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Abstract: The effect of temperature on leaching behavior of copper minerals with different occurrence states in complex copper
oxide ores was carried out by phase analysis means of XRD, optical microscopy and SEM—EDS. The results indicated that at
ambient temperature, the easily leached copper oxide minerals were completely dissolved, while the bonded copper minerals were
insoluble. At lukewarm temperature of 40 °C, it was mainly the dissolution of copper in isomorphism state. With increasing
temperature to 60 °C, the copper leaching rate in the adsorbed state was significantly accelerated. In addition, when the temperature
increased to 80 °C, the isomorphic copper was completely leached, leaving 11.2% adsorbed copper un-leached. However, the copper
in feldspar—quartz—copper—iron colloid state was not dissolved throughout the leaching process. Overall, the leaching rates of copper
in different copper minerals decreased in the order: malachite, pseudo-malachite > chrysocolla > copper-bearing chlorite >

copper-bearing muscovite > copper-bearing biotite > copper-bearing limonite > feldspar—quartz—copper—iron colloid.
Key words: complex copper oxide ores; occurrence state; temperature; leaching behavior; copper minerals

1 Introduction

With the continuous depletion of high-grade copper
sulfide ores, there is a need to win metals from the
abundant complex copper oxide ores [1—3]. These ores
have the characteristics of low copper grade, high
oxidation rate, high combined rate, fine distribution
granularity as well as extremely complex copper phase
composition [4,5], which makes them difficult to utilize
and become a refractory ore resource. In recent years, the
treatment of complex copper oxide ores has been an
important and difficult problem for the mining and
metallurgical researchers. Hydrometallurgical process is
a good choice for its environmental friendliness [6],
including sulfuric acid leaching and ammonia
leaching [7]. Compared with ammonia leaching [8],
sulfuric acid leaching has more application prospect
because of its advantages of high copper leaching rate,
low environmental pollution, and low energy
consumption.

Temperature is an important factor affecting the
kinetics of leaching in hydrometallurgical processes. It is
generally considered that higher temperatures are used to
increase the leaching rate [9—11]. LEE et al [12] studied
the extraction kinetics of heavy copper-containing
sludge, and found that both in nitric acid and citric acid
solutions, the copper saturation concentrations and the
apparent rate coefficient increased with the extraction
temperature [12]. The extraction rates of Cu and Zn from
sewage sludge by citric acid were also found to be
increased with increasing temperature [13]. In addition,
the influence of seawater and discard brine on the
dissolution of copper ores and copper concentrate was
studied by LILIAN [14]. It was indicated that regardless
of the chloride solution used in the leaching test stirred at
room temperature, the chalcopyrite dissolution did not
exceed 4%, but increased to 90% when the temperature
reached 50 °C. However, the effect of temperature on the
leaching behavior of copper minerals with different
occurrence states in complex copper oxide ores was
seldom studied.

Foundation item: Project (U1608254) supported by the Special Fund for the National Natural Science Foundation of China; Projects (ZJKY2017(B)KFJJO01,
ZJKY2017(B)KFJJ02) supported by Zijin Mining Group Co., Ltd., China
Corresponding author: Hong-ying YANG; Tel: +86-13889803669; E-mail: yanghy@smm.neu.edu.cn

DOI: 10.1016/S1003-6326(19)65125-3



Gai-rong WANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2192-2201 2193

It is a typical complex copper oxide ore from
Mulyashy Copper Mine in Luanshya, Zambia. The
process mineralogy of the ores showed that there were
four occurrence states of the copper [15]. The copper in
mineral state mainly existed in the form of malachite,
chrysocolla and pseudo-malachite; isomorphic copper
existed in the form of biotite, chlorite and muscovite;
adsorbed copper existed in the form of limonite, and
colloid co-precipitated copper existed in the cemented
body of feldspar—quartz—copper—iron. Thus, the
occurrence state of copper-bearing minerals was
extremely complicated. At present, most studies focus on
the leaching technology or copper leaching efficiency of
this complex copper ore [16—18]. However, there is a
lack of details in the leaching process analysis of
copper-bearing minerals from the perspective of mineral
phase. In this work, the leaching process of complex
copper oxide ores with sulfuric acid at different
temperatures was carried out in order to analyze the
leaching behavior of copper minerals. It was found that
the leaching order of copper in different occurrence
states was significantly varied. This study will provide
the theoretical value and significant guidance for the
leaching of copper-containing minerals for industrial
application in this field.

2 Experimental

2.1 Materials

The samples used in this study were complex
copper oxide ores from Mulyashy Copper Mine in
Luanshya, Zambia, where the copper sulfide was a trace
(0.5%). Table 1 presents the chemical
composition of the ores in which the copper content was
1.85%. Figure 1 shows the X-ray powder diffraction
(XRD) analysis. As indicated in Fig. 1, the minerals in
the ores contained quartz, biotite, potassium feldspar,
muscovite, plagioclase and tremolite. Owing to the
dispersed distribution of copper in many minerals, there
was no characteristic spectrum associated with copper
minerals detected by XRD. Table 2 presents the phase
analysis of the ores, which showed that the copper
minerals contained malachite, chrysocolla, pseudo-
malachite, copper-bearing biotite, copper-bearing
chlorite, copper-bearing muscovite and copper-bearing
limonite. In addition, Fig. 2 presents the microscopic
images of copper-bearing minerals. The sulfuric acid
used in this work was of analytical grade.

amount

Table 1 Chemical composition of copper ores (wt.%)

Cu Co Ni Fe SiO,
1.85 0.035 0.008 3.70 58.40
Al 04 MgO CaO S C
11.14 8.95 2.31 <0.004 0.064
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Fig. 1 XRD pattern of copper ores

Table 2 Phase analysis results of copper ores (wt.%)

Occurrence . Copper Copper
state Copper mineral content distribution
Malachite 42.21 27.10
Mineral state Chrysocolla 47.15 25.10
Pseudo-malachite ~ 47.68 17.80
Coppe.r-l.)earmg 3.55 8.05
biotite
Isomorphism Copper—bearmg 405 780
state chlorite
Copper-bearing ¢, 2.47
muscovite
Adsorption Copper—bf:armg 204 12.05
state limonite
C01.10-1d _ Feldsparfq.uartzf 150 260
co-precipitation copper—iron
Other states - - 1.53

2.2 Characterization

The chemical composition of complex copper oxide
ores with different occurrence states of copper minerals
was analyzed by XRF (X'pertPRO). XRD (PW3040/60)
was used to measure the phase composition of the
sample to preliminarily determine the existence of
copper minerals. The raw ores and leaching slags at
different temperatures were mixed with resins to prepare
thin sections (two pieces of each temperature). In
addition, the sections were examined and analyzed using
optical microscope (LEICA-DMLP) and scanning
electron microscope (SEM) (SHIMADZU SSX-550)
equipped with an EDS detector.

2.3 Leaching experiment

The leachable property of the copper ores was
detected using orthogonal array method. Based on the
previous leaching tests, it was identified that temperature
(A), sample size (B), leaching time (C), stirring speed (D),
and H,SO, concentration (E) could affect the leaching
process. Each of the five parameters has four levels with
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Fig. 2 Microscopic images of copper-bearing minerals in ores: (a) Single malachite (Mal); (b) Malachite and limonite (Lim);
(c) Malachite and biotite (Bt); (d) Pseudo-malachite (P-mal) and muscovite (Ms); (e) Biotite and chlorite (Cld); (f) Limonite and

biotite

an orthogonal array 16 (4°). The experimental parameters
and their levels are given in Table 3. The experimental
procedure is presented as follows: Firstly, 30 g raw ore
was added into a 250 mL three-neck beaker with 150 mL
sulfuric acid of certain concentrations. The leaching
process was carried out with a constant temperature
water-bath heating and dynamic stirring. After leaching
for a certain time, the solution was filtered and the slag
was washed, dried, and finally analyzed by atomic
absorption spectroscopy (AAS) to determine the copper
contents.

The copper leaching rates (R) of copper minerals at

different temperatures were calculated using Eq. (1):

R = "oWo80 ~MMEL
myWp 8o

x100% (1)

where wy, wy (Wt.%) are the fractions of copper minerals
in the raw ores and the leaching slags at different
temperatures; go, g1 (Wt.%) are the copper contents of
copper minerals in the raw ores and the leaching slags at
different temperatures; mg, m; (g) are the mass of raw
ores and the leaching slags at different temperatures.

The fractions (wt.%) of the copper minerals in raw
ores and leaching slags at different temperatures were
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obtained by the study of process mineralogy using
microscopy and SEM—EDS. The copper contents (wt.%)
of the minerals in raw ores and leaching slags at different
temperatures were achieved by EDS statistics. In this
statistical process, 40 particles of each copper-containing
mineral were collected from 40 thin sections at different
particle sizes.

3 Results and discussion

3.1 Effect of factors on leaching

The copper leaching rates and range analysis results
of the L, (4°) experiment are shown in Table 4. It can be
seen that the copper leaching rate of experiment No. 13
was the highest about 96.02%, while experiment No. |
was the lowest of 47.69%. In addition, the range values
of the factors (4), (B), (C), (D) and (E) were 21.53%,
11.04%, 9.17%, 7.59% and 10.61%, respectively.
Therefore, the order of factors influencing the leaching

Table 3 Experimental parameters and their levels

2195

was as follows: temperature > sample size > H,SOy
concentration > leaching time > stirring speed, which
indicated that temperature has the greatest effect on the
leaching.

Figure 3 presents the effect of each factor on the
leaching rate of copper. It should be noted that the graph
was only used to show the trend of each factor, rather
than predicting other values that were not tested
experimentally. From Fig. 3, it can be seen that as the
temperature increased from 25 to 80 °C, the leaching rate
of copper increased remarkably. As higher temperature
can increase the speed of molecular motion and the
collisions between the minerals and H' [19], the increase
in the temperature causes an elevation in the dissolution
rate [20]. A decrease in particle size less than 74 pm
accounting for 40% to 60% led to a significant increase
in the leaching rate of copper. Since the leaching kinetics
was more rapid for the finer particle size with greater
available surface area for the reaction to take place [2,21].

Level 7/°C S (<74 pm)/% t/min R/(r'min”") Cii,s0,/(mol-L7™")
1 25 40 60 200 0.2
2 40 60 90 300 0.7
3 60 80 120 400 1.2
4 80 100 150 500 1.7
Table 4 Leaching results of L, (4°) experiment
No. 7/°C S (<74 um)/% t/min R/(r'min”") Cu,s0, (mol-L ™" Copper leaching rate/%
1 25 40 60 200 0.2 47.69
2 25 60 90 300 0.7 717.75
3 25 80 120 400 1.2 82.03
4 25 100 150 500 1.7 85.93
5 40 40 90 400 1.7 81.46
6 40 60 60 500 1.2 84.10
7 40 80 150 200 0.7 85.59
8 40 100 120 300 0.2 85.12
9 60 40 120 500 0.7 91.37
10 60 60 150 400 0.2 88.88
11 60 80 60 300 1.7 92.78
12 60 100 90 200 1.2 94.49
13 80 40 150 300 1.2 96.02
14 80 60 120 200 1.7 95.79
15 80 80 90 500 0.2 92.51
16 80 100 60 400 0.7 95.18
K, 73.35 79.14 79.94 80.89 78.55
K, 84.07 86.63 86.55 87.92 87.47
K; 91.88 88.23 88.58 86.89 89.16
Ky 94.88 90.18 89.11 88.48 88.99
r 21.53 11.04 9.17 7.59 10.61

K, K>, K3, K4: Leaching rate of copper on each level, %; r: Range, %
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Fig. 3 Effect of each factor on leaching rate of copper: 4—
Temperature, °C; B—Sample size <74 pum, %; C—Leaching
time, min; D—Stirring speed, r/min; E—H,SO, concentration,
mol/L

However, this trend tended to decrease when the particle
size less than 74 pm accounting for 60% to 100%. Based
on the grinding energy consumption, the sample particle
size less than 74 um accounting for 80% was considered.
The leaching rate of copper also increased with
increasing time, and 120 min was the best. Furthermore,
with an increase in stirring rate from 200 to 300 r/min,
the leaching rate increased significantly, but remained
almost constant at 500 r/min. Therefore, the optimal
stirring speed was considered to be 300 r/min. When the
H,SO, concentration increased from 0.2 to 1.2 mol/L, the
leaching rate was raised from 78.55% to 89.16%. The
phenomenon was attributed to the acid concentration
effect on increasing the H' activity that resulted in the
further dissolution of copper. However, the upward trend
decreased as the H,SO, concentration increased from 1.2
to 1.7 mol/L. Considering the corrosion of equipment,
1.2 mol/L was the optimum.

3.2 Effect of temperature on leaching

As indicated above, the temperature had the greatest
influence on the leaching rate of copper. Therefore, the
effect of temperature on the leaching behavior of copper
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minerals with different occurrence states in complex

copper oxide ores was carried out at different
temperatures of ambient temperature (AT, 25 °C),
lukewarm temperature (LT, 40°C) and medium

temperatures (MT;, 60°C and MT,, 80°C) at the
optimal conditions mentioned above. The leaching
conditions were as follows: 30 g ores, sample size less
than 74 pm accounting for 80%, sulfuric acid of
1.2 mol/L, leaching time of 120 min, solid—liquid ratio of
0.2 g/mL, stirring speed of 300 r/min. Table 5 shows the
leaching results of copper contents in copper-bearing
minerals at different leaching temperatures.

3.2.1 Leaching at ambient temperature

At AT, the copper leaching rate of the ores was
69.35%. It was detected by microscope and SEM—EDS
that the easily leached copper oxide minerals such as
malachite and pseudo-malachite were completely
dissolved except for a few chrysocolla [22]. As can be
seen in Table 5, almost no copper was leached from the
bonded copper minerals, such as copper-bearing biotite,
copper-bearing chlorite, copper-bearing muscovite,
copper-bearing limonite and colloid of feldspar—quartz—
copper—iron. LIU et al [4] noted that all of the copper
minerals leached in the solution, copper silicates
exhibited the poorest propensity to leach. Figure 4 shows
the copper leaching rates of bonded copper minerals at
different temperatures.

3.2.2 Leaching at lukewarm temperature

82.04% of the copper leaching rate was achieved at
LT. It was found from Table 5 that at this temperature,
the un-leached chrysocolla at AT was dissolved
completely. Figure 4 shows that 67.57% of isomorphic
copper minerals were leached, including 56.52% copper-
bearing biotite, 66.80% copper-bearing muscovite and all
copper-bearing chlorite. Moreover, about 20.75% of the
copper adsorbed by limonite was also leached.

Figure 5 presents the SEM-EDS images of
morphologies and elemental characteristics of the copper
minerals at LT. Figures 5(a;, a,) correspond to single
copper-bearing biotite and single copper-free biotite.
Furthermore, Fig. 5(b;) corresponds to the associated

Table 5 Copper contents of copper-bearing minerals at different temperatures (wt.%)

) Temperature
Occurrence state Copper mineral Raw one

AT LT MT;, MT,

Malachite 42.21 0 0 0 0

Mineral state Pseudo-malachite 47.68 0 0 0 0

Chrysocolla 47.15 0.21 0 0 0

Copper-bearing chlorite 4.05 4.05 0 0 0

Isomorphism state Copper-bearing biotite 3.55 3.55 1.22 0.59 0

Copper-bearing muscovite 0.60 0.60 020 0.03 0
Adsorption state Copper-bearing limonite 2.94 2.94 2.32 1.59 0.33
Colloid co-precipitation Feldspar—quartz—copper—iron 1.50 1.50 1.50 1.50 1.50
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Fig. 4 Copper leaching rates of bonded copper minerals at
different temperatures

copper-bearing biotite. It was observed that there were
no differences in morphologies between the copper-
bearing biotite and copper-free biotite, they were both
relatively intact with the acid leaching at LT. However,
much of the EDS data showed that the copper contents of
biotite and muscovite decreased from 3.55% and 0.6% to
1.22% and 0.2%, respectively, indicating that some
copper in isomorphism state could be leached out at LT.
In addition, Fig. 5(b,) corresponds to copper-adsorbed
limonite associated with copper-bearing biotite. It was
found that the sign of copper-adsorbed limonite eroded
by acid was not obvious [23]. From EDS analysis, the
copper content of copper-adsorbed limonite decreased
from 2.94% to 2.32%, showing that the copper in the
adsorbed state cannot be leached effectively at LT.

3.2.3 Leaching at medium temperature

The leaching experiments of the complex copper
ores with sulfuric acid were carried out at medium
temperatures (MT, 60 °C and MT,, 80 °C). The leaching
behaviors between copper minerals with different
occurrence states were obviously different.

The leaching rate of copper was 87.84% at MT;.
The easily leached copper oxide minerals were dissolved
totally, 86.34% of isomorphic copper minerals were also
leached, including 78.88% copper-bearing Dbiotite,
95.14% copper-bearing muscovite and all copper-bearing
chlorite. In addition, 45.64% of copper adsorbed by
limonite was also leached (Fig. 4).

The SEM-EDS images of morphologies and
elemental characteristics of copper minerals at MT, are
shown in Fig. 6. Figures 6(a;) and (b,) represent single
copper-bearing biotite and associated biotite, respectively.
It was observed that the copper-bearing biotite minerals
were obviously eroded by acid, reflected by the widening
of the distances between the cleavage cracks as well as
the disjunction cracks as compared to Fig. 5(a;) and (b)).
The reason may be that the biotite structure was
collapsed at this leaching conditions, and the similar
behavior was also observed in other studies [24,25]. The
dissolution morphology of the copper-bearing muscovite
was the same as the copper-bearing biotite. Besides, the
EDS results showed that the copper contents of biotite
and muscovite decreased significantly from 3.55% and
0.6% to 0.59% and 0.03%. However, there were no
differences in the morphologies and elemental
characteristics between the copper-free biotites in
Fig. 6(b,) and Fig. 5(a,). The result indicated that the
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Fig. 5 SEM images (a, b) of copper minerals at LT and corresponding EDS results (a;, a,, by, by) of points 1—4
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Fig. 6 SEM images (a, b) of copper minerals at MT; and corresponding EDS results (a;, b;, b,, bs) of points 1—4

leaching effect of copper-bearing mica minerals is better
than that of copper-free mica minerals. In addition, it was
inferred from the obvious appearance of micropores and
holes in Fig. 6(b) that the copper-adsorbed limonite
Fig. 6(b;) was significantly etched by acid solution, and
the copper content decreased apparently from 2.94% to
1.59%.

The leaching rate of copper was 94.03% at MT,. At
this temperature, the easily leached copper oxide
minerals were leached. Besides, the bonded copper
minerals of isomorphism state such as copper-bearing
biotite, copper-bearing muscovite and copper-bearing
chlorite were completely dissolved. However, the
leaching rate of copper in the adsorbed state was 88.8%,
leaving 11.2% of the copper adsorbed by limonite
un-leached (Fig. 4).

Figure 7 shows the SEM-EDS images of the
morphologies and elemental characteristics of copper
minerals at MT,. The SEM—EDS results revealed that
there was no copper remained throughout the biotite and
muscovite minerals after sulfuric acid leaching at MT,. It
was also noticed that some biotite and muscovite were
seriously corroded by acid, as observed from the obvious
widening of the distances between the cleavage cracks
and disjunction cracks in Region 1 (Fig. 7(a)) and
Region 3 (Fig. 7(b)). In addition, Figs. 7(a;, b,) indicated
that the contents of Mg, Al, K and Fe in this kind of mica
minerals were greatly reduced, which can be deduced
that these minerals were copper-bearing mica minerals.
However, the shapes of some mica minerals were
relatively intact, and the content of Fe was almost
un-changed from Fig. 7(a;), due to its poor insulation
performance [26], which inferred that the minerals were

copper-free mica. Overall, it was further indicated that
the leaching effect of copper-bearing mica minerals was
better than that of copper-free mica minerals. The reason
may be that the stability of mica minerals with copper
isomorphism is lower than that of copper-free mica
minerals, which allows the elements to dissolve more
easily [27].

At MT,, the seriously dissolved cavities and cracks
in Region 4 indicated that the dissolution effect of
copper-adsorbed limonite was accelerated significantly.
Figure 7(b,) showed that the copper content of limonite
was significantly reduced by 2.94% to 0.33%. However,
as can be seen in Table 5, the copper in colloid
co-precipitation state was not leached throughout the
leaching experiment.

3.3 Comparison of leaching behaviors of copper

minerals at different temperatures

It can be seen from Table 5 that at AT, the easily
leached copper oxide minerals such as malachite and
pseudo-malachite were completely dissolved, except for
a few chrysocolla. As the copper from chrysocolla was
leached, it was thought to leave behind an impervious
layer of hydrated silica that hindered further leaching of
copper [28—30]. This result was consistent with the
leaching experiment by SUN et al [31], which showed
that the copper oxidized minerals can be dissolved in
sulfuric acid at room temperature. Nevertheless, the
bonded copper minerals were not leached at this
temperature. Additionally, with the increase in leaching
temperature, the bonded copper minerals were gradually
dissolved. Figure 8 shows the copper contents of bonded
copper minerals at different temperatures.
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Fig. 7 SEM images (a, b) of copper minerals at MT, and corresponding EDS results (a,, a,, by, b,) of points 1—4

It was noticeable from Fig. 8§ that at LT, the leaching
rates of isomorphic copper minerals such as copper-
bearing biotite and copper-bearing muscovite were
significantly accelerated. The leaching effect of copper-
bearing chlorite appeared was the most significant,
which was completely dissolved out. As known, most
copper-bearing chlorite was altered from copper-bearing
biotite along with the dissociation and cleavage
cracks [32]. During the alteration process, the layered
structure of copper-bearing chlorite could be changed,
which led to the improvement of copper leaching [33].
However, a poor effect on the dissolution of copper
adsorbed by limonite was observed at LT.

It was propitious for the leaching of bonded copper
minerals at MT. At MT), large numbers of isomorphic
copper minerals were dissolved. The copper contents in
biotite and muscovite were reduced from the original
3.55% and 0.6% to 0.59% and 0.03%, respectively. And
the copper content in copper-adsorbed limonite was also
decreased significantly from 2.94% to 1.59%. Moreover,
it was shown that at MT,, the isomorphic copper
minerals were completely leached, while 0.33% of the
copper content remained in the copper-adsorbed limonite,
indicating that the copper in the adsorbed state was more
difficult to be leached than that in isomorphism state.
However, the copper in colloid co-precipitation of
feldspar—quartz—copper—iron was not leached throughout
the leaching process. It was suggested that the
un-leached bonded copper at MT, needs some
strengthening means such as mechanical activation,
microwave or ultrasound for further dissolving.

-+ Copper-bearing biotite

-o- Copper-bearing chlorite

-+ Copper-bearing muscovite

-v- Feldspar-quartz—copper—
mron

- Copper-bearing limonite

Copper content/wt.%
[\

L !

LT MT,
Temperature

Rawore AT MT,
Fig. 8 Copper contents of bonded copper minerals at different

temperatures

Figure 9 presents the leaching behavior of Si, Al, Ca
and Mg, as well as the acid consumption at different
temperatures. It can be seen that with an increase in the
temperature, the leaching rates of Si, Al, Ca and Mg
raised gradually, while the growing trend about Si was
not significant. It was found that most of Si existed in
quartz, feldspar, mica, chlorite and chrysocolla in the
copper The order of dissolution rate of
rock-forming minerals in acid studied by Swedish
scholars was biotite > chlorite > hornblende > feldspar >
quartz [34]. In this study, the quartz, feldspar and
hornblende were difficult to be decomposed, in contrast,
chrysocolla and part of mica and chlorite can be leached
with the generation of hydrated silica, resulting in a
relatively low leaching rate of Si. Al mainly existed in

ores.
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the minerals of feldspar, mica and chlorite; Mg was
mainly found in the minerals of amphibole, mica and
chlorite. With increasing temperature, the mica and
chlorite were gradually dissolved, leading to the increase
of leaching rates of Al and Mg. Furthermore, the
leaching rate of Ca was lower than that of Al and Mg,
due to the fact that the Ca was mostly found in the
insoluble amphibole and a few calcite. In addition, it was
shown from Fig. 9 that with an increase of temperature,
the acid consumption was enhanced but a relatively low
value appeared, because the main minerals such as quartz,
feldspar, amphibole and copper-free mica in the ores did
not consume much sulfuric acid, while the contents of
acid-consuming minerals such as malachite, chrysocolla,
calcite, copper-bearing chlorite and copper-bearing mica
were relatively low.
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Fig. 9 Leaching behaviors of Si, Al, Ca and Mg, as well as acid
consumption at different temperatures

The above analyses summed up that the order of
copper leaching rates in different occurrence states was
as follows: mineral copper > isomorphic copper >
adsorbed copper > colloidal copper, and corresponding to
the copper minerals: malachite, pseudo-malachite >
chrysocolla > copper-bearing chlorite > copper-bearing
muscovite > copper-bearing biotite > copper-bearing
limonite > feldspar-quartz-copper-iron colloid.

4 Conclusions

(1) The order of factors affecting the leaching was
as follows: temperature > sample size > H,SO,
concentration > leaching time > stirring speed.

(2) At ambient temperature, the easily leached
copper oxide minerals such as malachite and pseudo-
malachite were completely dissolved except for a few
chrysocolla, while the bonded copper minerals were not
leached at all.

(3) Increasing temperature was favorable to the
leaching of bonded copper minerals. At lukewarm

temperature of 40 °C, the dissolution of copper was
mainly in isomorphism state, which was not obvious in
the adsorbed state. With an increase in temperature to
60 °C, the leaching rate of copper in the adsorbed state
was significantly accelerated. Moreover, at 80 °C, the
isomorphic copper was completely leached, but leaving
11.2% adsorbed copper un-leached.

(4) The leaching effect of copper-bearing mica
minerals was better than that of copper-free mica
minerals.

(5) The leaching rates of copper in different
occurrence states decreased in the order: mineral
copper > isomorphic copper > adsorbed copper >
colloidal copper, corresponding to the leaching of copper
minerals: malachite, pseudo-malachite > chrysocolla >
copper-bearing chlorite > copper-bearing muscovite >
copper-bearing biotite > copper-bearing limonite >
feldspar quartz copper-iron colloid.
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