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The kinetics of dissolution of chalcopyrite with hydrogen peroxide in sulphuric acid
solution, was investigated. The influence of temperature, stirring speed, concentrations
of hydrogen peroxide and sulphuric acid as well as particle size, were studied. The disso-
lution kinetics was found to follow a shrinking- core model, with surface chemical reac-
tion as the rate-determining step. This is in agreement with activation energy of 39 kJ
mol™! and a linear relationship between the rate constant and the reciprocal of particle
size. The reaction order with respect to hydrogen peroxide is 1.45. Increase in concentra-
tion of sulphuric acid has positive effect on the dissolution of the chalcopyrite; the order
of reaction with respect to the acid being 0.77. Stirring speed has a negative effect on the

dissolution of chalcopyrite as it enhances the decomposition of the hydrogen peroxide.
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Introduction

The availability of metals for use is not gov-
erned by its abundance alone. Copper is the third
metal in tonnage produced after iron and aluminum,
its mass fraction in earth’s crust is quite low (only
about 0.01 %).! Tonnage production of a metal de-
pends on the following factors: accessibility of ore
deposits, richness of ore deposits, nature of extrac-
tant and refining processes for the metal.!?

The dissolution of mineral ores in aqueous so-
lution may be a physical, chemical or electrochemi-
cal process or a combination of these. The crystal-
line nature of the mineral, its state or subdivisions,
its defect structures, and other factors play an im-
portant role in the dissolution.? Chalcopyrite usually
occurs together with other sulphide minerals to con-
stitute complex sulphide ores.* There are many
studies related to dissolution of chalcopyrite in vari-
ous media.>”’ Direct chlorination of complex sul-
phide of copper, nickel and iron has been investi-
gated by several authors.>® Jackson and Strickland®
studied the kinetics of dissolution of some common
sulphide minerals including chalcopyrite, pyrite,
sphalerite and galena, in chlorine saturated water.

With gradual depletion of rich ore deposits, it is
becoming increasingly difficult in many situations
to apply the conventional pyrometallurgical meth-
ods for metal extraction. Hydrometallurgical pro-
cesses are suited for lean and complex ores. If there
are too much gangues in an ore, then, processing of
the ores at high temperature causes waste of energy

*Correspondence author

as well as disposal of slag and also evolution of
gaseous pollutant to the environment.! The siliceous
gangue in the ore is unaffected by most leaching
agents; whereas in pyrometallurgical smelting pro-
cesses, thermodynamically stable mattes are
formed, which reduce the extraction of the metals.
In most hydrometallurgical processes, high level of
extraction of the base metals is achievable. In these
cases high oxidation potential is required.’

Hydrogen peroxide is a good oxidizing agent
as depicted by the redox potential of 1.77 V in acid
medium. The oxidation action of hydrogen peroxide
in acidic medium is based on its reduction accord-
ing to the equation®!?

H,0, + 2H* + 2¢~ - 2H,0 (1)

However, hydrogen peroxide can also act as a
reducing agent in accordance with Equation 2:

H,0, > O, + 2H" + 2¢ )

Hydrogen peroxide has been used as a leaching
agent for uranium ores'! and its use has been stud-
ied with a zinc-lead bulk sulphide concentrate!? as
well as with concentrate of pyrite!* and sphalerite.'*
Oxidative dissolution of chalcopyrite using hydro-
gen peroxide in sulphuric acid has been studied.

In the present study, kinetics of the dissolution
of copper from chalcopyrite was investigated by
considering variables such as temperature, concen-
tration of hydrogen peroxide and sulphuric acid as
well as stirring speed and particle diameter.
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Experimental

A sample of chalcopyrite concentrate from a
Nigerian deposit was used for these studies. It was
crushed and ground into fine powder and sieved
with standard ASTM sieve to obtain granulation of
d, = 100, 200, 250, 300 um. The analysis of the
sample for some elemental composition was per-
formed using standard method (Table 1)."

Table 1 - Some Elemental composition of chalcopyrite
from a Nigeria deposit.

Element w/%
Cu 32.49
Fe 17.04
SiO, 13.97

S 11.91
Al,O4 5.98
MgO 0.78
CaO 0.60

The dissolution experiments were carried out
in a 250 ml reactor made up of 3-necked pyrex
glass in a thermostatic heating mantle. The reactor
was equipped with a condenser and an overhead
mechanical stirrer. The reactor was charged with
50 ml hydrogen peroxide and 50 ml sulphuric acid.
When the desired temperature was attained, 1.0 g of
the chalcopyrite was added to the acidified peroxide
solution, stirring continued and the temperature of
the reaction mixture was then maintained constant.

2 ml of solution were withdrawn from the reac-
tor at various time intervals and diluted with dis-
tilled water to 25 ml in a volumetric flask. The reac-
tion kinetics was investigated by determining the
amount of copper in the leaching solution.

For calculation of the fraction of copper
leached, an equation developed by Papangelakis
and Demopolous'® was used which includes in itself
correction factors to account for the volume and
mass losses due to sampling. The fraction was cal-
culated by dividing the amount of leached copper at
the moment of sampling by the amount of copper
contained in the ore at the beginning of the reaction.

Result and discussion

Dissolution process

Direct dissolution of sulphide minerals in
strong oxidizing solutions has been investigated by

other researchers, and it has been found that sul-
phide is oxidized in two stages. In the first stage,
sulphide is converted to elemental sulphur, and in
the second stage the sulphur is converted to sul-
phate.!”

At low temperature most strong oxidizing
agent oxidizes sulphide to sulphur and at tempera-
ture above 180 °C sulphate is formed.®

In dilute aqueous solution, hydrogen peroxide
dissociates to very reactive radicals.”!0

H,059) 5 H 4 ¥ HOy (o) 3)

(aq)

The peroxide radical reacts with sulphide ion
as shown in Equation 4

While the base metal, copper reacts with sul-
phate as shown in equation

Cu*’ (4 + SO, g = CuSOyqyg) ®)

The effects of reaction temperature

The experiments were conducted in the
303-353 K-temperature range with initial H,O,
fraction of 20 % and H,SO, concentrations of 0.1
mol L. The dissolution curves are shown in Fig. 1,
from which it could be seen that dissolution of
chalcopyrite increased with increasing tempera-
ture. The curves for the temperature at 343 K and
353 K showed a leveling off at 90 min, indicating
that dissolution had almost ceased. This might be
due to decomposition of H,O, at high tempera-
ture, particularly marked at the temperatures above
333 K.

mass fraction of Cu, w¢, /%

0 50 100 150 200
Time, t/min

Fig. 1 — Effect of reaction temperature on the leaching of
copper from chalcopyrite

The kinetic analysis was tested according to the
unreacted — core model. If a reaction such as

aAgq + DB - Products (6)

particle
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is controlled by diffusion through product layer, the
integrated rate equation is given as'

6bDc \ t

1 =31 -x)*+2(1-x) =
cBa’2

(7

If reaction given in Equation (6) is chemically
controlled, then the integrated rate expression be-
comes

bkc t

1717 13 —
(1= ==

@®)

where x is the molar fraction; ¢, the time (min.);
cg, the average (apparent) concentration of ore
(mol m); d, the diameter of the solid particle (m);
b, the stochiometric coefficient of the solid reacting
with amount of fluid reactant; k, mass transfer coef-
ficient for surface reaction (ms™'); D, diffusion co-
efficient (m? s™'); and ¢,, the concentration of gas
(mol m™).

On comparing Equations (7) and (8), by plot-
ting the experimental values of the leached copper
versus time, the plot of Equation (8) gave a straight
line. The rate constants were calculated as slopes
of the straight lines. By using these values, the
Arrhenius plot in Fig. 2 was obtained, from which
apparent activation energy of 39 kJ mol™! was ob-
tained. The value of activation energy obtained sug-
gested that chemical reaction at the chalcopyrite
surface was the rate — determining step® in the dis-
solution of chalcopyrite by H,O0, in H,SO,
McKibben'8 determined activation energy of 33.5 kJ
mol™! for pyrite dissolution by millimolar concen-
trations of H,0, in acidic solutions. A higher value
of 68 kJ mol™! has been reported for the dissolution
of pyrite with H,O, in H,SO,."
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Fig. 2 — Arrhenius plot for the dissolution of chalcopyrite
with H,0, in H,SO,

Effect of stirring speed

The effect of stirring on the rate dissolution of
copper from chalcopyrite was carried out at the
speed of 300, 400 and 700 rpm in the concentration
of 20 % H,0, and 0.70 mol L! H,SO, at the 323 K.
The experiment was also examined without stirring,
other conditions being constant. The results re-
vealed an irregular pattern (Fig. 3). The fraction of
copper leached at 400 rpm were higher than those
obtained at 700 rpm, the least values were obtained
at 300 rpm. The highest dissolution rate was ob-
served when there was no mechanical stirring. This
observation showed that better contacts were made
when there was no mechanical stirring. Similar re-
sult has been reported for pyrite oxidation.”® As a
result of stirring, decomposition of H,O, takes place
faster, accompanied by evolution of molecular oxy-
gen that adsorbs onto the particle surface thus hin-
dering particle/peroxide contact. Based on these ob-
servations, other experiments were carried out with
occasional stirring. It has already been pointed out
that during dissolution of ores by hydrogen perox-
ide, mixing of particles occurs, optionally termed
“self mixing”, caused by oxygen bubbles rising in
the solutions. These bubbles were produced by hy-
drogen peroxide decomposition often catalysed by
solid particles as well as Fe3" and Cu?', gener-
ated.''? The catalytic decomposition by the parti-
cles and the ions were suppressed by addition of
H,SO, and acetanilide, which stabilizes the hydro-
gen peroxide.!!

0.35
0.3 —&— 300 rpm «
—l— 400 rpm
2 0.25
g —A— 700 rpm X
< 024 —x—no stirring
k<]
k3]
£ 0.15 -
17
©
£ 0.1+
0.05
0X T T r
0 50 100 150 200

Time, t/min

Fig. 3 — Effect of stirring on the dissolution of chalco-
pyrite

Effect of initial concentration of hydrogen
peroxide

The investigation of effect of the initial volume
fraction of H,O, on chalcopyrite dissolution was
carried out in fraction range of ¢ 10 — 30 %. Exper-
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iments were conducted at 323K and 1.0 mol L!
H,SO,. The results showed that concentration had a
positive effect on the dissolution of chalcopyrite. It
was observed that there was a linear relationship for
10 and 15 %. As the concentration increased devia-
tion from linearity was noted (Fig. 4). The deviation
might be due to decomposition of hydrogen perox-
ide at higher concentration, which resulted in slight
reduction of reaction rate. This observation agreed
with earlier report that the rate of H,0, decomposi-
tion was proportional to its concentration.'*!¢ This
meant that H,0, decomposition was faster at higher
concentrations, leading to a significant lowering of
its concentration.

mass fraction of Cu, we /%

/] 50 100 150 200 250
Time, Himin

Fig. 4 - Effect of initial fraction of H,0, on the dissolution
of chalcopyrite

The kinetic data were linearised by means of
Equation (8) as shown in Fig. 5. The mass transfer
coefficient was calculated from slopes of the
straight lines. A log-log plot of mass transfer coeffi-
cient against H,O, concentration was made as
shown in Fig. 6. A reaction order of 1.45 with re-
spect to H,O, volume fraction, was determined. A
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Fig. 5 — Variation of 1 — (I — x)*? with time at various con-
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Fig. 6 — Determination of reaction order with respect to
H,0, volume fraction

value of 1.09 had earlier been reported for pyrite
dissolution using H,0, in H,SO,,'* while McKibben'
reported that pyrite dissolution by this oxidizing
agent in HCl was of first order.

Effect of sulphuric acid concentration

The effect of initial sulphuric acid concentra-
tions was investigated at concentration range of ¢ =
0.1 —6.0 mol L' and 323 K at ¢ =20 % H,0,. The
dissolution curves are illustrated in Figure 7. It was
observed that increase in the concentration of the
acid resulted in significant increase in the dissolu-
tion of chalcopyrite. At acid concentration of 6.0
mol L' dissolution rose to about 80 % in 30 minute
of leaching. This suggests that sulphuric acid has
significant effect on oxidation of sulphide in order
to release the copper ion. The effect of the acid was
due to the increase in the redox potential of the oxi-
dant.'®?! This means that hydrogen ion concentra-

== 1,1 maol I"*
1 —&— 0,3 mol I
——% | —&— 0.7 mal I
—w— 1,0 maol I
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Fig. 7 - Effect of concentration of H,SO, on the leaching
of copper from chalcopyrite
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tion increases the redox potential of H,O,, which
consequently increases the rate of the reaction.

The oxidation curves were linearised by means
of Equation (8) and the mass transfer coefficient, &,
was calculated as the slope of the straight lines. A
graph was drawn of In k_, as a function of natural
logarithm of molar concentrations of the acid (Fig.
8). It can be observed that a straight line was ob-
tained with slope of 0.77, which corresponds to the
reaction order. Such a positive value of reaction or-
der shows a positive effect of H,SO, as an auxiliary
reagent on oxidation behaviour of H,O,.

—2

-3 T T
—14 -9 —4 1

In [H,S0,]

Fig. 8 — Determination of reaction order with respect to
In [H,SO,]

Effect of particle diameter

The effect of particle diameter on the rate of
chalcopyrite dissolution was studied using four
granulated distribution. (100, 150, 200, 300 um) at
323 K in solutions of 20 % H,0, in 0.1 mol L!
H,SO,. The result (Fig. 9) revealed that, smaller
particles have a faster rate of dissolution than larger
particles. The kinetic curves were linearised by
means of Equation (8) and the apparent rate coeffi-

048 ——100 um
04T —a— 150 ym
035 T —4—200 um
0.3+ —£¢ 300 um
0.25 -
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Fig. 9 — Effect of particle diameter on the leaching of cop-
per from chalcopyrite
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Fig. 10— Plot of kx versus 1/d,

cient k, calculated were drawn as a function of the
inverse of the particle radius (Fig. 10). A linear re-
lationship between £k, versus 1/d, confirms the
chemical reaction on the chalcopyrite surface as the
rate-controlling step.2%-??

Conclusions

Experiments have been conducted by dissolu-
tion of chalcopyrite using hydrogen peroxide acidi-
fied with sulphuric acid; it can be concluded that, as
the stirring reduced the rate of chalcopyrite oxida-
tion by accelerating the decomposition of hydrogen
peroxide the experiment is best conducted without
stirring or with occasional stirring. The kinetic anal-
ysis followed a shrinking- core model with the sur-
face chemical reaction as the rate-determining step.
The value of the activation energy is 39 kJ mol™!
and the linear relationship between &, and 1/d,, con-
firmed the surface reaction model. Increasing in the
H,0, and H,SO, concentrations has a positive ef-
fect on the oxidation of sulphide. The reaction or-
ders were 1.45 and 0.77 with respect to concentra-
tion of H,0, and H,SO, respectively.

Nomenclature

ASTM - America Standard and Testing Material
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