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A B S T R A C T

Naturally occurring chalcocite (Cu2S) was leached with oxygenated alkaline glycine solutions. The influence of
glycine concentration, stirring speed, particle size, dissolved oxygen concentration and temperature on the
copper dissolution rate were evaluated. Under all conditions, the copper leach rate was very rapid in the first 6 h
of leaching after which significant slower rates were recorded. The influence of fine grinding P100–20 μm was
remarkable with up to 78% Cu extracted over 6 h of leaching as compared to just 40% for 38–53 μm size fraction
under the same conditions. SEM-EDS and XPS analysis of the leach residue confirmed the presence of covellite
(CuS) on the particle surfaces. It appears that chalcocite leaching in oxygenated alkaline glycine solution occurs
in two stages. The first stage is fast and involves the conversion of chalcocite into cupric ions and covellite while
in the second stage, the formed covellite slowly converts to cupric ions and sulfate ions. Kinetic analysis using
the shrinking core model of both the first and second stages indicates that the reactions appear to be controlled
by diffusion through the product layer with calculated apparent activation energies being 25.kJ/mol (1st stage)
and 108 kJ/mol (2nd stage).

1. Introduction

Chalcocite is a dark grey secondary copper sulfide mineral, com-
monly found in the supergene enriched environment beneath the oxi-
dized zone of porphyry copper deposits due to copper leaching from the
oxidized zone. The high copper content of chalcocite makes it a very
profitable copper mineral to mine (Frost et al., 2007; Howard, 1979).
Most rich chalcocite deposits have generally been mined out but valu-
able deposits of chalcocite are found in Ely-Nevada, Morenci- Arizona,
Butte–Montana and Tsumeb-Namibia (Encyclopædia Britannica, 2016).
A modern example of a chalcocite deposit that is currently being mined
is Las Cruces mine in Sevilla-Spain by First Quantum Minerals (Tornos
et al., 2017). Other than the cases where it is mined for its own sake, it
is typically found in greater or lesser amounts in all copper deposits as
mineral in the supergene domain which is also characterized by the
presence of significant acid consuming oxide and acid-reactive silicate
minerals. In addition, this domain may contain significant concentra-
tions of precious metals and various approaches have been to either
suppress copper dissolution in the presence of gold (Oraby and Eksteen,
2015) or co-leach the copper and gold (Oraby et al., 2017). The re-
activity of the sulfide minerals in this domain often leads to poor flo-
tation recovery and the requirement to perform a tailings leach (con-
ventionally with cyanide) to recover residual precious metals.

Despite significant developments in pyrometallurgy in order to

mitigate environmental concerns, it has been extensively accepted that
hydrometallurgical routes are efficient in the processing of low grade
complex ores (Baba et al., 2014; Marković et al., 2015). Generally, acid
media are used for the leaching of copper from its ores (Baba et al.,
2014). However, ore derived from supergene domains often contain
acid-consuming gangue such as carbonates and acid-reactive silicates.
Acid leaching also enhances the dissolution of impurity elements such
as iron whose presence poses challenges to the downstream processes
such as solvent extraction (Tanda et al., 2017b). For such low grade
ores, alkaline media is advantageous as copper can be selectively lea-
ched from the ores. Ammonia and its derivatives are the most in-
vestigated alkaline media for copper dissolution but its volatility, health
and environmental concerns have limited its application. Alkaline
Na4EDTA has also been reported to selectively leach copper from a
natural chalcocite sample (Konishi et al., 1991).

Curtin University has pending patents on the use of alkaline glycine
solution for the selective leaching of copper and precious metals from
their ores (Eksteen and Oraby, 2014; Eksteen and Oraby, 2016; Eksteen
and Oraby, 2017). Glycine, an environmentally benign reagent (Tsai
et al., 1998), leaches copper through the formation of a stable copper
(II) glycinate complex (Tanda et al., 2017a). Tanda et al. (2017a) re-
ported that alkaline glycine solution effectively leaches copper from
their oxide minerals while rejecting carbonate gangue minerals which
would naturally dissolve in acid solutions. The authors have also
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observed that during the leaching of chalcopyrite specimen, copper is
selective leached over iron and other impurity elements (Eksteen and
Oraby, 2016; Eksteen et al., 2017a; Eksteen et al., 2017b). Copper (and
gold) can also be recovered from alkaline glycinate solutions through
solvent extraction (Tanda et al., 2017b) or carbon adsorption (Tauetsile
et al., 2018a; Tauetsile et al., 2018b). It was found from the leaching of
a copper‑gold concentrate at ambient temperature and pressure (Oraby
and Eksteen, 2014) that the copper minerals were selectively leached
over gold (which can also be leached at higher temperatures according
to Eksteen and Oraby (2015)). Quantitative Evaluation of Minerals by
Scanning electron microscope (QEMSCAN) analysis indicated that the
chalcocite/digenite components in the ore were completely leached.
Interestingly, it was noted that there was a small increase in the amount
of covellite. The kinetics of pure chalcocite leaching in alkaline glycine
solutions have not been studied to date.

Nevertheless, kinetics of chalcocite leaching in other alkaline media
have been studied and reported. For example, it was found that chal-
cocite leaching in a low-pressure, oxygenated ammonia system occurs
in two stages (Salvador, 1978). In the first stage, chalcocite is rapidly
converted to soluble cupric ions and a remaining covellite phase. The
residual covellite material then leaches at a much slower rate in the
second stage producing more cupric ions and sulfate. In the first stage
and below 35 °C, copper dissolution is initially controlled by surface
chemical reaction (activation energy of 67 kJ/mol) and then by diffu-
sion through the product layer with an activation energy of 56 kJ/mol.
Above 35 °C, in the first stage, copper dissolution is controlled by a
diffusion process with a calculated activation energy of 26 kJ/mol. In
the second stage, copper dissolution is controlled by an electrochemical
model in which the rate is proportional to the concentration of oxygen
and hydroxide ion concentration and independent of initial surface area
of chalcocite. The estimated apparent activation energy for the second
stage is 48 kJ/mol.

Filmer et al. (1979) modelled the leaching kinetics of chalcocite
(Cu2S) to covellite (CuS) in buffered aqueous ammonia solution at
pH 10.5 using the shrinking core of the Cu2S within a thickening shell of
CuxS(X≥ 1). Their main objective was to determine the nature and role
of any diffusion- controlling solid state films formed on chalcocite and
covellite during the dissolution. They noted that diffusion of cupric ions
through the CuxS controls the reaction rate. The oxidation of covellite
to cupric ions, sulfur and sulfate is controlled by mixed chemical and
diffusion models. It was noted that the presence of sulfur, if any, does
not influence the rate or oxidation mechanism.

Duda and Bartecki (1982) leached synthetic chalcocite in oxyge-
nated EDTA solutions and noted that the reaction also proceeded in two
steps as found in ammonia solutions (Salvador, 1978). They observed
that in acidic and neutral solutions, an activation energy of 10 kJ/mol
indicated diffusion controls the reaction in acidic solutions while in
alkaline solutions, they reported that the reaction is kinetically con-
trolled with an activation energy of 41 kJ/mol. The leaching of a nat-
ural chalcocite specimen in alkaline EDTA by Konishi et al. (1991) re-
vealed that the leaching process is electrochemically reaction
controlled.

Considering that chalcocite leaching in alkaline glycine has not been
extensively studied, the main objectives of this study were: (1) to in-
vestigate the effects of process variables on chalcocite leaching rate in
alkaline glycine solutions;(2) to establish the mechanism of copper
extraction from the chalcocite in alkaline glycine solutions; and (3) to
determine the kinetic model for leaching the chalcocite.

2. Experimental

2.1. Material

The chalcocite specimen used in this study was obtained from
GeoDiscoveries Pty Ltd., Australia. The mineral was dry ground and
sieved to obtain five different size fractions:< 20 μm, +20–38 μm,

+38–53 μm, +53–75 μm and +75–106 μm. Quantitative X-ray dif-
fraction (XRD) of the ground sample showed that the sample contains
82.0 wt% chalcocite and 18.0 wt% djurleite (Cu1.938S). The copper
concentration of the various size fraction was determined by XRF
analysis (Table 1).

2.2. Procedure

Each experiment was conducted in a thermally controlled 500mL
jacketed glass reactor fitted with a reflux condenser for water balance
control, a mercury thermometer, an anchor-type overhead Teflon-
coated stirrer, and rubber stopper for the sampling inlet. The reactor
was filled with 500mL solution of the desired reagent concentration
and pH (adjusted with NaOH). A dissolved oxygen (DO) controller
system (Syland M6000 O2 - Triomat Inline Dissolved Oxygen System)
was set to measure the DO in solution and maintain a desired DO value
by controlling the oxygen flow through an automatic valve controller.
The required solution temperature was achieved and maintained with a
digitally controlled heated circulating water bath. At the desired tem-
perature, the required amount of chalcocite specimen was added to the
solution and stirring started. After a specific leaching time, the stirring
was stopped. After one minute (to allow for the particles to settle), 3 mL
solution was extracted for determination of copper concentration using
atomic absorption spectrometry. The percentage of copper extraction
was calculated based on the copper released into the solution normal-
ised to the total amount of copper.

In order to determine the type of species that were formed during
chalcocite leaching in alkaline glycine solution that may limit the dis-
solution kinetics, un-leached and leached samples were analysed by
XPS and SEM-EDS. The leached residue considered for the analysis was
that from the 38–53 μm size fraction leached at 25 °C, at a glycine
concentration [Gly] of 0.5M, DO at 8 ppm, pH of 11, and an agitation
speed of 400 rpm. At the end of the experiment, the leach residue was
rinsed with deionized water to remove any adsorbed species. Part of the
washed residue was immediately frozen in a freezer to minimize any
further surface oxidation and this portion was used for XPS analysis
while the other part was dried in an oven at 50 °C and was for SEM
analysis.

XPS analysis was performed using a Kratos AXIS Ultra DLD instru-
ment. The electron take off angle was normal to the sample surface.
Spectra were interpreted using the CasaXSP software package. Scanning
electron microscopy analysis used to study the changes in the surface
morphology of the leached residue after leaching was conducted using a
NEON 40EsB FIB-SEM.. It was operated at 5.0 kV with a beam aperture
size of 30.0 μm.

In order to identify the copper products formed in solution, leach
solutions were scanned with a Varian, Carry 50 UV–Visible spectro-
meter interfaced with a compatible PC, and the resultant spectrum
compared with that of a standard cupric- glycine solutions. Cupric
sulfate pentahydrate (CuSO4·5H2O) was used at different concentra-
tions in alkaline glycine solution to generate a calibration curve for the
copper concentration. The total copper and Cu(II)-glycinate in solution
after leaching was analysed using an AAS and for Cu(II)-glycinate using
UV–Vis spectrometry, respectively.

2.3. Kinetic models

The shrinking core model (SCM) (Levenspiel, 1999) which has been
noted to reasonably represent reality in a broad variety of minerals (Li

Table 1
Copper content in each particle size fraction of chalcocite.

Size fraction, μm P100–20 20–38 38–53 53–75 75–106

Cu, % 78.4 79.2 78.5 78.6 77.6
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et al., 2013a) has been used to study the chalcocite leaching kinetics in
glycine. According to the SCM, the leaching process can be controlled
by the following steps as represented by Eqs. (1), (2) and (3). The step
that has the highest resistance to the reaction is then considered to be
the rate controlling step. To determine the controlling step, the right
hand side of each model equation is plotted against time using ex-
perimental data. The model fitting with a correlation coefficient closest
to one will be assumed to be controlling the leaching process.

=k t xFilm diffusion controlled: l (1)

= − − + −k t x xProduct layer diffusion controlled: 1 3(1 ) 2(1 )d
2

3 (2)

= − −k t xReaction controlled: 1 (1 )r
1/3 (3)

where x is the conversion fraction of the solid particles, kl, kd and kr are
the apparent rate constants for the different controlling steps, and t is
the reaction time.

However, some researchers (Feng et al., 2015; Nazemi et al., 2011;
Sultana et al., 2014) have noted that upon fitting experiment data with
the SCM model equations, it is difficult to predict the rate controlling
model if correlation coefficients for all model equations are very si-
milar. This similarity in correlation coefficients suggests that a mixed
model might be controlling the leaching process. In such a scenario,
individual rate equations are combined to determine to what extent
each step contributes to limiting the reaction. By applying a constrained
multi-linear regression using the least square technique, (Nabizadeh
and Aghazadeh, 2015; Nazemi et al., 2011) have been able to establish
the contribution of each rate controlling step to the overall leaching
kinetics. The SCM model equations are combined to give Eq. (4).

= + − − + − + − −t K x K x x K x(1 3(1 ) 2(1 )) (1 (1 ))l d r
2/3 1/3 (4)

The constants kl, kd, and kr can be determined by a multi-linear
regression analysis using the least square method. To avoid negative
values for the constants, a constrained least squares method as ex-
pressed in Eq. (5) was used.

∑∅ = ⎡

⎣
⎢ + − − + − + ⎛

⎝
⎜ − − − ⎤

⎦
⎥K x K x x K x t(1 3(1 ) 2(1 )) 1 (1 )

i
l d r i

2/3 21
3

(5)

∅ >Min subject to K K and K, 0l d r (6)

Eq. (6) is solved to determine the values of Kl, Kd, and Kr. The results
obtained by solving Eqs. (5) and (6) were used to estimate the time
needed to complete a leaching process controlled by any limiting me-
chanism/step.

The relationship between temperature and the rate constant is given

by the Arrhenius equation from which the activation energy for the
reaction can be estimated.

= −k Aef
E RT( / )a (7)

where A is a frequency factor, Ea is activation energy (kJ/mol), T is the
absolute temperature (K), and R is the universal gas constant (J/mol.k).

3. Results and discussion

3.1. The effect of initial Glycine concentration

Fig. 1 shows the influence of glycine concentration on the leaching
kinetics of chalcocite. It can be seen that copper extraction increases as
glycine concentration increases. It is, however, clear that there is an
upper limit above which any further glycine addition does not lead to
higher copper extraction. Under the given experimental conditions
(25 °C, 400 rpm, DO 8 ppm), 0.5 M was selected considered as an op-
timum glycine concentration, as similar copper extraction (43.0%) was
extracted at 1.0 M [Gly] in 48 h.

3.2. The effect of stirring speed

The effect of stirring speed was studied by varying the speed from
200 to 800 rpm. It can be clearly seen from the results in Fig. 2 that as
the stirring speed was increased from 200, 400 and 600 rpm, copper
extracted after 48 h also increased from 23.8, 43.3 and 52.4%, re-
spectively. The results also showed that copper extraction at 800 rpm
(44.1% cu after 48 h) was lower than at 600 rpm. Some researchers (Li
et al., 2013b; Mahajan et al., 2007; Aydogan, 2006; Sokić et al., 2009)
have also observed that increases in stirring speed led to lower copper
leaching rates. Such an observation is likely attributed to reduced
contact between the oxidant and ore particles caused by the increased
stirring agitation.

3.3. The effect of particle size

The effect of particle size on chalcocite leaching rate was studied
using five different particle size fractions: P100–20 μm, +20–38,
+38–53, +53–75, and+ 75–106 μm. As shown in Fig. 3, copper ex-
traction increases as the particle size decreases. The leaching of the
P100–20 μm size fraction for 48 h resulted in 78.2% Cu extraction while
the leaching of +20–38 and+ 38–53 size fractions both resulted in
43.0% Cu extraction; both extraction percentages were higher than that
(31.0%) obtained with the +53–75 and 75–106 μm size fractions. The
significant improvement in Cu extraction with fine grinding suggests

Fig. 1. The effect of glycine concentration on chalcocite leaching: 25 °C, 400 rpm, DO 8 ppm, Particle size (PS) 38–53 μm, 0.25% w/v (g/L) solids.
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that product layer diffusion through the product layer might be the rate
limiting step during chalcocite leaching in alkaline glycine solutions.

3.4. The effect of DO concentration

The effect of DO on the leaching rate of chalcocite was studied at DO
8, 15, 20 and 25 ppm. As shown in Fig. 4, increasing the DO con-
centration generally leads to increases in copper extraction. After 6 h of
leaching, at DO 25 ppm, copper extraction plateaued at 44.5% while

copper extraction at DO 15 and 20 ppm increased to 49.8 and 54.0%
respectively after 48 h. The reason for this is not clear, but it could be
attributed to some form of copper alteration products on the mineral
surface under such high DO conditions or glycine degradation.

3.5. The effect of temperature

The effect of temperature on chalcocite leaching was evaluated
using two particle size fractions, 38–53 μm and P100–20 μm, in the

Fig. 4. The effect of dissolved oxygen on chalcocite leaching: 0.5M Gly, 25 °C, 400 rpm, and+ 38–53 μm, 0.25% w/v solids.

Fig. 2. The effect of stirring speed on chalcocite leaching: 0.5M Gly, 25 °C, DO 8 ppm, PS 38–53 μm, 0.25% w/v solids.

Fig. 3. Effect of particle size on chalcocite leaching: 0.5M Gly, 25 °C, 400 rpm, DO 8 ppm, 0.25% w/v solids.
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temperature range 25 to 55 °C. The results in Fig. 5 show that the
leaching rate generally increases as temperature increases. However,
the difference in copper dissolution rate from both fractions corre-
sponding to 10 °C temperature increments is rather low. Given that it is
generally accepted that for chemically controlled leaching reactions,
rates are significantly improved by small increments in temperature
(Dreisinger and Abed, 2002), little improvement in copper leaching
rates against major temperature increases suggests that the leaching
process is not chemically controlled. The main observation here is that
fine grinding (P100–20 μm) comparatively resulted in dis-
proportionately higher copper dissolution rates to what one would ex-
pect for the relative size reduction. After 6 h of leaching the P100–20 μm
sample, up to 78% Cu was dissolved at 55 °C while only 39% Cu was
obtained from the 38–53 size fraction under the same conditions. As it
has been found in other alkaline media that chalcocite leaching occurs
in two stages with the second dominated by covellite leaching formed
from the first stage (Konishi et al., 1991) with finer particles, the
chalcocite quickly leaches before a substantial amount of surface cov-
ellite is formed.

3.6. Identification of reaction products

It has been well established that chalcocite leaching in both acidic
and alkaline media proceeds in two stages with the formation of cov-
ellite (CuS) as an intermediate product (Cheng and Lawson, 1991; Duda
and Bartecki, 1982; Konishi et al., 1991; Salvador, 1978). During the
first stage, chalcocite is converted to Cu (II) ions leaving behind a
copper deficient residue in the form of covellite. Senanayake (2007)
suggested that as the covellite is formed on the outer surface, it begins
to react and proceeds in parallel with the first stage, but at a much
lower rate, and only becomes significant after 40.0% dissolution of the
initial copper.

To identify the type of solid products formed during chalcocite
leaching in oxygenated alkaline glycine solutions, un-leached and lea-
ched chalcocite samples were analysed by XPS and SEM-EDS. The XPS
analysis involved the collection of a survey spectrum and a high re-
solution spectra for copper and sulfur. Fig. 6 shows the survey spectrum
of un-leached and leached chalcocite samples, with At% of each ele-
ment in the figure. It was found that the At% ratio of Cu-S in the un-
leached chalcocite is 22:4 while that in the leached chalcocite is 22: 29.
The At% ratio of Cu:S in the leached sample is similar to that obtained

Fig. 5. The effect of temperature on chalcocite leaching: 0.5M Gly, 400 rpm, DO 8 ppm, 38–53 μm, 0.25% w/v solids for (a) 38–53 μm particles and (b)P100 -20 μm
particles.

Fig. 6. Survey spectrum of un-leached and leached chalcocite samples.
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in pure covellite (CuS) as reported in National Institute of Standards
and Technology database. Also, the binding energies of Cu 2p3/2 and S
2p3/2 in the un-leached and leached chalcocite (Table 2) are compar-
able to those of pure chalcocite and covellite respectively as given in the
XPS reference pages (Naumkin et al., 2012; X-ray Photoelectron
Spectroscopy (XPS) Reference Pages, 2016). The results shown in Fig. 7
and Table 2 strongly suggest that covellite is a product of chalcocite
leaching in the alkaline glycine solution.

SEM-EDS analysis of un-leached and leached chalcocite (Fig. 8)
shows that the atomic ratio of Cu:S in the leached sample is 1:1 as
opposed to the 2:1 ratio for the un-leached chalcocite. This suggest that
covellite is an intermediate reaction product in the alkaline glycine
leaching system, in agreement with the findings reported by Konishi
et al. (1991) who found that the leaching of natural chalcocite in al-
kaline Na4EDTA occurs in two consecutive stages, i.e., solid covellite
forms in the first stage and in the second stage it dissolves, with chal-
cocite to covellite transformation being 10 times faster than covellite
dissolution.

For the alkaline leach solutions, the identification of the copper
glycinate complex was performed with the UV–Vis spectrometer (as
also found by Tanda et al., 2017a, 2017b). The final leach solution was
scanned at different wavelengths and the spectrum was compared with
that obtained for Cu(II) glycinate complex (See Fig. 9). Both spectra
show a single peak at a wavelength of 635 nm which is in agreement
with published data reporting a single peak at around 624–640 nm from
the copper (II) glycine complex (Darj and Malinowski, 1996; Fernandes
et al., 1997). Cu (II) ions concentration determined by UV–Vis spec-
trometer was the same as the total copper concentration analysed by
AAS. These results suggest that during chalcocite leaching in alkaline

glycine solution, cupric ions are rapidly oxidized to Cu (II) ions which
then form the stable Cu(II) glycinate complex.

We have observed that during the leaching of a copper sulfide
species in alkaline glycine solution, the sulfur is completely oxidized to
sulphate (Eksteen et al., 2017).

Thus, the reaction of chalcocite leaching in alkaline glycine solution
can be illustrated by the following Eqs. (8), (9) and (10).

+ + → +

+

Cu S 2NH CH COOH 0.5O Cu(NH CH COO) CuS

H O 1 stage
2 2 2 2 2 2 2

2
st (8)

+ + + → +

+

CuS 2NH CH COOH 2O 2OH Cu(NH CH COO) SO

2H O 2 stage
2 2 2

‐
2 2 2 4

2‐

2
nd (9)

+ + + → +

+

Cu S 4NH CH COOH 2.5O 2OH 2Cu(NH CH COO) SO

3H O overall
2 2 2 2

‐
2 2 2 4

2‐

2 (10)

3.7. Kinetic analysis

Assuming that the chalcocite particles are spherical, the shrinking
core model and its rate controlling equations can be applied to de-
termine the rate limiting steps during leaching. Using the experimental
data, the right hand side of each rate controlling equation was plotted
against reaction time for each variable. The kinetic model which gives
the best fit results for the experimental data is defined as the rate
limiting step. Table 3 shows the correlation coefficients (R2) values of
the fitted data for the first 6 h of leaching-corresponding to chalcocite
kinetics only. By comparing all the R2 values for the different experi-
mental variables in Table 3, it could then be predicted that the initial
leaching rate (0–6 h) of chalcocite in aqueous alkaline glycine solutions
is controlled by diffusion through the product layer since the R2 values
for this model are closest to 1.0.

Diffusion through the product layer as the rate controlling step
during the leaching of chalcocite was also confirmed by applying the
constrained multi-linear regression using the least squares method on
experimental data as shown in Table 4. It could be noted that as one
moves from the first leaching stage (0–6 h) to the second leaching stage
(24–48 h) the resistance to leaching increases as demonstrated by the
higher estimated times needed to complete the leaching process.

Using the apparent rate constants derived by application of the

Table 2
Binding energies of copper and sulfur for chalcocite and covellite from NIST
database and those for un-leached and leached chalcocite.

Species Cu 2p3/2 B.E.(eV) S 2p3/2 B.E.(eV)

NIST database Cu2S 932.5 161.9
CuS 932.3 162.1

Experimental Un-leached chalcocite 932.5 161.8
Leached chalcocite 932.2 162.1

Fig. 7. High-resolution spectra for copper from un-leached and leached chalcocite samples.
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Fig. 8. SEM-EDS spectra for: (a) un-leached and (b) leached chalcocite.

Fig. 9. UV–Vis spectrum of cupric sulfate and chalcocite in aqueous glycine solution at pH 11.
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equation of diffusion through product layer, the Arrhenius plot (ln kd vs
1/T(K)) was obtained for the first and second leaching stages as shown
in Fig. 10. The calculated apparent activation energies are 25.4 kJ/mol
and 108 kJ/mol for the first and second leaching stages, respectively.
The least squares fit (with an R2 of 0.89) of the 1st Stage Ea is ln
kd=−3.05/T+4.68; whereas the 2nd Stage Ea (with a fit of R2 of

0.98) is ln kd=−13.07/T+38.07.
The experimental variables including glycine concentration (Gly),

temperature (T), stirring speed (SS), particle size (PS), dissolved oxygen
(DO), all affect reaction kinetics. The effects of these variables on the
kinetic model have been evaluated using the following semi-empirical
Eq. (11). The equation has been limited to the first 6 h of leaching
(chalcocite predominant) only.

− − + − = −x x A Gly O SS PS Exp1 3(1 ) 2(1 ) o
a b c d

E
RT2

a2
3 (11)

The values of the constants Ao, a, b, c, d were estimated from the
plots the lnKd versus the natural logarithm of the parameters being
10.3, 0.61, 1.06, 0.97, and – 1.41, respectively. Eq. (11) can then be
written as (Eq. (12)):

− − + − = − −x x Gly O SS PS Exp1 3(1 ) 2(1 ) 10.03 RT0.61
2

1.06 0.97 1.41 25362
3

(12)

To validate the semi-empirical rate equation, experimental rate
values (left hand side of Eq. (12)) were plotted against calculated rate
values (right hand side of Eq. (12)) as shown in Fig. (11). The results
show an agreement between the experimental and the calculated rate
values (R2

fit of 0.90), although the power law fit of the regressed
parameters does not fully explain the full variance in the data (which
may imply a different structural form of the regression equation may
perform better).

4. Conclusions

The effects of glycine concentration, stirring speed, particle size,
dissolved oxygen concentration and temperature on the leaching of
chalcocite in alkaline glycine solutions are investigated. It was observed
that the rate of copper dissolution was generally increased as the gly-
cine concentration, stirring speed, dissolved oxygen were increased.
There was, however, an upper limit to which further increases did not
result in any improvements. The effect of particle size was significant
with leaching of fine particles (P100–20 μm) resulting in 78% Cu ex-
tracted in 24 h at 25 °C while only 40% was obtained for 20–38 μm
under the same conditions and over 24 h. It was noted that under all
conditions, the copper leaching rate is generally fast in the first 6 h and
then slows down for the rest of the leaching process. Analysis of the
leach residue by SEM and XPS identified the presence of covellite on the
surface of the leach residue, suggesting that the leaching of chalcocite
in alkaline glycine solutions occurs in two stages. In the first stage,
chalcocite is rapidly converted to copper ions and covellite. The second
stage then involves the slow leaching of the covellite formed on the
chalcocite surface. Copper speciation in the leach solution suggested Cu
(II) is involved in the formation of the copper-glycinate complex.

Kinetic analysis using the shrinking core model showed that both
the first and second stages are controlled the diffusion of reactants and
products through the product layer. Calculated apparent activation
energies were 25.4 kJ/mol and 108 kJ/mol for the first and second
leaching processes, respectively.

Optimizing the dissolution efficiency by leaching the P100–20 μm at
elevated temperatures, 78% copper was extracted in under 6 h at 55 °C.
Upon extending the leaching time to 48 h, the copper extraction slightly
increased from 78% to 88%. This observation implies chalcocite
leaching can be performed in two stages, after the first stage, the cov-
ellite formed on the chalcocite surface can be removed by limited
grinding and the exposed chalcocite surfaced is then further leached in
the second stage.

Table 3
Correlation coefficient values of shrinking core kinetic models for the first 6 h
leaching of chalcocite (38–53 μm) in alkaline glycine solution.

Variables Coefficient of Variation for Evaluated Models, R2

Diffusion through
film control

Diffusion through
product layer control

Chemical reaction
control

x 1–3(1-x)(2/3) + 2(1-x) 1-[(1-x)]^(1/3)

Glycine concentration
0.1 0.9426 0.9518 0.9483
0.2 0.8911 0.9513 0.9034
0.4 0.9569 0.9393 0.9632
0.8 0.9579 0.9372 0.9641

Temperature
25 0.9569 0.9393 0.9632
35 0.9419 0.9953 0.9576
45 0.9021 0.9905 0.9247
55 0.9133 0.9964 0.9367

Stirring speed, rpm
200 0.8546 0.9961 0.8659
400 0.9569 0.9393 0.9632
600 0.9467 0.9405 0.9887
800 0.9855 0.9908 0.9575

Particle size, μm
20–38 0.9493 0.9942 0.9617
38–53 0.9569 0.9393 0.9631
53–75 0.9138 0.9932 0.9237
75–106 0.9595 0.9936 0.9650

Dissolved oxygen, ppm
8 0.7899 0.9393 0.8393
15 0.9361 0.9881 0.9079
20 0.7198 0.9289 0.7832
25 0.8621 0.9831 0.9345

Table 4
Rate-controlling model determined for 0–6, 6–48 h and the overall leaching
data at different temperatures using the least squares method of constrained
multi-linear analysis (Data from the effect of temperature on 38–53 μm).

Temperature °C Kl (min) *103 Kd (min) *103 Kr (min) *103 R2

0–6 h leaching (Chalcocite predominant)
25 0 8.3821 0 0.9855
35 0 7.0068 0 0.9993
45 0 6.3407 0 0.9958
55 0 5.5667 0 0.9982

6–48 h leaching (Covellite predominant)
25 0 11.428 0 0.9086
35 0 10.296 0 0.9147
45 0 8.6874 0 0.9878
55 0 6.7736 0 0.97734

Whole leaching process
25 0 29.892 0 0.9556
35 0 22.875 0 0.9331
45 0 20.619 0 0.9763
55 0 17.617 0 0.9554
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