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Leaching of chalcopyrite with hydrogen peroxide in hydrochloric acid solution

Sanja J. PETROVIC', Grozdanka D. BOGDANOVIC? Milan M. ANTONIJEVIC?

1. Mining and Metallurgy Institute Bor, Zeleni Bulevar 35, 19210 Bor, Serbia;
2. University of Belgrade, Technical Faculty in Bor, VJ 12, P. O. Box 50, 19210 Bor, Serbia

Received 27 July 2017; accepted 23 October 2017

Abstract: The aim of this work was to investigate the leaching of chalcopyrite concentrate in hydrochloric acid with hydrogen
peroxide as a strong oxidizing agent. The effects of the leaching variables on metal extraction, such as stirring speed, solid-to-liquid
ratio, temperature and HCI and H,O, concentrations, were studied. The maximum final copper extraction of 33% was attained with
3.0 mol/L H,0, in 0.5 mol/L HCI at room temperature after 180 min of the reaction. The results showed that the copper extraction
was increased in the first 60 min of reaction, after which it essentially ceased due to the fast catalytic decomposition of hydrogen
peroxide. Further, solid-to-liquid ratio affected the copper extraction significantly and the highest copper extraction was obtained in
the most dilute suspension (i.e., S/L ratio of 1:100). The dissolution process was described by the first order kinetics equation. The
apparent activation energy of 19.6 kJ/mol suggested that the dissolution process was under diffusion control. The reaction orders for
HCI and H,0, were established to be 0.30 and 0.53, respectively. The results of the XRD and SEM/EDS analysis of the leaching

residue indicated the generation of the elemental sulphur on mineral surfaces which tended to inhibit the leaching rate.
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1 Introduction

Demand for copper has increased dramatically in
the world over the last few decades. For commercial
exploitation, copper deposits generally need to be in
excess of 0.5%, and preferably over 2% [1]. It is well
known that most of the copper ore deposits belong to the
sulphide deposits with chalcopyrite, covellite and
chalcocite as the most important minerals. On the other
hand, important part of the copper ore deposits are
oxidized deposits, with malachite and azurite as copper
minerals [2—4]. Among the mentioned minerals,
chalcopyrite is the most important copper sulphide
mineral since approximately 70% of world’s copper
reserves are contained in the mineral chalcopyrite [5].
Extracting copper from its ores and concentrates is
achieved by pyrometallurgical and
hydrometallurgical processes. In recent years, extensive
research was performed on hydrometallurgical processes
which could be used for low-grade ores and sulfide
concentrates, without the emission of harmful sulphur
dioxide. Given that the amount of rich copper ores is
constantly decreasing, there is a growing need for the

conventional

development of new technological processes to obtain
copper from such mineral resources [6—8]. Since
chalcopyrite is a highly refractory mineral for aqueous
extraction processing and one of the most difficult-to-
leach minerals in general, the focus of numerous
laboratory investigations was directed towards the
chloride solutions due to the advantage of this leaching
system compared with the sulphate solutions [9—15].
These advantages were reflected in higher solubility of
copper and iron, easier oxidation of ferrous ions and
faster leaching kinetics of chalcopyrite compared to the
sulphate systems [16]. In the chloride solution, Fe(III)
ions in the form of Fe(Ill) chloride [9,17,18] and Cu(Il)
ions in the form of Cu(Il) chloride [19—-21] were most
often used as the oxidizing agents for chalcopyrite
leaching.

In addition to the mentioned oxidants, the
investigations on chalcopyrite leaching on a laboratory
scale were carried out using strong oxidizing agents,
such as hydrogen peroxide [22—24], Cr(VI) ions [25-27]
and ozone [28,29], in order to conduct the experiment at
atmospheric pressure and temperatures below 100 °C.

Hydrogen peroxide is seen as one of the cleanest
and most versatile chemicals which is widely used in
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many areas [30—32]. This fact, along with the high value
of its oxidation—reduction potential (1.77 V, vs SHE),
made this reagent extensively investigated in the
oxidation processes of almost all sulphide minerals.

The oxidative action of hydrogen peroxide in acidic
solutions is based on Eq. (1) [33,34]:

H,0,+2H +2e—2H,0, ¢°=1.77 V (vs SHE) (1)

Dissolution of chalcopyrite by hydrogen peroxide in
an acid medium is based on the following reactions [23]:

2CuFeS,+5H,0,+10H —=2Cu”*+2Fe* +48°+10H,0
()
2CuFeS,+17H,0,+2H —2Cu*"+2Fe*"+4S0;™ +18H,0
3)

According to the present dissolution mechanism of
chalcopyrite, sulphide sulphur can oxidize with hydrogen
peroxide to the elemental sulphur (S°) (Reaction (2))
and/or SOi’ ions (Reaction (3)).

Based on the literature data, the studies on
chalcopyrite leaching in the presence of hydrogen
peroxide were mainly conducted in the sulphuric acid
solutions [23,24,35,36]. The leaching of the sulphide
minerals in H,SO4—H,0, solution was proven to be very
efficient. For instance, ADEBAYO et al [35] found, by
examining the kinetics of the chalcopyrite oxidation, that
copper extraction significantly increased as the
concentrations of both hydrogen peroxide and sulphuric
acid were increased. The reaction orders were 1.45 and
0.77 with respect to concentration of H,O, and H,SOy,,
respectively. The dissolution kinetics was found to
follow a shrinking-core model with surface chemical
reaction as the rate-determining step. Similar conclusions
were made by other researchers [23,36]. On the other
hand, hydrogen peroxide is a highly unstable compound
which decomposes in mineral dissolution processes. Its
decomposition can be accelerated by the presence of
catalytic metal, mineral particles, as well as the
impurities. In order to avoid rapid decomposition of
hydrogen peroxide, some stabilizers, such as phosphoric
acid, acetic acid and polar organic solvents, are recently
used in the leaching processes [37—-39].

However, while the numerous researches were
performed in the sulphuric acid solution, hydrogen
peroxide was not often investigated for the oxidation of
chalcopyrite in hydrochloric acid solution. Leaching
system of HCI-H,O, was used for leaching of pyrite
concentrate [33], zinc—lead bulk sulphide concentrate at
atmospheric pressure [40], galena ore [41] and scheelite
concentrate [42]. Hydrogen peroxide was also used in
combination with perchloric acid in leaching of the
pyrite concentrate [43].

Considering the fact which indicated there were no
detailed studies on chalcopyrite leaching with hydrogen
peroxide in hydrochloric acid, the objective of this work

was to investigate the leaching of chalcopyrite
concentrate using hydrogen peroxide as a strong oxidant
in hydrochloric acid solution in order to define the
effects of various parameters on the dissolution of

chalcopyrite as well as to define the dissolution kinetics.
2 Experimental

2.1 Material

The experiments were carried out with chalcopyrite
sample obtained by refloating the chalcopyrite
concentrate from the WVeliki Krivelj Copper Mine
(Serbia). The <75 um size fraction was used for all the
experiments.

Quantitative determination of the elements in the
starting chalcopyrite sample was performed by different
analytical methods (gravimetric, volumetric, atomic
emission spectroscopy with inductively coupled plasma,
and atomic absorption spectrometry). Table 1 shows the
chemical analysis result of the sample.

Table 1 Chemical composition of chalcopyrite concentrate
(mass fraction, %)
Cu Fe S Mo Zn Pb

24.84 29.52 32.92 0.57 0.60 0.076

SIOZ A1203 F6304 CaO MgO Kzo
2.67 1.06 <0.03 3.23 0.29 0.18

The phase composition of the initial chalcopyrite
sample was determined by the X-ray analysis (PHILIPS,
model PW—1710) with a Cu K, radiation (0.154 nm).
The operating conditions were 40 kV and 30 mA. Figure
1 shows an XRD pattern for a chalcopyrite sample. The
XRD peaks indicate the presence of chalcopyrite as a
predominant mineral, as well as pyrite, sphalerite,
molybdenite and gangue minerals (calcite and quartz).

Quantitative mineralogical composition analysis
of the concentrate showed that the sample contained:

|
*

= — Chalcopyrite
e — Sphalerite
4 — Molybdenite

v — Pyrite
+ — Calcite
* — Quartz
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20/(°)
Fig. 1 X-ray diffraction pattern of initial chalcopyrite
concentrate
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chalcopyrite (64.79%), pyrite (18.78%), covelite (0.86%),
chalcocite (0.37%), sphalerite (0.91%), molybdenite
(0.88%), bornite (0.08%), galena (0.09%), rutile (0.02%),
cassiterite (0.03%), magnetite (0.07%) and gangue
minerals (13.12%). Gangue minerals dominantly
consisted of carbonate, mainly calcite and quartz and
significantly less silicate.

Qualitative ~ microscopic  investigation  was
performed in the reflected light on Carl Zeiss-Jena,
JENAPOL-U microscope. Microscopic photograph of
the initial concentrate sample (Fig. 2) showed
chalcopyrite as the main mineral phase, then pyrite and
gangue minerals.

Fig. 2 Microscopic photograph of chalcopyrite sample
(chalcopyrite (cp), pyrite (py) and gangue minerals (gn))

The morphology of the chalcopyrite sample and
leaching residues samples was examined by a JEOL JSM
5800 scanning electron microscope, operated at 20 keV
coupled with energy dispersive spectroscopy (EDS) type
Oxford Inca 3.2 and by Tescan VEGA 3 LM with
Oxford EDS X-act 10 mm* SDD (an accelerating voltage
of 30 kV). SEM photograph of initial chalcopyrite
sample (Fig. 3) showed that the crystals were mainly
anhedral, rarely subhedral.

Fig. 3 SEM photograph of chalcopyrite sample

2.2 Reagents and experimental procedure
Leaching solutions were prepared using the
analytical grade chemicals: hydrochloric acid (37% HCI,

p=1.18 g/em?), hydrogen peroxide (30% H,0, p=
1.11 g/em®) and distilled water.

Leaching experiments were carried out in a 600 mL
five-necked glass tempering beaker equipped with
magnetic stirrer, thermometer and a glass condenser to
prevent evaporation (Fig. 4). The reactor was filled with
200 mL of hydrochloric acid—hydrogen peroxide
leaching solution of a certain concentration and heated to
the required temperature. When the required temperature
was achieved, a 2.0 g of chalcopyrite concentrate sample
was added to the leaching solution and then stirred at the
constant temperature.

Fig. 4 Experiment set-up for performing leaching tests

The leaching liquor samples (1 mL of the leaching
liquor) were taken at certain time intervals, diluted to
50 mL in a volumetric flask and analyzed on dissolved
copper/iron by the atomic absorption spectrophotometry
(Atomic absorption spectrophotometer, Perkin Elmer
model 403). The leaching residues obtained after
oxidation were filtered, washed with distilled water,
dried and characterized using the X-ray diffraction
analysis (XRD).

3 Results and discussion

3.1 Effect of stirring speed

The effect of the stirring speed (0, 200, 400 and
600 r/min) on the dissolution of chalcopyrite was
investigated in solutions containing 2.0 mol/L H,0, and
0.5 mol/L HCI at 40 °C. The results are given in Fig. 5.

The results shown in Fig. 5 reveal that the copper
extraction values were at the lowest when the mechanical
stirring of the solution was absent. The copper extraction
increased slowly as the stirring speed increased up to
400 r/min (copper extraction was 26%). A possible
explanation for this could be found in better contact
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between chalcopyrite particles and leaching solution
when the stirring was present in the system. Therefore,
the optimum speed of the 400 r/min was selected for all
subsequent experiments. The results from previous
studies on oxidation of the sulphide minerals with
hydrogen peroxide suggested that efficient dissolution
was achieved without the mechanical stirring of the
solution [35,44,45]. This could be related to the influence
of stirring on an accelerated degradation of hydrogen
peroxide in the system. For instance, ADEBAYO
et al [35] showed that the decomposition of hydrogen
peroxide was accelerated with the increase of the stirring
speed. During the leaching of pyrite with hydrogen
peroxide in sulphuric acid, the agitation had a negative
influence on the pyrite oxidation and this influence was
not caused by decomposition of hydrogen peroxide at
higher stirring speed but probably by the better contact
between pyrite particles and hydrogen peroxide without
stirring of the solution [44].

30
A A A A
25 r L] ]
g F—— :
& 207
g
§ 151 Stirring speed/(r+min")
é = — Without stirring
A — 400
5 v —600

0° 20 40 60 80 100 120 140 160 180
Time/min

Fig. 5 Effect of stirring speed on copper extraction

from chalcopyrite concentrate (Conditions: 0.5 mol/L HCI,

2.0 mol/L H,0,, 40 °C)

3.2 Effect of solid/liquid ratio

The experiments were carried out in the solution of
0.5 mol/L HCI and 2.0 mol/L H,O,, at temperature of
40 °C in various solid/liquid ratio (1:100, 1:50, 1:25 and
1:10).

As seen in Fig. 6, the solid/liquid ratio affects the
copper extraction significantly. The dissolution curves
show that the highest final copper extraction (26% Cu)
was obtained in the most dilute suspension (i.e., at
solid/liquid ratio of 1:100). With the increase of
solid/liquid ratio from 1:50 to 1:10, copper extraction
was reduced, from 14.2% to 6% Cu, respectively.
Therefore, the solid/liquid ratio of 1:100 remained as
constant for further experimental work. Lower values of
copper extraction obtained in more dense suspensions
(S/L ratio from 1:50 to 1:10) were probably the result of
insufficient amounts of necessary reagents in the

leaching solution. Very rapid decomposition of the
hydrogen peroxide in more dense suspensions caused
low copper extraction (6% Cu in the densest suspension,
S/L ratio of 1:10). The increase of the solid phase content
led to the increase of viscosity of the suspension, which
affected the efficiency of the leaching process and caused
the lowering of the dissolution rate of the mineral.

30
R 251 S/L ratio
S =—1:100
8 20t e —1:50
3] Aa—1:25
£ v—1:10
5 15¢ . . .
E
% 10 A A A A
@]
5 X x v

0" 20 40 60 80 100 120 140 160 180
Time/min
Fig. 6 Influence of solid/liquid ratio on copper extraction
from chalcopyrite concentrate (Conditions: 0.5 mol/L HCI,
2.0 mol/L H,0,, 40 °C, 400 r/min)

3.3 Effect of initial hydrogen peroxide concentration

The effect of the initial hydrogen peroxide
concentration on chalcopyrite dissolution was studied by
varying the initial hydrogen peroxide concentration
(0.5-3.0 mol/L) in 0.5 mol/L hydrochloric acid at room
temperature (without thermostating). The results are
given in Fig. 7.

Figure 7 shows that, when the concentration of the
hydrogen peroxide was increased, it had a positive effect
on chalcopyrite dissolution in hydrochloric acid solution.
However, the final copper extractions were relatively low
(9%—33%). Also, the copper extraction essentially
ceased after 60 min. With regard to the iron extractions,
they were slightly lower than the copper extractions, and
varied from 8.3% to 20.2% for the lowest and highest
hydrogen peroxide concentration, respectively. The
decomposition rate of H,O, was proportional to its
concentration, which meant that decomposition of
hydrogen peroxide was faster at higher concentrations of
H,0, [44].

In the HCI-H,O, mixed solution, there was
catalytic and self-decomposition reactions of hydrogen
peroxide (Reactions (4) and (5)) [46] which led to a
significant reduction of its concentration:

2H"+2C1 +H,0,— C1,+2H,0 @)
C12+H202 - 02+2C17+2H+ (5)

The overall reaction can be presented by
H202 - H20+1/202 (6)
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Fig. 7 Copper (a) and iron (b) extraction from chalcopyrite
concentrate as function of time at different hydrogen peroxide
concentrations

(Conditions: room temperature, without

thermostating, 0.5 mol/L HCI, 400 r/min)

The Reaction (6) was very favorable; it had a AH’
of —98.2 kJ/mol and a AG® of —119.2 kJ/mol. The rate of
decomposition of hydrogen peroxide depended on the
concentration of the peroxide and temperature, as well as
on pH and the presence of impurities [47]. It can be said
that the higher the concentration of H,0, was, the greater
the extraction of copper was achieved and the catalytic
decomposition of peroxide to oxygen and water was also
more intense (Reaction (6)).

Due to the oxidation of chalcopyrite (Reactions (2)
and (3)) and the oxidation of pyrite present in the
examined sample of chalcopyrite concentrate, ferric ions
were liberated into solution according to Reactions (7)
and (8) [48,49]:

2FeS,+15H,0,— 2Fe’'+4S0;” +2H +14H,0 (7)
2FeS,+7.5H,0,+H" — Fe* '+ 2HSO;, +7H,0 (8)

The resulting Fe(Ill) ions led to catalytic
decomposition of H,O, [50] which caused significant
decrease of its concentration and release of heat and
gaseous oxygen [51].

In the current work, visual observation of the
experiments showed that the leaching reaction was very
turbulent in the first 60 min (accompanied by hissing and
boiling) due to the intensive hydrogen peroxide
decomposition and oxygen effervescence, especially at
higher hydrogen peroxide concentrations (i.e., equal to or
in excess of 1.5 mol/L). As a result of the catalytic
decomposition of peroxide, which was an exothermic
process followed by turbulent generation of oxygen,
there was an increase in temperature (as shown in Table
2). This increase led to faster peroxide decomposition
and significant loss of the active oxygen in the form of
bubbles. Due to rapid exothermic decomposition of
hydrogen peroxide in solution, isothermal leaching
conditions could disappear and the active oxygen might
not be sufficiently used for oxidation of chalcopyrite [37],
which had a negative effect on the dissolution rate.

Table 2 Change of temperature (°C) of reaction mixture with

time as function of hydrogen peroxide concentration
(Conditions: 0.5 mol/L HCI, 400 r/min)
. . [H,0,])/(mol-L ™"
Time/min
0.5 1.0 1.5 2.0 3.0
24 24 25 23 25
5 25 26 26 24 27
15 27 28 30 31 58
30 29 32 39 41 41
60 28 30 30 30 26
90 26 28 25 27 25
120 25 27 24 26 24
180 24 26 24 25 24

Table 2 shows that maximum temperatures were
registered mainly within 30—60 min of reaction. The
shape of the dissolution curves (Fig. 7) shows a tendency
to increase mainly up to 60 min, which means that the
oxidation of chalcopyrite practically occurred up to that
time. Based on the results, it can be concluded that the
catalytic decomposition of hydrogen peroxide was
accelerated with the increase of temperature, which led
to a significant lowering of its concentration in the
leaching system (reduction of the oxidizing power of
hydrogen peroxide).

A significant slowing of the leaching rate (Fig. 7)
indicates that a product layer on the mineral surface was
created which also reduced the reaction rate. The
previous research results have shown that iron was
released from the chalcopyrite matrix with formation of
product layer of the following composition
Cu;—Fe;,S,-.. This layer was an intermediate product,
which, mixed with sulfur, formed a passive electron
conductive layer on the mineral surface [52]. HABASHI
and TOOR [53] emphasized that at the constant
temperature, time, O, pressure, and molar ratio of
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CuFeS,/HCI above 0.25, an inverse relation between Cu
and Fe in solution was noted, which suggested that
iron(IIl) ions had influence on chalcopyrite leaching in
HCI solution (Reaction (9)):

CuFeS,+4Fe*" — Cu*'+5Fe*"+28 9)

The formation of iron compounds as reaction
products can lead to the inhibition of reaction rate
(Reaction (10)):

2Fe**+1/20,+3H,0 — 2FeOOH+4H" (10)

It was observed that the greater part of unreacted
chalcopyrite was attached to the elemental sulphur
pellets [53].

The XRD analysis of solid residue produced after
oxidation in 0.5 mol/L HCI and 2.0 mol/L H,0, (Fig. 8)
revealed the presence of elemental sulphur traces on the
mineral surface. This indicated that sulphide sulphur
from chalcopyrite was oxidized according to Eq. (2) and
that it could act as a diffusion barrier which limited the
overall leaching rate.

= — Chalcopyrite

e — Pyrite

4 — Quartz

v — Molybdenite
+ — Sulphur

10 20 30 40 50 60 70
26/(°)
Fig. 8 X-ray diffraction pattern of leaching residue (Conditions:
0.5 mol/L HCI, 2.0 mol/L H,0,, room temperature, without
thermostating, time 180 min, 400 r/min)

3.4 Effect of temperature

The effect of temperature was investigated in a
temperature range from room temperature (without
thermostating) to 60 °C in solution containing 0.5 mol/L
HCI and 2.0 mol/L H,0, (Fig. 9).

From Fig. 9, it is evident that increase in
temperature led to an increase in copper extraction at the
initial leaching stage. The final copper extractions were
relatively low and varied from 24% to 29% in the studied
temperature range. The obtained results show that the
temperature did not have a significant influence on the
rate of chalcopyrite oxidation. A significant slowing of
the leaching rate in the final leaching stage was noted.
The form of the dissolution curves showed a formation
of plateau after 60 min of oxidation at temperatures up to
30 °C. The same occurrence was noticed at 40—60 °C

after 30 min of oxidation, which could be attributed to a
more rapid reaction on higher temperatures and
formation of the reaction products. Therefore, a
temperature of 40 °C was selected. The intensive
decomposition of hydrogen peroxide with the decrease of
reaction rate of chalcopyrite and pyrite was also
observed at temperatures above 40 °C [23,43].
AGACAYAK et al [22] suggested that Cu extraction rate
increased with increasing temperatures in the hydrogen
peroxide solution during the early period of the leaching
process. However, a significant slowing of the leaching
rate in the final stage of leaching was noted due to the
decomposition of peroxide at higher temperatures (above
60 °C).

The XRD analysis of the leached residue (Fig. 10)
shows that, along with the presence of detected mineral
phases, the elemental sulphur was present as well. The
formed elemental sulfur created a passive layer on the
chalcopyrite surface, and thereby hindered the transfer of
both lixiviate to the mineral’s surface and the solubilized

30 - p p
25t . . ,
N
& 20f
% 15
= Temperature/°C
Q, = — Without thermostirring
& 10 «—30
o A—40
v—350
> «—60

0 20 40 60 80 100 120 140 160 180
Time/min
Fig. 9 Copper extraction from chalcopyrite concentrate as
function of time at different temperatures (Conditions:
0.5 mol/L HCI, 2.0 mol/L H,0,, 400 r/min)

. = — Chalcopyrite
e — Pyrite
4 — Quartz
v — Molybdenite
+ — Sulphur

v A*
\\ I At u
10 20 30 40 50 60 70
20/(°)

Fig. 10 X-ray diffraction pattern of leaching residue
(Conditions: 0.5 mol/L HCI, 2.0 mol/L H,0,, 40 °C, time
90 min)
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Spectrum 1
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Spectrum 3
IFeFeCIL‘CuI ) X . Mo, th.o
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E/keV

Fig. 11 SEM photograph with EDS spectra of leach residue (leached in 0.5 mol/L HCI, 2.0 mol/L H,0,, 40 °C, time 90 min,

400 r/min)

Table 3 EDS results of leaching residue

Mass fraction/%

Spectrum -
O Al Si S K Fe Cu Mo
1 3.91 1.39 1.67 46.18 0.40 24.14 22.31 -
2 3.75 - 2.90 44.55 - 25.64 23.16 -
3 - - - 67.88 - 1.06 1.00 30.06
species from the mineral’s surface to the leaching 30
solution. SEM/EDS analysis (Fig. 11 and Table 3) of the
leaching residue (leached in 0.5 mol/L HCI, 2.0 mol/L & 25y
H,0,, 40 °C, time 90 min, 400 r/min) supported the ?5 551
results of the XRD analysis. §
It is well known that the mineralogical origin and & 15t )
genesis have a great influence on the oxidation of ; [HCI/(mol- L™
chalcopyrite. The difference in the obtained results in § 10 ::8;
numerous studies of chalcopyrite concentrate leaching = +—1.0
can be attributed to different chemical and mineralogical 5 :: %8

compositions of chalcopyrite samples (the presence of
other sulfide minerals, the presence of different gangue
minerals, impurities, etc).

3.5 Effect of initial hydrochloric acid concentration

The experiments on the effect of the initial
hydrochloric acid concentration (0.1-3.0 mol/L) on
chalcopyrite dissolution were performed using 2.0 mol/L
H,0, at 40 °C.

The results (Fig. 12) showed that copper extraction
increased slightly with increasing hydrochloric acid
concentration. This was specifically indicated at HCI
concentration from 0.1 to 0.5 mol/L that higher
acid concentration (0.5-3.0 mol/L) did not have a
significant effect on the reaction rate and final copper

0" 20 40 60 80 100 120 140 160 180
Time/min
Fig. 12 Copper extraction from chalcopyrite concentrate as
function of time at different HCl concentrations (Conditions:
2.0 mol/L H,0,, 40 °C, 400 r/min)

extraction. The final copper extractions attained were
relatively low (23%—27% Cu) in the studied
concentration range (0.1-3.0 mol/L). The presented
results led to a conclusion that the oxidation effect of the
hydrogen peroxide was stronger in the acidic
environment (0.5-3.0 mol/L HCI). It could be further
noticed that the copper extraction slightly depended on
the concentration of H' ions in the given range of the
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acid concentrations. Under these conditions, the
chalcopyrite oxidation reaction was very fast in the first
10 min, and after 30 min a plateau was formed on the
curves, showing that the oxidation reaction was
practically over and that the degree of the copper
extraction was relatively low (up to 27%). It was
previously  discussed that the catalytic and
self-decomposition reactions of hydrogen peroxide
(Reactions (4) and (5)) occurred in the system of
HCI-H,0,, following the occurrence of a certain amount
of the molecular oxygen. Considering the fact that after
30 min there was no significant increase in the copper
extraction, the molecular oxygen did not act as an
oxidant arose. In addition to this fact, a layer of reaction
products, which passivized the surface, was formed due
to the rapid chalcopyrite oxidation in the presence of
hydrogen peroxide. This hindered further dissolution of
chalcopyrite. The existence of a layer of elemental
sulphur was confirmed with the XRD and SEM/EDS
analysis of the examined system.

By comparing the results obtained in the present
study with those found during leaching of pyrite in
HCI-H,0, solutions [33], it can be seen that the
concentration of the acid had different influence on the
dissolution kinetics of these two minerals. The oxidation
rate of pyrite decreased with the increase of the HCI
concentration, probably due to the adsorption of chloride
ions on the surface of the pyrite particles. Chloride ions
had a high adsorption capacity and their adsorption on
the mineral surface diminished the contact surface
between peroxide and mineral particles, which led to a
reduction in dissolution rate.

4 Kinetics analysis

Dissolution process of chalcopyrite may be
described by a number of reaction models for the
heterogeneous solid—liquid reactions already proposed in
the literatures [54—59]. Generally, the dissolution
mechanism of chalcopyrite is based on three main
kinetics models: surface reaction model, diffusion model
through the fluid film or through the product layer and
mixed kinetic model containing diffusion and surface
reaction components, which simultaneously take place.
In chemical controlled processes, the rise in temperature
usually has a pronounced positive effect on the reaction
kinetics. On the other hand, if reaction kinetics is slightly
affected by temperature together with a mild effect of
agitation, it can be concluded that the kinetics of
leaching is controlled by diffusion. A value of activation
energy less than 40 kJ/mol suggests that the leaching
process is controlled by diffusion (parabolic leaching),
while activation energy over 40 kJ/mol implies chemical
reaction (linear leaching) [59].

The obtained experimental results of the
chalcopyrite oxidation in the present work were used in
the process of choosing the appropriate kinetics model.
The basic criterion for applying each kinetic equation in
the determining of the kinetic process parameters is its
linearization in an appropriate coordinate system using
the experimental results X=f{r). According to obtained
shape of dissolution curves in this work, it can be seen
that curves have an exponential dependence. Function
inverse to exponential function is a logarithmic function
that gives the best linearization of obtained results, so a
logarithmic equation was needed to describe the leaching
kinetics. Therefore, the kinetic analysis in this work was
evaluated via Kazeev—Erofeev equation [60].

According to Eq. (11),

1—X=exp(—ki) (11)

where X is the degree of copper reacted, & is the apparent
rate constant, and ¢ is time.

And introducing the parameter X;,, which represents
the maximum extraction of copper in the system
determined from the dissolution curves (for r—o0),
allowed the use of a classical first order kinetics equation:

X=X,u[1-exp(—kt)] (12)
The logarithm of Eq. (12) gave following equation:

X
In—2— =kt (13)
X, —-X
The selected kinetics model (Eq. (13)) was the most
appropriate for fitting experimental results in a wide
temperature range and low extraction values.

4.1 Effect of temperature

Based on the experimental results in the present
work, the leaching kinetics was mildly affected by
temperature. The kinetic curves (Fig. 9) were linearized
by means of Eq. (13), as shown in Fig. 13. The results
from Fig. 13 indicated that the good linearization existed
and that this model could be used to describe the kinetics
of the chalcopyrite oxidation for given experimental
conditions with satisfying correlation coefficients values,
R?. Straight lines started from the origin of the coordinate
system. Apparent rate constants, k;, for each temperature
were obtained from the slopes of the lines in Fig. 13. The
results obtained under conditions without thermostating
of the solution were not taken into consideration when
the activation energy was determined due to the change
in the reaction temperature of the system. Therefore, the
activation energy was determined for the temperature
range of 30—60 °C.

The activation energy in the range of temperatures
studied was calculated to be 19.6 kJ/mol from the
diagram of In k; versus 1/7, as shown in Fig. 14. This
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value of apparent activation energy (<40 kJ/mol)
supported diffusion control mechanism [58,59] for the
dissolution process of chalcopyrite with H,O, in HCI
solution.

8
R2:0~9984 R2=0.9933 R2=0.999]
i R2=0.9990
of R=0.9827
o)
= 3t Temperature/°C
= — Without thermostirring
2t *—30
4a—40
L v —50
1 2 i 60 I n
0 20 40 60 80 100
Time/min

Fig. 13 Variation in In[X,/(X,—X)] with time at different

temperatures
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227

-2.4 e s N -
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Fig. 14 Arhenius plot for chalcopyrite dissolution

Similar value of activation energy of 24 kJ/mol was
found for the chalcopyrite dissolution in acidic potassium
dichromate solution [26]. It was found that the kinetics
of dissolution of chalcopyrite in acidic potassium
dichromate in temperature range of 50—97 °C could be
fitted by the shrinking core model with diffusion through
a porous sulphur layer. The activation energies of
60 kJ/mol [23] and 39 kJ/mol [35] were found in the
investigations of chalcopyrite oxidation by hydrogen
peroxide in sulphuric acid.

4.2 Effect of hydrochloric acid and hydrogen peroxide
concentrations
The results of the effect of hydrochloric acid and
hydrogen peroxide concentrations were applied to
Eq. (13). The kinetic curves (Fig. 7(a) and Fig. 12) were
linearized by means of Eq. (13), as shown in Fig. 15.

9
(@) -
gl R?=0.9991
R2=0.9996
T R=09962
= 6l R?=0.9997
N R?=0.9827
2 5|
< 4t
= [HCI]/(mol-L™)
3 "—0.1
2 e—0.5
+—1.0
1 v—20
‘ . . L= 3.0 .
0 10 20 30 40 50 60
Time/min
61D + R?=0.9960
R2=0.9990
2—
st R=0.9990 K 0-9988
= 2=0.9653
5541 .
é? 3 L
N [H,0,]/(mol-L )
| "—0.1
2 «—05
a—1.0
1t v—20
«—30

0720 40 60 80 100 120
Time/min

Fig. 15 Variation in In[X,/(X,—X)] with time at different
concentrations: (a) [HCI]; (b) [H,0,]

The results from Fig. 15 indicated that the good
linearization existed. The rate constants were calculated
from the slopes of the straight lines from Fig. 15.
Logarithms of these values were drawn as a function of
the logarithm of concentrations of HCl and H,O,,
respectively (as shown in Fig. 16). The reaction orders
for HCI and H,0O, were determined to be 0.30 and 0.53,
respectively.

-12
-14}
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Fig. 16 Plot of In & vs In[HCI] and In[H,0,]
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5 Conclusions

1) Leaching of chalcopyrite concentrate with mixed
lixiviant containing hydrochloric acid and hydrogen
peroxide was investigated. The leaching results showed
that even the application of strong oxidant, such as
hydrogen peroxide, did not result in complete metal
dissolution from chalcopyrite concentrate in hydrochloric
acid solution. In most of the experiments, copper was
dissolved in the first 60 min of reaction. The maximum
final copper extraction of 33% was attained with
3.0 mol/L H,0O; in 0.5 mol/L HCI at room temperature.

2) The dissolution process was described by first
order kinetics equation, X=X,[ |—exp(—47)]. The apparent
activation energy of 19.6 kJ/mol indicated that the
leaching process is controlled by diffusion through the
product layer. The reaction orders for HCI and H,O,
were evaluated to be 0.30 and 0.53, respectively.

3) The behavior of chalcopyrite observed could be
explained from both hydrogen peroxide decomposition
and sulfur formation viewpoints. In the hydrochloric
acid/hydrogen  peroxide leaching system, the
decomposition of hydrogen peroxide was catalyzed by
Fe(III) ions, chlorine and solid mineral particles, which
led to reduction of the oxidizing power of hydrogen
peroxide and decrease of the dissolution rate.

4) The XRD and SEM/EDS analysis of leaching
residue showed the formation of elemental sulfur that
probably passivized the chalcopyrite surface and thus
reduced the initial reactivity of the mineral.
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