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Abstract: The effects of 4-(2-hydroxyphenyl)-2-(morpholin-4-yl)-1,3-thiazole (Pr02), 1-(3,5-dibromo-2-hydroxyphenyl)- 
1-oxoethan-2-yl-N,N-diethyldithiocarbamate (Pr04) and 1-(5-bromo-2-hydroxy-3-methylphenyl)-1-oxoethan-2-yl-O- 
ethyl xanthate (Pr06) on the aqueous oxidation of chalcopyrite (CuFeS2) in air-equilibrated solution at a temperature of 
25 °C and a pH of 2.5 were studied. The effects were investigated by using potentiodynamic polarization, electro- 
chemical impedance spectroscopy (EIS), scanning electron microscopy coupled with energy dispersive X-ray 
(SEM/EDX) analysis, aqueous batch experiments, Fourier transform infrared (FTIR) spectroscopy, Raman scattering 
and quantum chemical calculations. It is found that the anodic current densities decrease in the order of EtOH > Pr02 > 
Pr04 > Pr06. These results, along with those of the EIS measurements, show that Pr02, Pr04 and Pr06 are effective 
anodic inhibitors of chalcopyrite aqueous oxidation. Both Raman scattering and FTIR spectroscopy indicate that the 
elemental sulfur, polysulfide and ferric oxyhydroxides that form on the surface of the mineral are not responsible when 
it comes to the aqueous oxidation inhibition of chalcopyrite. Quantum chemical calculations show that the adsorption of 
the tested compounds on the chalcopyrite surface is energetically favorable and so, it can explain the inhibiting effects 
that were observed. 
Key words: chalcopyrite oxidation; phenacyl derivatives; inhibition; potentiodynamic polarization; quantum chemical 
calculation 
                                                                                                             

 

 

1 Introduction 
 

Chalcopyrite (CuFeS2) is the most important 
copper-bearing mineral on the Terra. The aqueous 
oxidation of chalcopyrite existing in rocks or the 
waste resulting from the processing of ores causes 
the release of copper and other toxic elements 
present in its matrix (Pb, Cd, As, Sb, etc.) and the 
generation of acid drainage which seriously pollutes 
the natural waters [1,2]. Therefore, the aqueous 

oxidation of chalcopyrite has been extensively 
investigated [2−7]. In the environment, molecular 
oxygen (O2) is a common oxidant [2]. The aqueous 
oxidation of chalcopyrite by O2 can be summarized 
by the following overall reaction [8]: 
 
CuFeS2+4O2=Cu2++Fe2++ 2

42SO               (1) 
 

Depending on the experimental conditions, 
chalcopyrite oxidation may be partial, with the 
sulfur from CuFeS2 being oxidized to elemental 
sulfur [5,8,9]: 
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CuFeS2+4H++O2=Cu2++Fe2++2S+2H2O       (2) 
 

Elemental sulfur (S0) can be found embedded 
in polysulfide species (−S−S0

n−S−) [10−13]. 
Together with iron oxyhydroxides (resulted from 
the hydrolysis of Fe3+, the product of Fe2+  
oxidation [9,14]), the elemental sulfur and 
polysulfide species form a surface layer (SL) which 
is considered the main factor that inhibits the 
aqueous oxidation of chalcopyrite [4,7,15,16]. One 
considers that the inhibition represents an important 
problem for the optimal copper extraction by 
atmospheric leaching process [4]. Yet, the low rate 
of aqueous oxidation of chalcopyrite could be the 
result of the reaction complexity (it is a multi-step 
reaction). Those up to 16 electrons lost by 
chalcopyrite can only be transferred in a sequence 
of several elementary reactions, the number of 
electrons transferred in each elementary reaction 
being no more than two [17,18]. 

In contrast, the SL formed on chalcopyrite 
does not sufficiently slow its natural dissolution [5]. 
Hence, chalcopyrite is seen as an important 
contributor to acid metalliferous drainage [2], a 
major environmental problem. Considering the 
results obtained for other sulfides [19−21], a way to 
inhibit the chalcopyrite aqueous oxidation could be 
the treatment of the mineral with various organic 
compounds. According to the general mechanism of 
metal corrosion [22−26], the adsorbed organic 
molecules obstruct the transfer of electrons to the 
oxidant. As with metals and other metal sulfides, 
the heteroatoms and multiple bonds in the structure 
of the organic molecules facilitate their adsorption 
on the chalcopyrite surface, fact that blocks the 
active centers of the mineral surface. 

The aim of this study is to examine the 
influence of three phenacyl derivatives (4-(2- 
hydroxyphenyl)-2-(morpholin-4-yl)-1,3-thiazole
(Pr02), 1-(3,5-dibromo-2-hydroxyphenyl)-1- 
oxoethan-2-yl-N,N-diethyldithiocarbamate (Pr04) 
and 1-(5-bromo-2-hydroxy-3-methylphenyl)-1- 
oxoethan-2-yl-O-ethyl xanthate (Pr06)) on the 
aqueous oxidation of chalcopyrite in air- 
equilibrated acidic solution. The heteroatoms (O, S, 
N, Br) and double bonds present in their structures 
suggest that the three compounds can be adsorbed 
on the chalcopyrite surface, for example, they are 
adsorbed on the sphalerite surface [20]. The effects 
of organic molecules on chalcopyrite reactivity 
were investigated through potentiodynamic 

polarization, electrochemical impedance spectro- 
scopy (EIS) and aqueous batch experiments. The 
uninhibited/inhibited surfaces were characterized 
through scanning electron microscopy coupled with 
energy dispersive X-ray (SEM/EDX) analysis, 
Raman scattering and Fourier transform infrared 
(FTIR) spectroscopy. The relationship between the 
tested structures and their inhibitory effect was 
studied by quantum chemical method. 
 
2 Experimental 
 
2.1 Materials 

A natural CuFeS2 sample was used in the 
present study. X-ray diffraction (XRD) analysis 
(Fig. 1) was carried out using a Bruker A8 
Advanced diffractometer provided with Cu target 
tube and Lynx Eye detector. The X-ray diffraction 
diagrams were recorded in the 2θ range of 5°−80° 
with the angular step 0.02° and measuring time per 
angular position: 142 s. A major body-centered 
tetragonal CuFeS2 phase was identified in the Fig. 1. 
In this sample there is a hexagonal SiO2 phase. Also 
a minor phase ((Zn,Al,Cu)3(Si,Al)2O5-(OH)4- 
base-centered orthorhombic) is present in the 
sample. No pyrite phase is detected by XRD 
analysis. The presence of pyrite is important 
because it can increase the rate of chalcopyrite 
oxidation, the maximal effect was observed for a 
pyrite-to-chalcopyrite particle loading ratios in 
excess of 4 [27]. The impurities determined by 
ICP-OES method are: Mn (38.0 mg/kg), Co   
(19.7 mg/kg), Ni (39.8 mg/kg), Zn (195.2 mg/kg), 
As (182.5 mg/kg), Ag (7.7 mg/kg), Cd (1.1 mg/kg), 
Sb (34.2 mg/kg) and Pb (197.9 mg/kg). 
 

 

Fig. 1 XRD patterns of CuFeS2 powder 
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The acid solutions were prepared from reagent 
grade purity HCl. Distilled water was used for the 
preparation of acid solutions with initial pH 2.50. 

The molecular structures of the three tested 
compounds are shown in Fig. 2. These compounds 
were synthesized as previously described [20]. 

 

 

Fig. 2 Structures of Pr02, Pr04 and Pr06 (Local density 

approximation was used for the optimization)  

 
2.2 Working electrodes 

The working electrodes, of type carbon paste 
electrodes (CPE), were prepared according to a 
procedure used by CHIRITA et al [20]. The natural 
CuFeS2 sample was ground under ethyl alcohol, 
dried and sieved. The particle fraction with 
diameter less than 125 µm was divided into four. 
One part was dipped in pure ethanol for 4 h, while 
the other three parts were dipped in 1 mmol/L 
ethanolic solutions of the tested compounds for the 
same amount of time. Each treated solid sample 
was then filtered and dried under vacuum in a 
desiccator. An isolated Cu wire (isolation prevents 
the contact between the metal and the solution) with 
a diameter of 4 mm was immersed in a graphite− 
paraffin wax mixture (2.0 g and 2.4 g, respectively) 
and heated at 75 °C. 0.02 g of each chalcopyrite 
sample treated as mentioned above was placed in a 
Teflon mould with 5 mm in diameter and the 
extremity of the copper wire covered with the hot 
mixture of graphite−paraffin wax was instantly 
pressed on the CuFeS2 particles in the mould. The 

resulting hemisphere composed from the mixture of 
graphite−paraffin wax and covered by a CuFeS2 bed 
is 5 mm in diameter. 
 
2.3 Electrochemistry 

Electrochemical experiments were performed 
in a three-electrode cell consisting of a working 
electrode (CPE), a saturated calomel electrode 
(SCE) as reference electrode, and a platinum 
counter electrode. Potentiodynamic polarization 
data were recorded using a ZAHNER ZENNIUM 
electrochemical workstation, at a scan rate of  
0.001 V/s in the potential range from −0.250 to 
0.250 V vs open circuit potential (OCP). The 
recorded potential values were reported to the 
standard hydrogen electrode (SHE) potential. EIS 
measurements were performed in a frequency range 
from 100 kHz to 10 mHz with amplitude of 0.010 V 
using AC signals at OCP. 
 
2.4 Aqueous batch experiments 

Aqueous batch experiments were performed in 
Erlenmeyer flasks in contact with atmosphere, at a 
temperature of 25 °C. The temperature was 
maintained constant with a thermostated bath. The 
flasks were filled with 0.25 L of the air-equilibrated 
HCl solution with initial pH 2.50 and were 
homogenized by slow bubbling of air. At the start of 
the experiments, 0.5 g CuFeS2 was suspended in the 
air-equilibrated HCl solution. Each experiment 
lasted for 63 days. Periodically, aliquots of the 
solution were extracted from the reaction system 
through a 0.2 µm filter and analyzed for total 
dissolved iron. The dissolved ferric iron was 
reduced by a solution of 10% hydroxylamine, after 
which the concentration of the total dissolved iron 
was determined through spectrophotometry (PG 
Instruments T70-UV−Vis spectrophotometer) using 
the 2,2’-dipyridyl method at 522 nm. At the end of 
the experiments, 25 mL of solution was collected 
with a syringe connected to a 0.2 µm filter. The 
resulting solutions were analyzed for dissolved 

2
4SO   by turbidimetry using the BaSO4 method at 

420 nm [28]. 

 
2.5 FTIR spectroscopy 

The FTIR spectra of CuFeS2 samples were 
recorded with a Bruker Alpha spectrometer using 
KBr technique. The spectral range was between 375 
and 4000 cm−1 and the resolution was 4 cm−1. The 
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FTIR measurements were performed soon after 
pellet preparation, in order to avoid the oxidation of 
the chalcopyrite particles. 
 
2.6 SEM and EDX analysis 

A Zeiss EVO 50 XVP scanning electron 
microscope (SEM) equipped with an energy 
dispersive X-ray spectroscopy (EDX) Quantax 
Bruker 200 system as attachment was used to 
investigate the morphology and surface 
composition of the CuFeS2 samples. 
 
2.7 Raman spectroscopy 

A T64000 Raman spectrophotometer, acquired 
from Horiba Jobin Yvon, endowed with Ar laser 
was used at recording of the Raman spectra of 
treated CuFeS2. The Raman resolution was 2 cm−1. 
 
2.8 Quantum chemistry analysis 

For the estimation of the electronic properties 
of chalcopyrite surface, phenacyl derivatives (PD) 
and CuFeS2-PD complexes, the Amsterdam Density 
Functional (ADF, 2016 program version) was   
used [29,30]. Scalar relativistic effects were taken 
into account using the zero order regular 
approximation (ZORA) [31−33]. 

As with sphalerite [20], for the modeling of the 
chalcopyrite(110) surface, a cluster of 4 atoms was 
used. It is derived from the optimized (110) surface 
of chalcopyrite and has the stoichiometry CuFeS2 

(Fig. 3). 
 

 
Fig. 3 Chalcopyrite(110) surface (a) and derived CuFeS2 

cluster (b) used to model adsorption of three tested 

derivatives (Pr02, Pr04 and Pr06) 

The local density approximation (LDA) was 
used to optimize the chalcopyrite geometry [34]. 
Double-zeta Slater type orbital basis set with a large 
frozen core was used to characterize the atomic 
electron configuration of chalcopyrite(110) surface. 
The geometry of isolated phenacyl derivatives was 
optimized using, on one hand, the exchange 
correlation functional GGA-PW91 [20,35] and on 
the other hand, local density approximation (LDA). 
Double-zeta quality basis set with a large frozen 
core was used to characterize the atomic electron 
configuration of phenacyl derivatives. Density 
functional theory (DFT) calculations for CuFeS2- 
PD complexes were performed using LDA, the 
double-zeta quality basis set and large frozen core. 
Adsorption of PD molecules has been set on either 
Cu or Fe atoms (Fig. 3). The default program 
settings have been used as convergence criteria for 
all calculations. 

The adsorption energy (Ead) is computed using 
the following relationship: 
 
Ead=ECuFeS2-PD−EPD−ECuFeS2                           (3) 
 
where ECuFeS2

 is the bond energy of CuFeS2 cluster, 
EPD is the bond energy of phenacyl derivative, and 
ECuFeS2-PD is the bond energy of the CuFeS2-PD 
complex. 

A negative adsorption energy (Ead) indicates a 
stabilization of the CuFeS2-PD complex with 
respect to the CuFeS2 cluster and phenacyl 
derivative. Bond energies of CuFeS2-PD complex, 
CuFeS2 cluster and phenacyl derivatives are 
computed as a difference between the energy of  
the corresponding species and its constituent  
atoms [30]. 

 
3 Results and discussion 
 
3.1 Polarization measurements 

The polarization curves of CuFeS2 electrodes 
dipped in air-equilibrated acidic solutions (initial 
pH 2.50 and 25 °C) are shown in Fig. 4. 

The oxidation potential, φox, varies slightly 
when chalcopyrite was treated with pure ethanol 
(0.385 V) and solutions of Pr02 (0.412 V) and Pr06 
(0.433 V) in ethanol. φox is clearly shifted in 
cathodic direction when the CuFeS2 was treated 
with ethanolic solution of Pr04 (0.217 V). The 
cathodic current densities (J) of chalcopyrite treated 
with the three organic compounds fluctuate around  
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Fig. 4 Potentiodynamic polarization curves for chalco- 

pyrite electrodes treated with EtOH (pure ethanol) and 

1 mmol/L solutions of Pr02, Pr04 and Pr06 in ethanol 

 
the cathodic current densities recorded for the 
chalcopyrite treated with pure ethanol. The anodic 
current densities decrease when the CuFeS2 is 
treated with ethanolic solutions of the tested 
derivatives. The anodic J values decrease as follows: 
EtOH > Pr02 > Pr04 > Pr06. Since the current 
densities and inhibitory effect can be correlated [20] 
(i.e., as the current densities of the samples treated 
with phenacyl derivatives are lower than those of 
the sample treated with pure ethanol, the more 
pronounced the inhibitory effect), it results that all 
the three tested compounds (Pr02, Pr04 and Pr06) 
are effective anodic inhibitors of the aqueous 
oxidation of chalcopyrite. 
 
3.2 EIS measurements 

EIS measurements were performed for the 
identification and characterization of the physical 
and chemical processes which occur at the 
electrode−solution interface. EIS spectra in the 
form of Nyquist plots are presented in Fig. 5. 

The shape of the Nyquist curves obtained for 
chalcopyrite treated with EtOH and the solutions  
of Pr02 and Pr06 in ethanol is very similar.   
These impedance spectra exhibit an incomplete 
capacitive loop. It can be mainly assigned to charge 
transfer resistance at the electrode−solution 
interface [36,37]. The Nyquist curve obtained for 
the chalcopyrite treated with ethanolic solution of 
Pr04 is different. It exhibits two capacitive loops. 
The low frequency capacitive loop can be assigned 
to charge transfer resistance, whilst the high 
frequency capacitive loop can be assigned to a SL 

formed on the surface of the mineral during its 
oxidation [21,37]. The experimental results suggest 
that the aqueous oxidation of chalcopyrite treated 
with pure ethanol (EtOH) and the solutions of Pr02 
and Pr06 in ethanol is controlled by a surface 
chemical reaction, and, respectively, the oxidation 
of chalcopyrite treated with Pr04 is controlled  
both by a surface chemical reaction and the 
diffusion of the reactants and/or reaction products 
across the SL formed on the surface of the mineral 
(the corresponding capacitive loop becomes  
evident) [21,37,38]. 
 

 

Fig. 5 Nyquist impedance spectra of chalcopyrite 

electrodes treated with EtOH (a) and 1 mmol/L solutions 

of Pr02, Pr04 and Pr06 in ethanol (b) (To avoid any 

ambiguity produced by the data points superimposition, 

the impedance spectrum of chalcopyrite electrode treated 

with EtOH (Fig. 5(a)) is separately presented) 

 
Taking into account that the charge transfer 

resistance is directly proportional to the extension 
of the Nyquist curve along the x-axis to low 
frequencies [24], it results that the charge transfer 
resistance (which is inversely proportional to the 
current density) of the chalcopyrite treated with 
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EtOH (Fig. 5(a)) is lower than that of the 
chalcopyrite treated with solutions of Pr02, Pr04 
and Pr06 in ethanol (Fig. 5(b)). This finding is in 
good agreement with the results of polarization 
measurements, which indicates that the anodic 
current densities decrease (i.e., charge transfer 
resistances increase) when the chalcopyrite particles 
are treated with ethanolic solutions of the three 
tested compounds. 
 
3.3 Aqueous batch experiments 

Figure 6(a) shows the variation of the 
concentration of total dissolved iron ([Fetot]). For 
the all chalcopyrite samples, [Fetot] increases during 
the first 5−6 days of contact between mineral and 
air-equilibrated acidic solutions. 

The highest [Fetot] was observed for the 
chalcopyrite treated with pure ethanol ([Fetot]=  
340 µmol/L) and was followed by chalcopyrite 
treated with Pr04 ([Fetot]=328 µmol/L), Pr06 
([Fetot]=285 µmol/L) and, respectively, Pr02 
([Fetot]=255 µmol/L). After approximately 7 days of 
contact between chalcopyrite samples and 
air-equilibrated acidic solutions, [Fetot] decreases by 
2−3 times and remains lower than 150 µmol/L until 
the experiments end. The fact that after 7 days of 
chalcopyrite oxidation the pH is higher than 2.5 
(Fig. 6(b)) indicates that the decrease of [Fetot] is 
due to the ferric iron precipitation [14,39]. As a 
general trend, the potential φ(vs SHE) decreases 
during the interaction of chalcopyrite samples with 
the acidic solutions (Fig. 6(c)). Most likely, the 
decrease is caused by the oxygen consumption by 
the surface iron and sulfur. The most important 
decrease of φ is observed for the chalcopyrite 
sample treated with pure ethanol. This finding 
indicates that this chalcopyrite sample consumes 
the most amount of oxygen (i.e., undergoes the 
highest degree of oxidation). A comparison between 
[Fetot] and 2

4[SO ]  registered at the moment the 
experiments ended (i.e., after 63 days) is presented 
in Fig. 7. 

In all the cases, [Fetot]>
2
4[SO ] . Moreover, for 

the chalcopyrite sample treated with pure ethanol, 
2
4[SO ] =0 mol/L. These findings indicate that for 

this particular sample, the surface sulfur is either 
entirely oxidized to polysulfide and/or elemental 
sulfur [40−43] or lost as gaseous H2S [43], or the 
formed sulfate is adsorbed on the precipitated ferric 

 

 

Fig. 6 Evolution of [Fetot] (a), pH (b) and φ (c) as 

function of time for uninhibited (treated with EtOH) and 

inhibited (treated with 1 mmol/L solutions of Pr02, Pr04 

and Pr06 in ethanol) chalcopyrite particles reacted at 

25 °C and pH (before immersion of chalcopyrite) of 2.50 

 
oxyhydroxides. The large initial variations observed 
for [Fetot] and the absence of dissolved 2

4SO   at 
the end of the experiment performed with 
chalcopyrite treated with pure ethanol indicate  
that both dissolved iron and sulfate are not adequate  
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Fig. 7 [Fetot] and 2
4[SO ]  measured at moment aqueous 

batch experiments ended 

 
progress variables for the aqueous oxidation of 
CuFeS2 at pH 2.5. For example, a part of dissolved 
H2S can be converted to gaseous H2S and 
consequently less 2

4SO   forms during CuFeS2 
aqueous oxidation, and the reaction rate is thus 
underestimated. In addition, the copper is a species 
that does not participate in the electrons transfer 
between chalcopyrite and dissolved oxygen, and, 
consequently, it can be a reliable progress variable 
only for the non-oxidative dissolution of 
chalcopyrite. Hence, the progress variable that best 
describe the kinetics of chalcopyrite oxidative 
dissolution is the amount of transferred electrons, 
which can be evaluated from polarization 
measurements. 
 
3.4 FTIR measurements 

FTIR analysis offers information about the 
nature of phases present in the CuFeS2 samples at 
the ending of the treatment with EtOH and       
1 mmol/L solutions of the organic compounds    
(Fig. 8). 

The bands up to 1100 cm−1 can be ascribed to 
elemental sulfur, disulfide and polysulfide 
(471 cm−1); amorphous iron oxides (517 cm−1); 
FeOOH phases or amorphous Fe(OH)3 (690 and 
778 cm−1); sulfite, thiosulfate, sulfate and sulfate 
bonds to protons and/or metal cations (993 and 
1083 cm−1) [14,36,40,44−46]. The bands situated at 
high wavenumbers (>1100 cm−1) can be attributed 
to H—O—H deformation (1647 cm−1) [46,47] and 
goethite or amorphous Fe(OH)3 (3438 cm−1) 
[14,36,40]. The signals around 1500 cm−1 are 
specific of carbonate species [14]. From Fig. 8 one 

 

 

Fig. 8 FTIR spectra of CuFeS2 particles dipped in  

EtOH (a) and 1 mmol/L solutions of Pr02 (b), Pr04 (c) 

and Pr06 (d) in ethanol 

 
can observe that the bands centered at 3438 cm−1 
present in the spectra of CuFeS2 treated with 
solutions of Pr02 and Pr04 in ethanol are missing in 
the spectra of CuFeS2 treated only with ethanol and 
ethanolic solution of Pr06. According to the results 
by TAO et al [48], the hydrophobicity of the 
CuFeS2 samples treated only with ethanol and 
ethanolic solution of Pr06 indicates the presence of 
elemental sulfur and polysulfide species on their 
surfaces. The fact that both the surface of CuFeS2 
treated with pure ethanol and the surface of 
chalcopyrite treated with ethanolic solution of Pr06 
contain ferric oxyhydroxides, polysulphide and 
elemental sulfur and their reactivity is different 
indicates that these species do not affect aqueous 
oxidation of chalcopyrite. Accordingly, it is 
reasonable to assume that the observed inhibitory 
effect is caused by the adsorption of the three tested 
derivatives on the mineral surface. Yet, the 
polarization and EIS data indicate that the SL has 
some influence on the mechanism of oxidation of 
chalcopyrite treated with Pr04 (the overall reaction 
is under mixed control, surface reaction and 
diffusion), without the inhibitory effect being absent. 
Thus, even if not totally, the adsorption of the Pr04 
on the chalcopyrite surface still obstructs its 
aqueous oxidation. 
 
3.5 Raman spectroscopy 

According to Fig. 9, the main Raman lines of 
CuFeS2 are situated in the ranges of 100−300, 
400−600 and 1200−1400 cm−1, these being peaked 
at 212−272, 363, 473, 572 and 1280 cm−1. 
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Fig. 9 Raman spectra of CuFeS2 immersed in EtOH (a) and 1 mmol/L ethanolic solutions of Pr02 (b), Pr04 (c) and  

Pr06 (d), respectively 

 
The first three Raman lines are assigned to the 

A1, B2 and E modes [49,50]. Raman lines localized 
in the 500−700 and 1200−1400 cm−1 ranges are 
assigned to the S—O and SO4 bending vibrational 
modes [51]. The Raman spectra of CuFeS2 are not 
changed in the presence of Pr04 and Pr06. In the 
presence of Pr02, the following changes are 
observed to be induced to the CuFeS2 Raman 
spectrum: 1) a decreasing in the relative intensity of 
the Raman line peaked at 212 cm−1; 2) an up-shift 
of the Raman line from 272 to 287 cm−1; 3) a down- 
shift of the Raman line from 363 to 348 cm−1 and  
4) the disappearance of the Raman line found in the 
1200−1400 cm−1 range. In our opinion, these 
changes must to be correlated with the crystal 
lattice orientation and the presence of defects and/or 
impurities [52] induced by the chemical adsorption 
of Pr02 onto the CuFeS2 surface. 
 
3.6 SEM and EDX analysis 

Chalcopyrite particles of the four samples used 
to make the carbon paste electrodes were also 
investigated by SEM and EDX analyses. 

The SEM images of chalcopyrite samples are 
displayed in Fig. 10. Their surface shows a similar 
morphology. The particles are rough solids with 

multiple sharp corners and edges which are 
produced during the grinding. The EDX data   
(Fig. 11) show that copper, iron and sulfur mainly 
compose the surface of particles. 
 
3.7 Quantum chemical modeling of adsorption of 

PDs on chalcopyrite 
The quantum chemical parameters of the 

isolated phenacyl derivatives (energy of the lowest 
unoccupied molecular orbital (ELUMO), energy of the 
highest occupied molecular orbital (EHOMO), energy 
band gap (ΔE=ELUMO−EHOMO) and dipole moment 
(µ)) were computed with LDA and GGA-PW91, 
respectively [20]. The frontier molecular orbital 
electron densities evaluated by LDA are presented 
in Fig. 12. 

These frontier molecular orbital electron 
densities are very similar with those computed with 
exchange correlation GGA-PW91 [20]. For Pr04 
and Pr06, the central heteroatoms participate in 
electron donation (HOMO of phenacyl derivatives 
in Figs. 12(c, e)), whereas the aromatic moiety is 
mostly participated for accepting electrons (LUMO 
of phenacyl derivatives in Figs. 12(d, f)). As far as 
Pr02 is concerned, all the central heteroatoms (O, N 
and S), as well as the aromatic rings are responsible 
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Fig. 10 SEM images of CuFeS2 immersed in EtOH (a) and 1 mmol/L ethanolic solutions of Pr02 (b), Pr04 (c) and  

Pr06 (d) 

 

 

Fig. 11 EDX analyses of CuFeS2 immersed in EtOH (a) and 1 mmol/L ethanolic solutions of Pr02 (b), Pr04 (c) and  

Pr06 (d) 
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Fig. 12 HOMO (a, c, e) and LUMO (b, d, f) orbital density distribution of three tested compounds: (a, b) Pr02;       

(c, d) Pr04; (e, f) Pr06 (The orbital distributions were evaluated by LDA. The orbital distributions evaluated by 

GGA-PW91 can be found in Ref. [20]) 

 

for the donation and acceptance of electrons 
(HOMO and LUMO of phenacyl derivative      
in Figs. 12(a, b)). Table 1 presents the quantum 
chemical parameters (energy of the lowest 
unoccupied molecular orbital; energy of the highest 
occupied molecular orbital; energy band gap and 
dipole moment) evaluated for the three phenacyl 
derivatives. 

Adsorption of phenacyl derivatives was 
evaluated on both Fe and Cu atoms of the CuFeS2 
cluster (Fig. 13). Both Fe and Cu atoms can be 
terminal atoms of the irregular regions (edges and 
corners) of the chalcopyrite surface (Fig. 10). Such 
atoms, with unsatisfied valences, are very active 
centers that will quickly react. Consequently, 
blocking them, for example by adsorption, is 
essential to stopping the oxidation reaction of the 
chalcopyrite. As with sphalerite [20], it was studied 

the scenario in which the tested derivatives are 
adsorbed to CuFeS2 cluster by the means of sp3 
hybridized sulfur. This kind of sulfur appears in all 
phenacyl derivatives and therefore the comparison 
of the obtained results offers relevant information 
regarding the effect of the three organic compounds 
on the aqueous oxidation of chalcopyrite. The 
 
Table 1 Quantum chemical parameters for Pr02, Pr04 

and Pr06 in gas phase (The parameters are evaluated by 

LDA. The quantum chemical parameters evaluated by 

GGA-PW91 can be found in Ref. [20]) 

Phenacyl 
derivate

ΔE/ 
(kJꞏmol−1)

EHOMO/ 
(kJꞏmol−1) 

ELUMO/ 
(kJꞏmol−1)

µ/ 
Debye

Pr02 309.8 −546.1 −236.3 3.301

Pr04 231 −554 −322.9 4.349

Pr06 220.5 −564.5 −343.9 4.071
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adsorption energies (Ead) are presented in Table 2. 
From Table 2 we can see that, Ead <0 kJ/mol, either 
that bond energies of phenacyl derivatives (EPD) 
were computed with LDA or GGA-PW91, 
respectively. These results suggest that the 
adsorption of the tested derivatives on Fe and Cu 
atoms is energetically favorable. When the bond 
energies of three PDs are computed with LDA, the 
most stable structure is Pr06 adsorption on Fe atom 
and the most unstable is Pr02 adsorption on Cu 

atom. If the bond energy of phenacyl derivatives is 
estimated with GGA-PW91, the most stable 
structure is Pr04 adsorption on Fe atom and the 
most unstable is Pr06 adsorption on Cu atom. The 
bond lengths presented in Fig. 13 are: 2.320 Å 
(S(PD)—Cu(cluster)); 2.363 Å (Cu—S bond in the 
CuFeS2 cluster); 2.300 Å (S(PD)—Fe(cluster)); and 
2.201 Å (Fe—S bond in the CuFeS2 cluster). 

Although there could be many other stable 
structures than those shown in Fig. 13, the negative 

 

 
Fig. 13 Geometries of adsorption structures of Pr02 (a, b), Pr04 (c, d) and Pr06 (e, f) on CuFeS2 cluster derived from 

chalcopyrite(110) surface (The adsorption was realized on Cu (a, c, e) or Fe (b, d, f) atoms. Distances are given in Å) 
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Table 2 Adsorption energies (Ead) for Pr02, Pr04 and Pr06 on Cu and Fe atoms of CuFeS2 cluster derived from 

chalcopyrite(110) surface 

Chalcopyrite/PD optimizations Center of adsorption 
Ead/(kJꞏmol−1) 

CuFeS2-Pr02 CuFeS2-Pr04 CuFeS2-Pr06 

LDA/LDA 
Fe −89.3 −102.4 −133.9 

Cu −65.6 −78.8 −115.5 

LDA/GGA 
Fe −1465.0 −1507.0 −1378.4 

Cu −1441.4 −1483.4 −1360.0 

 

values obtained for Ead are enough to reveal the 
importance of the PDs adsorption on the 
chalcopyrite surface in the control of its aqueous 
oxidation. It is considered that the inhibitory effect 
of organic compounds increases when µ increases, 
and Ead and ΔE decrease [22−26,53−55]. Starting 
from these considerations, the anodic current 
densities are well correlated with Ead values 
evaluated by LDA/LDA optimization and ΔE values. 
Instead, the Ead values evaluated by LDA/GGA 
optimization and µ underestimate the inhibitory 
effect of Pr06 on the aqueous oxidation of 
chalcopyrite. 
 
4 Conclusions 
 

(1) Pr02, Pr04 and Pr06 inhibit the aqueous 
oxidation of chalcopyrite. The three organic 
derivatives act as anodic inhibitors. The values of 
the anodic current densities of the chalcopyrite 
electrodes treated with pure ethyl alcohol and 
ethanolic solutions of the three phenacyl derivatives 
decrease in the following order of EtOH > Pr02 > 
Pr04 > Pr06. These findings are supported by the 
results of impedance and aqueous batch 
experiments. 

(2) Both polarization and impedance data 
show that the electrochemical behavior of CuFeS2 
sample treated with ethanolic solution of Pr04 is 
different from that of the other chalcopyrite  
samples. The aqueous oxidation of chalcopyrite 
treated with EtOH and the solutions of Pr02 and 
Pr06 in ethanol is controlled by a surface reaction, 
while the oxidation of chalcopyrite treated with 
Pr04 is controlled by a mixed regime of a surface 
reaction and diffusion. 

(3) Raman scattering and FTIR spectroscopy 
indicate that elemental sulfur, polysulfide and ferric 

oxyhydroxides are not responsible for the inhibition 
of the aqueous oxidation of chalcopyrite. 

(4) Theoretical calculations show that the 
adsorption of the three tested derivatives on 
chalcopyrite is energetically favorable (Ead<      
0 kJ/mol). Hence, it is reasonable to assume that the 
adsorbed phenacyl derivatives obstruct the aqueous 
oxidation of CuFeS2. 

(5) Our findings show that aqueous oxidation 
of CuFeS2 is rather controlled by the adsorbed 
organic matter than the SL formed on its surface. 
Most likely, the adsorbed organic molecules 
interpose between chalcopyrite and the dissolved 
oxygen and do not allow the transfer of electrons 
from mineral to oxidant. Future investigations 
should be planned to evaluate the effects of other 
organic molecules on the aqueous oxidation of 
chalcopyrite to find the organic structure that most 
efficiently controls the reaction. 
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黄铜矿在空气平衡的酸性溶液中的氧化： 
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摘  要：研究 4-(2-羟苯基)-2-(-4-吗啉基)-1,3-噻唑（Pr02）、1-(3,5-二溴-2-羟苯基)-1-(2-氧乙基)-N,N-二乙基二硫代

氨基甲酸酯(Pr04)和 1-(5-溴-2-羟基-3-甲苯基)-1-(2-氧乙基)-O-乙基黄原酸酯(Pr06)对黄铜矿(CuFeS2)在温度  

25 °C、pH 2.5 的空气平衡溶液中液相氧化反应的影响。采用动电位极化、电化学阻抗谱(EIS)、能谱扫描电镜

(SEM/EDX)分析、液相间歇实验、傅里叶变换红外光谱(FTIR)、拉曼散射以及量子化学计算等方法研究这些影  

响，发现阳极电流密度按 EtOH> Pr02> Pr04> Pr06 的顺序降低。这些结果以及 EIS 测量结果表明，Pr02、Pr04 和

Pr06 是黄铜矿液相氧化的有效阳极抑制剂。拉曼散射和 FTIR 光谱分析表明，矿物表面形成的元素硫、多硫化物

和羟基氧化铁与黄铜矿的液相氧化抑制作用无关。量子化学计算表明，所测试的化合物在黄铜矿表面的吸附在能

量上是有利的，从而可以解释所观察到的这些化合物的抑制作用。 

关键词：黄铜矿氧化；苯酰基衍生物；抑制；动电位极化；量子化学计算 
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