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KEYWORDS Abstract Leaching has been an effective method for extracting copper from cuprite, but dispro-
Cuprite; portionation reaction occurs in its acid leaching process and forms copper ions and copper ele-
Oxidation leaching; ments, which results in the highest leaching rate available reaching only 50%. In this
Ozone; investigation, ozone was used to oxidize the cuprite to improve its leaching rate in a sulfuric acid
Sulfuric acid solution, and its oxidation leaching mechanism was proposed and verified via various characteriza-

tions. The leaching test results indicated that when the temperature, acid concentrate and stirring
speed were kept at constant of 50 °C, 0.014 mol/L, 800 rpm, respectively, the leaching rate of cuprite
significantly increased by 43.24% with the increase of the ozone ventilation volume from 0 L/min to
3.0 L/min. Moreover, the leaching process of cuprite controlled by mixed steps and the reaction
activation energy was 31.51 kJ/mol. The atomic force microscope observation revealed a noticeable
alteration in the surface morphology of cuprite after oxidation leaching. The peak height experi-
enced a significantly decrease, indicating that the oxidation leaching reaction was intensified. The
analyses from the X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron
microscopy-energy dispersive spectroscopy and time-of-flight secondary ion mass spectrometry
indicated that copper elements formed during the direct leaching of cuprite due to the dispropor-
tionation reaction, while most Cu,O were dissolved during the oxidation leaching process. When
ozone was added, the Cu ™ on the cuprite surface was oxidized to Cu®™, and each newly generated
CuO film was timely dissolved in the sulfuric acid. It is thus concluded that ozone effectively oxi-
dized cuprite, strengthened its leaching process, and significantly increased its leaching rate. The
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findings of this study might provide a green approach for the effective oxidation leaching of cuprite.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cuprite (Cu,0) is one of the main copper oxides with copper content
reaching as high as 88.82%, and it has a high industrial value. The
main methods for utilizing cuprite include flotation and leaching
(Bai et al., 2018; Han et al., 2021a; Han et al., 2021b; Sheng et al.,
2018). When the sulfidation-xanthate flotation method was used to
concentrate cuprite, it is difficult for sulfur ions in sodium sulfide to
react with monovalent copper in cuprite, from the thermodynamic
point of view (Han et al., 2021c). Therefore, a sulfide film was not
easily formed on the cuprite surface, and consequently it is difficult
for the xanthate collector to be adsorbed on the cuprite surface and
to produce a satisfactory flotation performance (Sheng et al., 2021).
It was ever reported that the sulfidation-xanthate flotation method
achieved an impromved flotation performance with recovery reaching
75% by pre-oxidizing the cuprite (Han et al., 2021c; Han et al., 2021d;
Han et al., 2021e), but this performance was still not so satisfactory.

Leaching is another method for the recovery of cuprite. Aracena
et al. has studied the leaching of cuprite in an ammoniacal medium
(Aracena et al., 2018), and it was found that its leaching rate reached
82% under conditions such as pH = 10.5, NH4OH concentration = 0.
10 mol/L, leaching temperature = 45 °C, leaching time = 4 h, stirring
speed = 850 rpm, and liquid—solid ratio = 400:1. They believed that
this improvement in the leaching rate was due to the formation of Cu
(NH;)3~ in the solution. Generally, the ammoniacal medium is effec-
tive for leaching the cuprite, but its disadvantages, such as the long
leaching time and the relatively low leaching rate, restrict its effective
and economic applications. For the acid leaching process, sulfuric acid
or hydrochloric acid is mainly adopted to extract copper from the
cuprite. The acid leaching equation is as follows (Aracena et al., 2018):

Cu,0 + 2H* = Cu** + Cu’ + H,0 (1)

It is clear from Eq. (1), the disproportionation reaction between
cuprite and acid occurs and generates copper ions and copper ele-
ments, leading to the highest leaching rate available only reaching
50%. In this electrochemical process, the copper (I) in the cuprite needs
to be oxidized to obtain electrons so as to improve the leaching rate.

As an important chemical process in the chemical industry (Ge
et al., 2022; Su et al., 2022; Tan et al., 2022; Wei et al., 2021; Wu
et al., 2022), the oxidation reaction contributed to around 60% of
the chemical products production, and the reaction medium has been
primarily the volatile organic compounds (Abazari et al., 2021;
Bottone et al., 2022; Chen et al., 2022; Cui et al., 2021; Manoli
et al., 2022; Sun et al., 2022; Tan et al., 2020). It is noted that the oxi-
dizing agents used in the oxidation process are usually high-state inor-
ganic metal salts and organic compounds with oxidation capacity.
However, such chemical processes require high production costs and
produce a large amount of hazardous wastes, thereby posing a great
threat to the ecological environment. In recent years, with the increas-
ing awareness to environmental protection and green chemistry pro-
duction, ozone as a clean oxidant and an environment-friendly green
chemical reaction medium has attracted more and more attentions
(Alrousan and Dunlop, 2020; Baek et al., 2019; Funke et al., 2021).

Ozone (03), an allotrope of oxygen, is a molecule composed of
three oxygen atoms. The standard oxidation potential value of ozone
in an aqueous solution reaches 2.07 V, which is only lower than that
(3.06 V) of fluorine, and is considerably higher than those of hydrogen
peroxide (1.78 V), potassium permanganate (1.70 V), chlorine (1.36 V)
and oxygen (1.23 V) (Martinez et al., 2022). It exerts a strong oxidation
effect in the chemical reaction process. Compared with other tradi-
tional oxidants, ozone oxidation avoids the introduction of new impu-

rities in the oxidation system, such as potassium permanganate,
manganese dioxide, fluorine and chlorine, as well as the excessive
expansion of the solution system during the oxidation process of
hydrogen peroxide. Obviously, ozone possesses advantages, such as
high oxidation efficiency and selectivity, simple operation, and wide
application ranges; and, the oxygen produced from the ozone oxida-
tion process causes no pollution to the surroundings. Due to these
advantages over other traditional oxidants, ozone oxidation technol-
ogy has been widely used in the field of hydrometallurgy (Gui et al.,
2022; Gomes et al., 2022; Lv et al., 2021; Xin et al., 2021; Zhang
et al., 2022).

In this study, ozone was for the first time attempted as an oxidant
for the oxidation leaching of cuprite in a sulfuric acid solution, and its
leaching mechanism was fully elucidated using atomic force micro-
scope (AFM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), and time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). This study aimed to provide a theoretical basis
for enhancing the acid leaching process of cuprite.

2. Materials and methods

2.1. Materials

The cuprite sample used in this investigation was obtained
from Thaysombon Province, Laos. After hand sorting, crush-
ing, grinding, and screening, the sample with a particle size of
38 ~ 45 pm was obtained. The chemical analysis of cuprite is
presented in Table 1. As shown in the Table, the sample con-
tains 88.53% Cu and small amounts of alumina and quartz.

2.2. Leaching experiments

The leaching process was carried out in a 500 mL three-flask
batch reactor, with a thermostat to maintain the temperature
of the leaching solution during the reaction process. The reac-
tor was equipped with a digitally controlled mechanical agita-
tor, a condenser to prevent evaporation loss, and a rubber cap
with vents. Ozone was generated from an ozone generator, and
its ventilation volume was controlled at a given level using a
flowmeter. A cuprite sample of 5.0 g was added to the deion-
ized water, and then ozone was injected into the suspension.
After 3 min of oxidation, sulfuric acid solution was added to
this suspension and ozone was continuously injected during
this process. According to the preset leaching time, 5 mL of
the leaching solution was removed from the upper layer of
the leaching solution, and the concentration of copper ions
in the solution was measured through inductively coupled
plasma-atomic emission spectroscopy so as to calculate the
leaching rate x of copper. In the leaching experiments, the

Table 1 Chemical compositions of pure cuprite.
Compositions Cu AlLO3 SiO, Fe MgO
Contents (%) 88.53 0.80 0.57 0.15 0.048
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Table 2 Leaching parameters and ranges used in leaching
experiments.

Value
1.0, 1.5, 2.0, 2.5, 3.0*

Parameter

Ozone ventilation volume (L/
min)

Leaching temperature (°C)
H,SO4 concentration (mol/L)

20, 30, 40, 50*, 60
0.008, 0.010, 0.012, 0.014%*,
0.016

Stirring speed (rpm) 200, 400, 600, 800*, 1000

*These parameters were kept constant.

effects of ozone ventilation volume, temperature, H,SO,4 con-
centration and stirring speed were focused to be studied, and
the values are shown in Table 2.

2.3. Description of characterization methods

2.3.1. AFM detection

The Dimension Icon of Bruker AXS (USA) was used for the
AFM test. It is equipped with a probe, which compose of a tri-
angular cantilever (SCANA SYST-Air; thickness = 650 nm;
length = 115 pm; width = 25 um, frequency = 70 kHz; spring
const = 0.4 N/m), a tetrahedral needle tip (Silicon Nitride, tip
radius = 2 nm, tip hight = 2.5-8.0 um) and a base. A pixel of
256 lines, a scan rate of 1 Hz, and a scan area of 5 x 5 um2
were chosen to ensure that the images obtained had sufficient
resolution and reliable mechanical property mapping.

2.3.2. XRD detection

The X-ray source used for the XRD test was copper target Ko
ray, with a wavelength of 0.154056 nm, and the tube current
and voltage were set at 40 mA and 40 kV, respectively. With
a 0-20 step-scan method, the analysis was performed in the
range of 10°-90°, using a graphite monochromator filter at a
scanning speed of 3°/min.

2.3.3. XPS measurement

X-ray photoelectron spectrometry (PHI 5000, ULVAC-PHI,
Japan) was used for the surface analysis of the cuprite sample
under different conditions. A polished 1 x 1 x 0.1 cm? cuprite
slice was used in this measurement. Using Mg-Ko x-ray
(1253.6 eV) excitation, the x-ray source power was 200 W,
the background vacuum was greater than 1077 Pa, and the
energy scale was corrected to the binding energy of contami-
nant carbon C 1 s at 248.80 eV.

2.3.4. SEM-EDS detection

The surface morphology and energy spectrum of cuprite under
different conditions were tested using an SEM-EDS instru-
ment (XL30ESEM-TM). The conditions for this characteriza-
tion analysis were an acceleration voltage of 15 keV, beam
current of 100 pA, working distance of 15 mm, and a vacuum.

2.3.5. ToF-SIMS detection

In this detection, the samples were all detected with ToF-SIMS
(ION-TOF, Munster, Germany). The analysis gun used Bi " as
the primary ion source, operating at a primary energy of
30 keV. The analysis area of the sample was set to
500 x 500 pm?, and the measurement time was set to 66 s.

3. Results and discussion
3.1. Leaching investigation

3.1.1. Oxidative leaching reaction and effect of O3 concentration

Ozone has a strong oxidation capacity and it oxidizes reactants
at room temperature. For cuprite, ozone oxidized its monova-
lent copper to divalent copper, and the oxidation reaction was
as follows:

Cu,0 + 03 — 2Cu0 + O, (2)

After cuprite was oxidized by ozone, cuprous oxide was
converted into copper oxide. Then, sulfuric acid in the solution
reacted with copper oxide to produce copper sulfate and water,
as follows:

CuO + HQSO4 — CUSO4 + H2O (3)

Thus, the overall oxidation leaching reaction was described
as:

CuzO + 03 + 2stO4 — 2CUSO4 + ZHzo + 02
(4)

For this investigation, six different ozone ventilation vol-
umes (0, 1.0, 1.5, 2.0, 2.5, and 3.0 L/min) were respectively
adopted to show the effect of ozone concentration on the
cuprite leaching rate. For this purpose, the temperature, sulfu-
ric acid concentration, and stirring speed were kept constant at
50 °C, 0.014 mol/L and 800 rpm, respectively. As shown in
Fig. 1, the leaching rate of cuprite was obviously affected by
the ozone ventilation volumes, and significantly increased with
an increase in the ozone ventilation volume. When the cuprite
was directly leached in sulfuric acid, the leaching rate only
reached 49.50% after a leaching time of 40 min. However,
when the ozone ventilation volume was increased by 3.0 L/
min, the leaching rate was significantly increased to 92.74%.
Thus, the cuprite leaching rate after oxidation was increased
by 43.24% compared with the direct leaching. In this leaching
phenomenon using ozone, it was presumed that the concentra-
tion of oxidant in the leaching reaction system was increased
with the increase in the ozone ventilation volume. This in turn
facilitated the conversion of more Cu* into Cu?". Finally, the
disproportionation reaction for the cuprite was inhibited, and
the cuprite leaching rate was significantly improved. Thus, it
was clear that the ozone had a strengthening effect on the
leaching reaction for cuprite in the sulfuric acid solution, and
the improvement in the ozone concentration contributed to
the increased leaching rate of cuprite.

3.1.2. Effect of temperature on the leaching of copper

When maintaining a constant ozone ventilation volume of
3.0 L/min, acid concentration of 0.014 mol/L, and stirring
speed of 800 rpm, the experiments were carried out at five dif-
ferent temperatures ranging from 20 °C to 60 °C. As depicted
in Fig. 2, the leaching rate increased gradually with the
increase in reaction temperature, and in the first 10 min of
leaching, the leaching rate increased sharply. After 40 min of
leaching, 76.84% of copper was leached at 20 °C and
94.98% at 60 °C. The results of the temperature tests demon-
strated that the reaction temperature was one of the important
factors affecting the leaching of copper from cuprite.
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Fig. 1  Effect of ozone ventilation volume on cuprite leaching
rate.

3.1.3. Effect of H>SO, concentration on the leaching of copper

When the ozone ventilation volume, temperature, and stirring
speed were kept at constant of 3.0 L/min, 50 °C, 800 rpm,
respectively, the effect of H,SO4 concentration on the leaching
rate was examined at concentrations of 0.008, 0.010, 0.012,
0.014 and 0.016 mol/L. The results in Fig. 3 illustrated that
the leaching rate of copper increased sharply with the increase
of H,SO4 concentration. After 40 min of the leaching, the
leaching rate of copper was 53.36% at H,SO4 concentration
of 0.008 mol/L. When H,SO, concentration increased to
0.016 mol/L, the leaching rate reached 95.16%. Moreover,
when H,SO, concentration exceeded 0.014 mol/L, the leaching
rate of copper increased very little. Consequently, H,SO,4 con-
centration dramatically affected the cuprite leaching rate.

3.1.4. Effect of stirring speed on the leaching of copper

The effect of stirring speed in the range of 200 to 1000 rpm on
copper extraction rate was investigated, and the results are

Leaching time (min)

Fig. 3  Effect of H,SO4 concentration on cuprite leaching rate.

shown in Fig. 4. The experimental conditions consisted of an
ozone ventilation volume of 3.0 L/min, an acid concentration
of 0.014 mol/L, and a temperature of 50 °C. The results
demonstrated that the copper extraction rate gradually
increased with the increase in stirring speed. For a stirring
speed of 200 rpm, an extraction rate of 79.15% was achieved
at 40 min; when the stirring speed increased to 1000 rpm, an
extraction rate of 94.35% was achieved at 40 min. The increase
in stirring speed accelerated the diffusion of reactants and
products in the leaching process, resulting in an increasing
leaching rate.

3.1.5. Kinetic analysis

The kinetics of the leaching process of cuprite was explored to
find out the factors affecting the leaching rate and understand
the control steps of the leaching process. The leaching process
can be described as a liquid-solid reaction, and the reaction
between solid and fluid can be represented as follows:
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Fig. 2  Effect of temperature on cuprite leaching rate.
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Fig. 4 Effect of stirring speed on cuprite leaching rate.
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A(s) + B(aq) — Products (5)

where A and B represent the solid and the liquid reactant
undergoing leaching, respectively.

The leaching process of cuprite is in line with the shrinking
core model in the leaching kinetics theory (He et al., 2022),
which is divided into four control models, namely, the external
diffusion link control model (Eq. (6)), the internal diffusion
link control model (Eq. (7)), the chemical reaction link control
model (Eq. (8)) and the mixed kinetic control model (Eq. (9)).
The kinetics equations of the aforementioned four types of
models can be written as follows (Ajiboye et al., 2019; Chen
et al., 2022; Zhang et al., 2021):

x =kt (6)
1=3(1 = %) +2(1 = x) = kyt (7)
1—(1-x)"" =kt (8)
1/3In(1 —x) = 1+ (1 —x)"" =kt (9)

=

where x is the leaching rate, 7 is the reaction time, and k;, k4, k..
and k are the related apparent rate constants of the leaching
reaction.

To find the rate-controlling step of the leaching of cuprite in
sulfuric acid solutions, the kinetic parameters were analyzed
based on the shrinking core model using the rate expressions
given in Egs. (6)—(9). Based on the analysis results, the model
in Eq. (9) could be more suitable to demonstrate the kinetics
for this leaching system. The apparent rate constant, linear
correlation coefficient, and fitting curve for the mixed kinetic
control model are presented in Fig. 5.

As shown in Fig. 5, the linear correlation coefficient R® of
the mixed kinetic control model was more than 0.99, except
for one correlation coefficients slightly lower than 0.99
(0.9795), indicating an excellent linear relationship. Therefore,
Eq. (9) was considered as a kinetic model for the leaching pro-
cess of cuprite.

The kinetics of the leaching process controlled by mixed
steps could be expressed as follows:

=

(@) = 20°C, y=0.0035x, R*=0.9976 (b) = 0.008 mol/L, 3=0.0009x, R*=0.9922
07k ®  30°C, y=0.0057x, R*=0.9985 & 07k ®  0.010 mol/L, y=0.0020x, R*=0.9795 i
A 40°C, y=0.0081x, R>=0.9989 A 0.012 mol/L, y=0.0048x, R*=0.9925
06 L v 50°C, y=0.0124x, R>=0.9952 06l v 0.014 mol/L, y=0.0124x, R*=0.9952
ol ¢ 60°C,y=0.0163x, R*=0.9900 @ ¢ 0.016 mol/L, y=0.0185x, R—‘:O_«mxs’
=osk Y =ostk B4
-‘F/ @ _‘;
T 04 T 04 * y
= = i
0 0
o) v A < b4
= 03k i = 03+
- pe -
— v A ) = -V
0.2 F — — 0.2 »
e - ¢ T
" P v A
0.1 - 0.1k é E A —
- v A_— _  — °*
— o 7,,7-—3-”'_7 N
0.0 1 1 0.0 “—f’t; :‘_; —_—— - n
30 40 0 10 20 30 40
Time (min) Time (min)
0.8
(c) = 200 pm, y=0.0039x, R*=0.9927
07k ® 400 rpm, y=0.0063x, R*=0.9966
A 600 rpm, y=0.0085x, R*=0.9992 .
06 L v 800 rpm, y=0.0124x, R?=0.9952
@ ¢ 1000 rpm, y=0.0160x, R*=0.9992
=os b =
= * =
+.
T 04
7
E03
)
T 02
0.1
0.0

Fig. §
stirring speed.

Time (min)

Fitting curve of 1/3In(1 — x) — 1 + (1 — x)"'/* to the three influencing factors: (a) temperature, (b) H,SO,4 concentration, and (c)



6

J. Yang et al.

1/3In(1—x)—1+(1—x)""?
- [ko (C)- (SS)ﬁ-exp(—E/RT)] 1 (10)

where, C, SS, E, R and T are the concentration, stirring speed,
activation energy, molar gas constant and temperature, respec-
tively. The constants « and f are the dependence of the reac-
tion rate on the relevant parameters, and kg is the frequency
factor.

The Arrhenius graph of the cuprite leaching process is
shown in Fig. 6. The activation energy of cuprite leaching
was calculated from Fig. 6 as 31.51 kJ/mol in the temperature
range of 20-60 °C and the correlation coefficient of the fitted
curve was 0.9962, which also indicated that the leaching of
cuprite in the sulfuric acid solution followed the mixed kinetic
control model. Fig. 7(a-b) shows the relationship between Ink
and InC, and InSS, respectively. the constants « and f were
determined from the slopes of the straight lines, which were
4.5486 and 0.8737, respectively.

-4.0
y=-3.7898x+7.2998
A3 R?=0.9962
Es0f
S5 F
n
-6.0 1 1 1 1 1
3.0 3.1 3.2 33 34
1000/T (K1

Fig. 6  Arrhenius plot of the dissolution of cuprite.
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y=4.5486x+14.8633
R?=0.9904

Ink

551

-5.0 -4.8 -4.6 -4.4 -4.2 -4.0

InC

Therefore, the following kinetic expression could be repre-
sented to describe the kinetics equation of cuprite leaching:

1/3In(1=x)— 1+ (1 —x)"~
- [ko (€ (88)"8 . exp (—31.51 /RT)] 4 (11)

3.2. AFM imaging for raw cuprite, oxidative product and
leaching residue

While the distance between atoms was reduced to a certain
level, their interatomic force increases rapidly, which lays the
basic principle for AFM imaging. Based on the principle, sur-
face imaging is implemented via the force between the micro-
probe and the sample surface so that the information on the
sample surface topography is achievable (Li et al., 2019; Xie
et al., 2021; Xing et al., 2018; Zhu et al., 2019). Fig. 8 lists
the AFM images for the surface morphology and the changes
in the cross-section height for cuprite, cuprite after direct
leaching, cuprite after ozonation, and cuprite after oxidation
leaching. These images have vividly revealed the erosive effect
of leaching agents and oxidants on the cuprite surface. Specif-
ically, Fig. 8(a-c) respectively shows the two-dimensional (2D)
geometric topography, cross-section height, and the three-
dimensional (3D) height topography of cuprite; and Fig. 8(d-
f) respectively shows the 2D geometric topography, cross-
section height, and the 3D height topography of directly lea-
ched cuprite. It can be seen that when the cuprite reacted with
the leaching agent, its surface was eroded and a large number
of peaks appeared. After the cuprite was dissolved in sulfuric
acid, the height of peaks on the surface reduced from 4.6 nm
to 2.1 nm, and the surface morphology has changed. Fig. 8(-
g-1) shows the 2D geometric topography, cross-section height,
and the 3D height topography of cuprite after ozonation; and,
it can be seen that when the cuprite was oxidized by ozone, a
layer of copper oxide film was formed on the cuprite surface,
leading to that the height of peaks increased from 4.6 nm of
cuprite to 12.2 nm of cuprite after ozonation. Fig. 8(j-1) respec-
tively shows the 2D geometric topography, cross-section
height, and the 3D height topography of the oxidation leached

-4.0
(b) .
y=0.8737x-10.2517

-4.5 | R?=0.9787
E -5.0 |

S5k

| ]
-6.0 . L . L - L .
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Fig. 7 Plot of Ink versus different influencing factors: (a) reagent concentration and (b) stirring speed.
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Fig. 8 AFM images of topography on the surfaces of cuprite (a-c), cuprite after reaction with sulfuric acid (d-f), cuprite after reaction
with ozone (g-i), cuprite after reaction with ozone and sulfuric acid (j-1).

cuprite; and, it is clear that when the ozone and sulfuric acid
were respectively used as oxidant and leaching agent, the
cuprite surface was oxidized by ozone to form a copper oxide
film, and the copper oxide film was dissolved by sulfuric acid,
reducing the height of peaks from 12.2 nm to 3.1 nm.
Comparing the AFM morphologies of cuprite under the
aforementioned conditions, it was found that when the cuprite

was oxidized by ozone, it had the greatest influence on the
height of the cuprite surface peak, and the oxidation leaching
had the least influence. Therefore, it was easy to understand
that the copper oxide film was formed on the cuprite surface
after ozonation, and the peak height on the cuprite surface
was greatly increased. The cuprite or the CuO film on the
cuprite surface was dissolved in the acid leaching process, so
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that the peak height on the cuprite surface after direct leaching
or oxidation leaching was lower than that after oxidation. It
was seen that the addition of ozone has effectively increased
the oxidation reaction efficiency for cuprite, so that the leach-
ing reaction easily occurred, which improved the leaching rate
of cuprite.

3.3. XRD analysis for phases of raw cuprite, oxidative product
and leaching residue

Fig. 9 shows the XRD test results of cuprite, cuprite after
direct leaching, cuprite after ozonation, and cuprite after oxi-
dation leaching. As shown in Fig. 9, the raw cuprite mainly
contained cuprite and a small amount of elemental copper.
Its diffraction peaks of Cu,O were sharp and intense, indicat-
ing a highly crystalline nature; meanwhile, its extremely low
diffraction peak intensity of Cu, indicating the low Cu content
in the cuprite. No impurity peaks were observed, further con-
firming its high purity.

For the cuprite after direct leaching (Cuprite + H,SO, in
Fig. 9), the diffraction peak intensity of Cu,O was decreased
slightly due to the dissolution of sulfuric acid, while that of
Cu was significantly increased. This phenomenon has fur-
ther proved that the direct leaching of cuprite is a dispropor-
tionation reaction process, in which elemental copper was
formed. For the cuprite after ozonation (Cuprite + O; in
Fig. 9), the diffraction peaks for both Cu,O and Cu were sim-
ilar to that for raw cuprite, indicating that a copper oxide film
was generated on the cuprite surface during its ozonation pro-
cess. This copper oxide film hindered the further oxidation of
cuprite by ozone, so that the CuO phase was not detected, as
clearly shown in Fig. 9. For the cuprite after oxidation leach-
ing (Cuprite + O3 + H,SO4 in Fig. 9), the diffraction peak
intensity of Cu was increased significantly while that of
Cu,O was decreased significantly. In this investigation, Cu
was observed in the final leaching residue because a small
amount of Cu was present in raw cuprite as mentioned earlier,
and the disproportionation reaction inevitably occurred in the
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oxidation leaching process for cuprite. In addition, the leach-
ing residue produced from the oxidation leaching process con-
tained a small amount of Cu,O, due to the fact that a small
amount of cuprite was not fully oxidized, which made its dis-
solution in sulfuric acid difficult.

3.4. XPS analysis for Cu and O valence states of raw cuprite,
oxidative product and leaching residue

In this investigation, XPS was used to measure the Cu and O
valence states and reaction products on the cuprite surface
during the sulfuric acid leaching process in the absence and
presence of Oz;. The XPS curve-fitting spectra for Ols of
cuprite under different conditions are shown in Fig. 10.
Fig. 10a shows the Ols curve-fitting spectra on the untreated
cuprite surface. Two peaks could be fitted from the binding
energy of Ols, with the peaks at 532.31 eV and 530.92 eV cor-
responding to water and metal oxides, respectively (Marchon
et al., 1988; Poulston et al., 1996; Scandurra et al., 2021). It
is noted that the high peak height of water in Fig. 10a might
be resulted from the sensitivity of cuprite to hydration, which
led to the existence of combined water in the mineral during
the sample preparation while stirring it with deionized water.
Even after drying, the water remained in the cuprite, and thus
the peak area grew larger. Fig. 10b shows the Ols curve-fitting
spectra of the cuprite surface after sulfuric acid leaching. It was
clear that the spectral peak of water reached 532.14 eV, and
this is 530.83 eV for metal oxide (Poulston et al., 1996;
Scandurra et al., 2021). As an explanation for this phe-
nomenon, the cuprite was dissolved under the action of sulfu-
ric acid, resulting in that sulfate residue was present on the
mineral surface. The Ols curve-fitting spectra of cuprite after
ozonation are shown in Fig. 10c, revealing that the binding
energy of O (II) oxide species was decreased from 530.92 eV
to 530.76 ¢V, and the reason for this chemical shift was that
Cu™ was oxidized to Cu®" on the cuprite surface. As the bind-
ing energy of oxygen in CuO was lower than that in Cu,0, the
oxidation on the cuprite surface reduced the binding energy.

. —— ca—
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Fig. 9 X-ray diffraction patterns of raw cuprite, cuprite after direct leaching, cuprite after ozonation, and cuprite after oxidation

leaching.
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Fig. 10  XPS curve-fitting spectra of O 1 s: (a) cuprite, (b) cuprite + H,SOy, (¢) cuprite + Os, and (d) cuprite + O3 + H,SO,.

Fig. 10d shows the Ols curve-fitting spectra on the cuprite sur-
face after oxidation leaching for 20 min. It was clear that the
change in the binding energy of metal oxides was extremely
small, and the fresh surface after leaching was similar to that
of cuprite. From the perspective of thermodynamics, sulfuric
acid could easily dissolve CuO. Therefore, it was con-
cluded that once each layer of Cu,O on cuprite was oxidized
to CuO, this CuO film could be dissolved in sulfuric acid.
Figure 11(a-d) shows the XPS spectra peaks of Cu 2p on
the surface of cuprite without any treatment, after sulfuric acid
leaching, after ozonation, and after oxidation leaching for

20 min, respectively. As shown in Fig. 1la, a peak at
932.79 eV was assigned to Cu,O (Poulston et al., 1996;
Scandurra et al., 2021). As shown in Fig. 11b, when the cuprite
was leached by sulfuric acid, a dissolution reaction occurred,
resulting in the chemical displacement; and further, Cu® and
Cu™ might be present on the cuprite surface. The XPS results
of the cuprite after ozonation showed that the binding energy
of Cu 2p3/2 could be fitted to two peaks, and peaks of
934.38 eV and 932.7 eV were assigned to CuO and Cu,O,
respectively (Fig. 1lc) (Poulston et al., 1996; Scandurra
et al., 2021). Therefore, it was easy to understand that ozone
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Fig. 11
cuprite + O3 + H,SO,.

XPS curve-fitting spectra of Cu 2p: (a) cuprite + DI water, (b) cuprite + H,SOy4, (c) cuprite + O;, and (d)
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oxidized the cuprite, and part of Cu™ on the cuprite surface
might be converted into Cu®*. As shown in Fig. 11d, after
both ozonation and sulfuric acid leaching, the surface spec-
trum peak of Cu 2p3/2 at 932.99 eV was basically similar to
the peak of raw cuprite at 932.79 eV, indicating that the mate-
rial on the mineral surface was still Cu,O after oxidation leach-
ing. Therefore, every time cuprite was oxidized to a layer of
CuO film, sulfuric acid preferentially dissolved this layer of
film, and this was definitely the cycle of oxidation leaching
until cuprite was completely leached.

3.5. SEM-EDS analysis for morphology and chemical
composition of raw cuprite, oxidative product and leaching
residue

To further investigate the effect of direct leaching, ozonation,
and oxidation leaching on the change of cuprite surface, the
EDS area scanning analysis was performed on the surface,
and the results are shown in Fig. 12. Fig. 12(b, d, f and h)
shows the EDS spectrum of cuprite, cuprite after direct leach-
ing using sulfuric acid, cuprite after ozonation, and cuprite
after oxidation leaching, respectively.

As shown in Fig. 12a, the surface of raw cuprite was rela-
tively smooth. The semi-quantitative analysis result from
Fig. 12b shows that the weight concentrations of Cu atoms

and O atoms were 89.97% and 10.03%, respectively, and they
were basically consistent with the theoretical copper content in
cuprite (88.82%). Fig. 12¢ shows that the surface topography
of the cuprite changed significantly after direct leaching, and
its surface became rougher. When the cuprite was directly lea-
ched by sulfuric acid, the weight concentration of Cu atoms
increased from 89.97% to 94.58%, and correspondingly the
weight concentration of O atoms decreased from 10.03% to
5.42%. This was due to the fact that the disproportionation
reaction between cuprite and H™ occured to generate Cu,
Cu?™, and H,0, which reduced the concentration of O atoms
in cuprite after the leaching reaction, leading to the increased
weight concentration of Cu atoms and the decreased weight
concentration of O atoms.

During ozone oxidation, a large number of chiff-like sub-
stances appeared on the cuprite surface as shown in Fig. 12e.
This might be resulted from the uneven oxidation on the
cuprite surface, leading to the generation of an unevenly dis-
tributed oxide layer. The result of the semi-quantitative analy-
sis for the cuprite after ozonation was similar to that for raw
cuprite. Fig. 12g shows that the cuprite surface after oxidation
leaching was uneven and rough, indicating that an intense oxi-
dation leaching reaction. The semi-quantitative analysis for the
oxidation leached cuprite showed that the weight concentra-
tion of Cu atoms was 96.51% and that of O atoms was
3.23%. In addition, 0.26% of S was found, due to the existence

Fig. 12 SEM image and EDS spectra of cuprite samples: (a and b) untreated, (c and d) direct leaching, (e and f) ozonation, and (g and h)

oxidation leaching.



Leaching of cuprite with ozone as an oxidant

11

of copper sulfate on the mineral surface. The copper content in
the leaching residue after oxidation leaching was higher than
that in other groups of EDS experiments, and two reasons
might account for this result. First, raw cuprite contained a
small amount of copper element, which was not leachable. Sec-
ond, for an ideal oxidation leaching process, cuprite was oxi-
dized first and then it was leached, but a small part of
cuprite was directly leached by sulfuric acid before being oxi-
dized in practice. However, as a disproportionation reaction
for the direct leaching of cuprite, copper elements generate
on the cuprite surface. Consequently, after the oxidation leach-
ing of cuprite, only copper elements remained in the leaching
residue, resulting in a high copper content (96.51%). It is clear
that, these results were consistent with the XRD results.

3.6. ToF-SIMS analysis for surface chemical composition of raw
cuprite, oxidative product and leaching residue

To further determine the effect of different agents on the
cuprite surface, ToF-SIMS was particularly used to analyze
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Fig. 13 Copper ion mass spectra in ToF-SIMS for samples
cuprite + O3 + H,SO,.
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Fig. 14 Normalized intensity of Cu™ secondary ions on surfaces
of: (a) cuprite, (b) cuprite + H,SOy, (c) cuprite + O3, and (d)
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its surface chemical composition, by comparing their chemical
compositions and normalized intensities (Lai et al., 2020).

The image of Cu™ secondary ion fragments under differ-
ent processing conditions for cuprite is shown in Fig. 13, and
the normalized intensity of Cu’ secondary ions on the
cuprite surface under different conditions is shown in
Fig. 14. As shown in Fig. 14a, the intensity of Cu™ secondary
ion fragments (1.940 x 107°) on the cuprite surface was the
largest among the four groups. Fig. 14b illustrates that the
intensity of Cu™ secondary ion fragments on the cuprite sur-
face was weakened to 1.511 x 107> after the direct leaching
of cuprite with sulfuric acid. Obviously, this was because sul-
furic acid dissolved a small amount of copper (I) in the
cuprite. However, when cuprite was oxidized by ozone, the
intensity of Cu™ secondary ion fragments on the cuprite sur-
face further decreased to 1.249 x 107>, as shown in Fig. l4c.
In the ozonation process, ozone oxidized Cu™ on the cuprite
surface to Cu®>", changing the ratio of Cu:O on the cuprite
surface from the original 2:1 to 1:1. Therefore, compared
with the raw cuprite, the oxygen content on the cuprite sur-
face after ozonation increased, and the intensity of Cu™ sec-
ondary ion fragments decreased. Compared with the direct
leaching, the intensity of Cu" secondary ion fragments on
the cuprite surface after oxidation leaching decreased from
1511 x 107 to 1.469 x 107>, as clearly shown in
Fig. 14d. The aforementioned results have fully confirmed
that ozone effectively oxidized cuprite, changing Cu™ to
Cu?" on the cuprite surface, and strengthened the leaching
process for cuprite.

Based on the aforementioned results and analyses, a sche-
matic diagram for the oxidation leaching of cuprite was pro-
posed, as specifically shown in Fig. 15.

4. Conclusions

The oxidation leaching for cuprite using O3 in sulfuric acid solution
and its leaching mechanism were investigated. The results of leaching
experiments demonstrated that Cu leaching rate was dramatically
improved after the pretreatment with ozone for the cuprite, and the
leaching process of cuprite controlled by mixed steps and the reaction
activation energy was 31.51 kJ/mol.

A proposed oxidation leaching mechanism for cuprite by ozonation in sulfuric acid solution.

The surface morphology of the cuprite after oxidation leaching has
changed the most, and the oxidation leaching reaction was intense
after pretreatment with ozone. The disproportionation reaction
occurred in the direct leaching process for cuprite was mostly inhibited
during its oxidation leaching process. Furthermore, ozone effectively
oxidized Cu™ on the cuprite surface to Cu®>*, and the oxidized cuprite
exhibited enhanced solubility in the sulfuric acid solution because of
the timely dissolution by sulfuric acid for the newly generated CuO
film. The outcome from this investigation might provide a green
approach for the effective oxidation leaching of cuprite.
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