from water and our present results shown in Table 1 demonstrate that Fe2+ 
ions generates substantial H2O2 followed by Fe3+ and Cu2+ ions. Fig. 4a displays that the 
concentration of ferrous ions decreases at the expense of ferric oxide/hydroxides at higher pH 
and Eh values (oxygen conditioning). in acidic pH (pH<5) superoxide anion (O2

•)− (eq. 1) is 
formed and reacts with ferrous ion to form H2O2 (eqs. 2-4). The metal ions induced formation of 
hydroxyl free radical has been significantly evidenced where copper ions also generate the 
superoxide and hydroxyl radical (Valko et al., 2005). In acidic pH, the higher amounts of 
hydrogen peroxide formation than in alkaline pH is due to the presence of copper and ferrous 
ions in acidic pH which ions are capable to generate hydrogen peroxide (Table 1).  

O2 + e−→ (O2
•) −   (1) 

2(O2
•) − + 2H+→ H2O2 +O2  (2) 

Fe2+ + H2O2→ Fe 3++ •OH + OH− (3) 
2 •OH→ H2O2    (4) 

Above pH 5, the stability diagram shows the Fe2O3 solid phase, which surface generates 
hydrogen peroxide. This is in agreement with other studies where hematite and magnetite solids 
in water were shown to induce H2O2 formation (Cohn et al., 2006). Fig. 5a exhibits that copper 
ions also generate hydrogen peroxide.  
 
Kocabag et al. (1990) using the Eh-pH diagram (Fig. 4b) of pyrite showed that oxidation of 
pyrite yields S°, Fe 2+, Fe (OH)2+ species in the solution for pH < 6. In pH < 6, Fe2+ ions are 
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increased with decreasing pH and therefore, in the presence of dissolved molecular oxygen, 
ferrous iron associated with pyrite can form superoxide anion (O2•) −, which reacts with ferrous 
iron to form H2O2 (Cohn et al., 2006). 
 

  
Fig. 3. Effect of pH on H2O2 concentration with 5 g of solids: a) chalcopyrite and b) pyrite  after 
0.5 and 5 min mixing time with water. 
 

  
Fig. 4. a) Eh–pH stability diagram for the Cu–Fe–S–H2O system. Empty and filled circles 
represent the experimental Eh and pH values for chalcopyrite conditioned in nitrogen and 
oxygen, respectively (Fairthorne, 1997 ) b) Eh – pH diagram for FeS2 – H2O system at 25 0C and 
for 10-5M dissolved species (Kocabag et al., 1990).  
 
Table 1. H2O2 generation in the presence of metal ions at natural pH and at 22 °C. 

H2O2 (mM) 
 Concentration of ions  1 mM 10 mM 

water 0 0 

Fe 2+ 0.552 4.656 

Fe 3+ 0.004 0.059 

Cu 2+ 0 0.015 
  

 
Chalcopyrite-pyrite mixture 
Samples of chalcopyrite–pyrite (12.5 g in total) were mixed with 50 cm3 of water for 5 min. Fig. 
5a shows the effect of pyrite proportion in chalcopyrite-pyrite mixture on the formation of 
hydrogen peroxide at pH 4.5, 9.5 and 10.5. It can be seen that with an increase in pyrite fraction, 

a) b) 
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the concentration of H2O2 increased. This is in agreement with other studies where it was 
observed that when pyrite was mixed with a second sulfide mineral, the second mineral oxidized 
more rapidly (Buehler and Gottschalk, 1910). This mechanism that with an increase in pyrite 
proportion, the concentration of H2O2 increased can be the explanation for a behavior that: 

1- The floatability of chalcopyrite decreases when in contact with pyrite as Owusu et al. 
(2011) observed that an increase in pyrite content from 0% to 80% resulted in a 
decrease in chalcopyrite recovery from 98% to 80% and a concomitant decrease in 
the flotation rate constant from 0.94 to 0.42 min-1. In contrast to chalcopyrite, the 
recovery of pyrite gradually increased as the amount of chalcopyrite present in the 
mixture increased.  

2- The selective flotation of chalcopyrite from pyrite is possible at pH 10 and chalcopyrite 
flotation is impossible at pH 4 because xanthate decomposes (Mitchell et al., 2005).  

3- The amount of pyrite in contact with chalcopyrite increases, the leaching rate of 
chalcopyrite increases (Koleini et al., 2010; Koleini et al., 2011; Dixon and 
Tshilombo, 2005; Mehta and Murr, 1983; Holmes and Crundwell, 1995) as 
Antonijevic, (2004) showed that increasing hydrogen peroxide concentration 
accelerates considerably chalcopyrite oxidation (eq. 5). 

2CuFeS2 + 17H2O2 + 2H+→ 2Cu2+ + 2Fe3++SO4
2-+ 18H2O  (5) 

 
Fig. 5b also shows the effect of chalcopyrite proportion in chalcopyrite-pyrite mixture on 
formation of hydrogen peroxide at pH 4.5, 9.5 and 10.5. It can be seen that with an increase in 
chalcopyrite proportion, the concentration of H2O2 decreased. This mechanism may be the 
explanation for the behavior of increasing pyrite floatability in the presence of chalcopyrite as 
reported by Peng et al. (2003) of increased pyrite flotation after addition of chalcopyrite. The 
formation of higher amounts of H2O2 when chalcopyrite is in contact with pyrite may explain the 
effect of the interaction between pyrite and chalcopyrite on flotation, leaching, environment 
governance and geochemical processes while the entire literature describes so far of galvanic 
interaction between two contacting sulphide minerals and electron transfer from one to the other 
(Rao and Finch, 1988; Zhang et al., 1997; Ekmekçi and Demirel, 1997; Huang and Grano, 2005; 
Mehta and Murr, 1983; Abraitis et al., 2003; Akcil and Ciftci, 2003;; Sato, 1992; Alpers and 
Blowes, 1994; Banfield, 1997). 
 

  
Fig. 5. Effect of a) pyrite or b) chalcopyrite proportion in chalcopyrite-pyrite mixture on 
concentration of H2O2 with 12.5 g sample after 5 min with water in different pH. 
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