
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 4
:4

7:
23

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Combined flotat
aYunnan Academy of Ecological and Environ
bSchool of Land and Resources Engineeri

Technology, Kunming 650093, China

Cite this: RSC Adv., 2025, 15, 31230

Received 9th April 2025
Accepted 31st July 2025

DOI: 10.1039/d5ra02448j

rsc.li/rsc-advances

31230 | RSC Adv., 2025, 15, 31230–3
ion-oxygen pressure leaching
process for treatment of copper smelting slag with
a high oxidation rate and its kinetic study

Zixuan Yang,a Yuanlin Ma,b Shuting Wanga and Tingtao Bi *a

A process route combining flotation for recovering easily floatable sulfide copper minerals and oxygen

pressure acid leaching (OPAL) was employed to comprehensively recover valuable metals (Cu, Mo, Fe,

etc.) from copper smelting slag with a high oxidation degree. The oxidative leaching process selectively

dissolved and recovered Cu and Mo while transforming Fe into leach residue, rendering it suitable as

a raw material for iron and steel smelting. Under optimal conditions, the leaching recoveries for Cu and

Mo reached 96.87% and 95.39%, respectively, with over 90% of Fe in the residue phase. Kinetic studies

revealed that the OPAL process conforms to the shrinking core model without a solid product layer. The

leaching rate was initially controlled by the chemical reaction, transitioned to mixed control during the

intermediate stage, and was finally governed by diffusion through the solid product layer in the later

stage. Based on this, the kinetic equations for Cu and Mo leaching during the chemically controlled

stage were fitted and calculated, and the reaction model was established.
1 Introduction

Copper (Cu), an indispensable fundamental raw material in
modern industry and socio-economic development, is widely
utilized in electrical appliances, transportation, light industry,
machinery, construction, and defense industries due to its
excellent physicochemical properties.1,2 Its metallic form and
alloys have become essential materials for modern industry,
agriculture, national defense, and scientic technologies.3

Copper smelting slag is generated during the pyrometallurgical
processing of copper concentrates (with a grade of >20%) into
high-purity copper metal. Current copper smelting slags typi-
cally contain over 0.5% copper, signicantly exceeding the
average grade of most copper ores. These slags are rich in
valuable metals, such as Cu, Fe, Zn, and Mo, yet their complex
composition, dense structure, and hardened texture make the
recovery of copper, iron, and other resources extremely chal-
lenging.4,5 Globally, vast quantities of copper smelting slag are
produced annually, with China alone generating approximately
20 million metric tons each year.6 To date, the total amount of
copper smelting slag has reached 150 million metric tons,
primarily in the form of slow-cooled slag and water-quenched
slag. The massive stockpiling of copper smelting slag not only
occupies land resources but also poses severe environmental
risks.7 The slag contains non-biodegradable toxic substances,
such as arsenic and lead, which can inltrate soil, contaminate
mental Sciences, Kunming 650034, China
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water systems, and bioaccumulate in organisms, leading to
chronic health hazards and diseases. In order to make rational
use of copper smelting slag, relieve the pressure on mineral
resources and achieve a win–win situation for the economy and
environment, it is imperative to strengthen the resource utili-
zation and eco-friendly treatment of copper smelting slag.8–10

In recent years, advancements in copper smelting technol-
ogies and the increasing scarcity of copper concentrate raw
materials have driven signicant progress in the comprehensive
utilization and recycling of copper smelting slag. Current
recovery processes primarily include mineral processing and
metallurgical methods. Mineral processing, featuring a simpli-
ed owsheet and lower operational costs, has been widely
applied in the mining industry for treating high-sulfur copper
smelting slag.11 Based on differences in hydrophilicity,
magnetism, density, and other properties among various valu-
able metal-bearing phases in the slag, methods such as ota-
tion, magnetic separation, and gravity separation are employed
to separate and concentrate target components. Research by
Carranza indicates that copper smelting slag contains strongly
magnetic components, such as magnetite, alongside non-
magnetic components like copper. Given that the copper
matte phase is readily captured by otation reagents,
a combined otation–magnetic separation process can be
employed to treat copper smelting slag, following crushing and
liberation. Applying this otation-magnetic separation process
to copper smelting slag enables the recovery of up to 80% of the
contained copper as concentrate, with the mass fraction of
copper matte in the resulting concentrate exceeding 20%.12

However, it is crucial to note that otation reagents are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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primarily effective only for the matte phase, while magnetic
separation is suitable only for slags where the magnetic prop-
erties of the constituent phases differ signicantly and the
proportion of weakly magnetic fayalite is low. Aer the bene-
ciation process, while the copper content is reduced, the phase
composition of the tailings remains unchanged from that prior
to otation, resulting in persistent environmental hazards.
Metallurgical approaches primarily involve pyrometallurgical
reductive roasting and hydrometallurgical leaching to extract
valuable metals. During high-temperature oxidative/reductive
roasting under molten conditions, copper slag demonstrates
enhanced reactivity. Modifying the slag by introducing
oxidants, e.g., oxygen, promotes themigration, enrichment, and
crystallization of valuable metals, while coarsening grain sizes
to facilitate subsequent mineral separation. Although pyro-
metallurgical methods offer certain advantages, they suffer
from high energy consumption, operational complexity, and the
generation of environmentally harmful gases such as SO2 and
CO2. In contrast, hydrometallurgical leaching overcomes the
energy-intensive and pollution-related drawbacks of pyromet-
allurgy, enabling selective extraction of valuable metals. Typi-
cally, leaching agents, e.g., sulfuric acid and hydrochloric acid,
are mixed with the slag to disrupt the iron silicate lattice
structures, liberating encapsulated metals. Subsequent recovery
from the leach solutions is achieved via solvent extraction or ion
exchange.13,14 Extensive OPAL experiments conducted by
Baghalha et al. demonstrated that this process enables the
highly selective leaching of valuable metals and is suitable for
treating slags with structures similar to copper smelting slag.
During OPAL, iron ions in the slag undergo a hydrolysis reac-
tion, generating regenerated acid. Consequently, sulfuric acid
consumption is only equivalent to one-h of the slag weight,
signicantly lower than that required in atmospheric acid
leaching.15 The OPAL process not only achieves highly selective
leaching of valuable metals under conditions of low energy and
acid consumption but also effectively addresses issues
encountered in atmospheric leaching, such as the co-
dissolution of iron and silicon, difficulties in solid–liquid
separation, and cumbersome impurity removal procedures.

This study uses the slag with a high oxidation rate generated
by a certain copper smelting plant as the research object, and
Table 1 Chemical multielement analysis (%)

Element Cu Fe Mo Zn SiO2

Content 2.26 43.95 0.42 1.32 30.51
Element Ti Al K Ca S
Content 0.22 2.63 0.58 2.31 0.45

Table 2 Copper phase analysis

Phase
Free copper
oxide

Bonded copper
oxide

Content (%) 0.71 0.35
Distribution rate (%) 31.14 15.35

© 2025 The Author(s). Published by the Royal Society of Chemistry
investigates the combined otation-oxygen pressure leaching
process to achieve the comprehensive utilization of valuable
metals. It conducts an in-depth study on the leaching kinetics of
copper smelting slag in the oxygen pressure sulfuric acid
system, claries the inuencing mechanism of mineral leach-
ing efficiency and the phase reconstruction mechanism of
copper, molybdenum, and silicoferrite, and provides a theoret-
ical basis for the harmless and comprehensive utilization of
copper smelting slag.
2 Experimental
2.1 Materials

The copper smelting slag used in the experiment was generated
at a copper smelting plant in China. A multi-element chemical
analysis was carried out on this slag, and the results are shown
in Table 1. The copper content in this copper smelting slag is
2.26%, and it contains 43.95% of iron (Fe) and 0.42% of
molybdenum (Mo). Simultaneously, a chemical phase analysis
of copper in the copper smelting slag was conducted, and the
results are shown in Table 2. Among them, the content of free
copper oxide is 31.14%, the content of combined copper oxide is
15.35%, and the content of secondary copper sulde is 48.68%,
which belongs to copper smelting slag with a high oxidation
rate. X-ray energy dispersive spectroscopy and Mineral Libera-
tion Analysis (MLA) were carried out on cuprite in the copper
smelting slag, as shown in Fig. 1. Cuprite (0.31%) occurs as
granular particles exhibiting close intergrowth relationships
with chalcocite, olivine, silicate mixtures, and magnetite. It
predominantly encapsulates chalcocite or is intergrown with
olivine, silicate mixtures, and magnetite, with occasional
intergrowth observed with cubanite. The dissemination size
ranges between 0.01 and 0.3 mm. This mineralogical associa-
tion results in the encapsulation of copper minerals, making
them difficult to concentrate via otation processes.
2.2 Reagents and equipment

2.2.1 Flotation experiment. The original slag sample is
ground to achieve a 95% proportion of particles below 0.075
mm. 500 g of the ore sample was added to a otation machine
(model YS-5612, Jilin Prospecting Machinery Co., Ltd, China)
for the experiment. The no. 2 oil is used as the frother, butyl
xanthate and ammonium dibutyl dithiophosphate as the
collectors (industrial grade), and sodium sulde as the suld-
izing agent (analytical grade). Aer otation, the ore sample was
dried and weighed, and the prepared samples were used for
analysis and detection.
Secondary copper
sulde

Primary copper
sulde

Total
copper

1.11 0.12 2.28
48.68 5.26 100.00

RSC Adv., 2025, 15, 31230–31239 | 31231
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Fig. 1 MLA analysis and X-ray energy spectrum analysis of cuprite in copper smelting slag.
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2.2.2 High-pressure leaching experiment. The tailings aer
otation were used as the raw material and ground to different
nenesses. 200 g of the ore sample was added to a 2 L high-
pressure reactor (model: GSH-2L, Weihai Huanyu Chemical
Machinery Co., Ltd, China), sulfuric acid (98%) was added,
followed by the introduction of oxygen, and different reaction
parameters were controlled for oxygen pressure leaching. Aer
the reaction was completed, the sample was ltered, washed
three times with pure water, dried, and the prepared samples
were used for analysis and detection. The experimental process
is shown in Fig. 2.
2.3 Experimental methods

The preliminary process mineralogical analysis revealed that
the copper smelting slag has a high oxidation rate, making it
difficult to comprehensively recover metals through single
otation. Therefore, otation was employed to recover the easily
separable sulde minerals, and then oxygen pressure leaching
was used to treat the residual metals in the slag.

The tailings aer otation were nely ground in a ball mill and
added to a high-pressure reactor. Through single-factor experi-
ments, the effects of different conditions, such as temperature,
leaching time, sulfuric acid concentration, oxygen partial pres-
sure, grinding neness, and liquid-to-solid ratio, on the leaching
Fig. 2 Combined process of flow of flotation and oxygen pressure leac

31232 | RSC Adv., 2025, 15, 31230–31239
of copper,molybdenum, and iron in the tailings were investigated
respectively. Samples were taken every 10minutes until the end of
the leaching experiment. Based on the experimental results, the
kinetic control process was analyzed, and the apparent activation
energy of the leaching reaction was calculated.
3 Results and discussion
3.1 Flotation test

Through a large number of preliminary otation tests, the
optimal process condition parameters were ascertained. The
otation process ow and the dosage of reagents are shown in
Fig. 3. Butyl xanthate is used as the collector to recover the
oatable copper sulde minerals. Then, sodium sulde is used as
the suldizing agent, and a mixture of butyl xanthate and butyl
ammonium dibutyl dithiophosphate (1 : 1) is used as the collector
to intensively recover some refractory oxidized copper minerals.

In the closed-circuit test, the grade of the produced copper
concentrate is 21.54%, and the recovery efficiency is 39.89%. A
multi-element analysis of the otation tailings is carried out,
and the specic results are shown in Table 3. As shown in the
table, the Cu grade of the tailings aer otation is 0.25% and
the Mo content is 0.31%, indicating a high recovery value. The
copper phases in the remaining tailings are shown in Table 4.
The residual copper is basically mainly free and combined
hing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Flow chart of the closed flotation process.

Table 3 Multi-element analysis of flotation tailings (%)

Element Cu Fe Mo Zn SiO2

Content 0.25 43.95 0.31 1.32 32.51
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copper oxide, and subsequently, oxygen pressure leaching
treatment was adopted.
3.2 Leaching test

The tailing residues aer otation is subjected to oxygen pres-
sure leaching. In the autoclave, the components in the residue
react with sulfuric acid to form soluble metal sulfates.16 The
reactions can be divided into four categories:

The rst category is the reaction between salts such as sili-
cates and acid, which can be expressed as:

2MeO$SiO2 + 2H2SO4 / 2MeSO4 + SiO2 + 2H2O (1)

In the formula, Me represents Cu, Fe, Zn, Mo, etc.
The second category is the reaction between metal suldes

and acid, which can be expressed as:

MeS + 2O2 / 2MeSO4 (2)
Table 4 Copper phase analysis

Phase
Free copper
oxide

Bonded copper
oxide

Content (%) 0.03 0.066
Distribution rate (%) 11.54 25.38

© 2025 The Author(s). Published by the Royal Society of Chemistry
The third category is the reaction between metal oxides and
acid, which can be expressed as:

MeO + H2SO4 / MeSO4 + H2O (3)

The fourth category is the reaction between metallic
elements in their elemental form and an acid, which can be
expressed as:

Me + 1/2O2 + H2SO4 / MeSO4 + H2O (4)

In a high-temperature and high-pressure environment, iron
phases are acid-dissolved to form FeSO4. Under oxygen-rich
conditions, it is rapidly oxidized to Fe2(SO4)3, which then
undergoes a hydrolysis reaction to produce FeSO3 and release
sulfuric acid. The transformation of iron phases is closely
related to the reaction temperature, oxygen partial pressure,
and acid concentration, and the involved reactions are shown in
the equations. Tromans' theory of oxygen solubility indicates
that increasing the concentration of oxygen in the leaching
solution can promote the oxidative dissolution of suldes and
enhance the oxidation and hydrolysis behavior of iron.17 In
order to improve the effect of oxygen pressure leaching, factors
such as temperature, leaching time, sulfuric acid concentration,
oxygen partial pressure, grinding neness, and liquid–solid
Secondary copper
sulde

Primary copper
sulde

Total
copper

0.16 0.004 0.26
61.54 1.54 100

RSC Adv., 2025, 15, 31230–31239 | 31233
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ratio are selected to investigate their impacts on the leaching
process.

3.2.1 Effect of sulfuric acid concentration. Under the
conditions of a temperature of 200 °C, liquid–solid ratio of 8 mL
g−1, oxygen partial pressure of 700 kPa, particle size of −75 + 48
mm, and leaching time of 90 min, the inuence of the sulfuric
acid concentration on the leaching efficiency of Cu, Mo, and Fe
in the slag sample is shown in Fig. 4(a). As shown in the gure,
increasing the acidity can signicantly increase the leaching
efficiency of Cu and Mo. When the acidity reaches 0.35 mol L−1,
the leaching efficiency of Cu and Mo basically remains
unchanged. The leaching rate of iron shows an upward trend
with the increase of acidity. This is mainly because the increase
in acidity will inhibit the hydrolysis of Fe3+ in the reaction
kettle, thus increasing the leaching rate of iron. In the experi-
ment, it was found that when the reaction acidity is high, the
ltration time signicantly increases. This is mainly due to the
increased solubility of silicates, and the solution is also prone to
generating silica gel and sol, which sharply deteriorates the
ltration performance of the pulp. Therefore, considering
comprehensively, the sulfuric acid concentration is selected as
0.35 mol L−1. Finally, the leaching efficiency of Cu and Mo
exceeds 95%, the leaching efficiency of iron is 13%, and the
content of Cu in the leaching residue is lower than 0.03%.

3.2.2 Effect of temperature. Under the conditions of
a sulfuric acid concentration of 0.35 mol L−1, liquid–solid ratio
of 8 mL g−1, oxygen partial pressure of 700 kPa, particle size of
−75 + 48 mm, and leaching time of 90 min, the temperature of
the reaction kettle was controlled to explore the inuence of the
reaction temperature on the leaching efficiency of Cu, Mo, and
Fe, as shown in the Fig. 4(b). It can be seen from the gure that
with an increase in the reaction temperature, the leaching
efficiency of Fe decreases signicantly. When the temperature
exceeds 200 °C, the leaching efficiency of Fe basically remains at
Fig. 4 Effect of leaching conditions on the leaching rate of copper: (a) su
(d) L/S ratio, (e) grain size, and (f) leaching time.

31234 | RSC Adv., 2025, 15, 31230–31239
around 10%. The leaching efficiency of Cu and Mo increases
with the increase in temperature. This is mainly because the
increase in temperature can promote the decomposition of
copper phases, strengthen the hydrolysis of Fe3+ into hematite,
and dehydrate silicic acid to produce insoluble SiO2. Therefore,
the leaching reaction temperature is selected as 200 °C. The
leaching efficiencies of Cu and Mo are 96.31% and 94.78%
respectively, and the leaching efficiency of iron is 10.77%.

3.2.3 Effect of oxygen partial pressure. Under the condi-
tions of a sulfuric acid concentration of 0.35 mol L−1, temper-
ature of 200 °C, liquid–solid ratio of 8 mL g−1, particle size of
−75 + 48 mm, and leaching time of 90 min, the inuence of the
oxygen partial pressure on the leaching efficiency of Cu, Mo,
and Fe is shown in Fig. 4(c). It can be seen from the gure that
with the increase in the oxygen partial pressure, the leaching
efficiency of Cu and Mo increases rapidly, along with a rapid
decrease in the leaching efficiency of iron. This is mainly
because increasing the oxygen partial pressure can increase the
oxygen concentration in the leaching solution, promote the
oxidative dissolution of suldes, and enhance the oxidative
hydrolysis of Fe. In order to improve the separation and
recovery of Cu, Mo and Fe, the optimal oxygen partial pressure
condition is 600 kPa.

3.2.4 Effect of the liquid–solid ratio. Under the conditions
of a sulfuric acid concentration of 0.35 mol L−1, temperature of
200 °C, oxygen partial pressure of 600 kPa, particle size of −75 +
48 mm, and leaching time of 90 min, the effect of the liquid–
solid ratio on the leaching efficiency of Cu, Mo, and Fe is
depicted in the Fig. 4(e). It is evident from the gure that as the
liquid–solid ratio increases, the leaching efficiency of Cu and
Mo rises, while the leaching efficiency of Fe declines. This is
because an increase in the liquid–solid ratio can reduce the
viscosity of the pulp, speed up molecular mass transfer, facili-
tate mineral dissolution, and enhance the hydrolysis of Fe3+
lfuric acid concentration, (b) leaching temperature, (c) oxygen pressure,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Shrinkage model without the solid product layers of an
unreacted nucleus.
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into Fe2O3. However, an increase in the liquid–solid ratio also
leads to greater dissolution of silicates, which makes the
subsequent ltration of the leaching solution more difficult.
Therefore, aer comprehensive consideration, a liquid–solid
ratio of 7 mL g−1 is deemed more suitable.

3.2.5 Effect of particle size. Under the conditions where the
sulfuric acid concentration is 0.35 mol L−1, temperature is 200 °
C, oxygen partial pressure is 600 kPa, liquid–solid ratio is 7 mL
g−1, and leaching time is 90 min, the impact of particle size on
the leaching efficiency of Cu, Mo, and Fe is shown in the
Fig. 4(f). It can be observed from the gure that the leaching
efficiency of Cu, Mo, and Fe all increase rapidly as the particle
size decreases. Once the particle size reaches −45 mm, the
leaching efficiency basically remains constant. This is because
when the particle size of the minerals decreases, the contact
area between the minerals and the acid leaching solution
increases to a certain extent. Meanwhile, the encapsulated Cu
and Mo are liberated, thereby improving the leaching effect.
Consequently, a particle size range of−45 + 38 mm is considered
more appropriate.

3.2.6 Effect of leaching time. Under the conditions where
the sulfuric acid concentration is 0.35 mol L−1, temperature is
200 °C, oxygen partial pressure is 600 kPa, liquid–solid ratio is
7 mL g−1, and particle size ranges from −45 to +38 mm, the
impact of leaching time on the leaching efficiency of Cu, Mo,
and Fe is presented in the Fig. 4(g). As can be seen from the
gure, within the initial 45 minutes of the reaction, the leaching
efficiency of metals Cu, Mo, and Fe essentially reaches a stable
state. Taking all aspects into account, the reaction time is
chosen to be 45 minutes.
3.3 Leaching kinetics analysis

3.3.1 Analysis of leaching kinetics control process. In the
oxygen pressure acid leaching of otation tailings, a complex
solid–liquid–gas multiphase reaction system is established. The
dissolution kinetics of mineral particles within this system are
mainly dominated by three key factors. First, the diffusion of
the leaching agent through the product layer plays a crucial role.
Second, chemical reactions taking place on the surface of solid
particles have a signicant impact. Third, there is mixed
control, which results from the synergistic effect of the above
two mechanisms, as clearly illustrated in Fig. 5. To conduct an
in-depth kinetic study of the oxygen pressure acid leaching
process of the slag, the Shrinking Core Model (SCM) is
applied.18

The rate equation of the Shrinking Core Model without
Reaction (SCM) is as follows:19,20

1� ð1� X Þ1=3 ¼ kcMBCA

apBr0
¼ krt (5)

1� 2

3
X � ð1� X Þ2=3 ¼ 2MBDeCA

apBr0
t ¼ kdt (6)

1� ð1� X Þ1=3 � 1

3
lnð1� XÞ ¼ kM

CAMB

pBr0
t (7)
© 2025 The Author(s). Published by the Royal Society of Chemistry
Here, X is the leaching rate of the mineral element, %;MB is the
molar mass of the solute, g mol−1; a is the stoichiometric
coefficient of sulfuric acid in the reaction between the copper-
containing compound and sulfuric acid; R0 is the initial
radius of the particle, mm; CA is the concentration of the sulfuric
acid solution, mol L−1; De is the diffusion coefficient of the solid
product layer, mm min−1; rB is the density of the
particle, g cm−3; t is the reaction time, min; kr, kd and kM are the
apparent rate constants, min−1.

In order to determine the kinetic parameters and control
mode of the oxygen pressure acid leaching, the Cu leaching
rates at different temperatures were substituted into the
formula for tting, and the results are shown in Fig. 5(a)–(c),
respectively. It can be seen from the gures that the early stage
of the oxygen pressure leaching reaction ts well with eqn (5),
and the later stage of the reaction ts well with eqn (6). The
surface leaching process conforms to the unreacted shrinking
core model. During the leaching process of Cu, it is rst
controlled by the chemical reaction and then by the diffusion of
the solid product. The reaction rate constants k at different
temperatures obtained by tting are substituted into the
Arrhenius equation:21

k ¼ A exp

��Ea

RT

�
(8)

Here, A is the frequency factor; Ea is the apparent activation
energy, kJ mol−1; R is the gas equilibrium constant, R = 8.314 J
mol−1; T is the thermodynamic temperature, K.

The tting results are shown in Fig. 5(d) and (e). According to
the slope of the tting equation, the apparent activation ener-
gies of the two-stage reactions are calculated to be
42.21 kJ mol−1 and 11.49 kJ mol−1, respectively. The tting
results are within the ranges of the apparent activation energies
for the chemical reaction control (>42 kJ mol−1) and the diffu-
sion control through the solid product layer (4–12 kJ mol−1).22

This further proves that the leaching of Cu in the mineral shis
from being controlled by the chemical reaction to being
controlled by the diffusion of the solid product layer (Fig. 6).

3.3.2 Leaching kinetic equation. When the leaching time
exceeds 50 min, the change in the metal leaching rate with time
RSC Adv., 2025, 15, 31230–31239 | 31235
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Fig. 6 (a) Effect of temperature on the leaching rate. (b) Relationship between 1− (1− x)1/3 and time (t) at different temperatures. (c) Relationship
between 1 − (2/3)x − (1 − x)2/3 and time (t) at different temperatures. (d) Arrhenius equation fitting for chemically controlled stage. (e) Arrhenius
equation fitting for diffusion-controlled stage.

Fig. 7 Fitting results of the leaching rate of copper under different conditions: (a) sulfuric acid concentration, (b) oxygen partial pressure, and (c)
particle size. (d) The fitting results of lnk with lnr0, lnCH2SO4

and ln pO2
.
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is relatively small. The leaching process within 50 min is mainly
controlled by chemical reactions, and the mixed control and
diffusion control have little inuence on the metal leaching
rate. In the stage of chemical reaction control, the kinetic
equation of oxygen pressure leaching can be expressed as eqn
(9).

1� ð1� XÞ1=3 ¼ K0CH2SO4

n1PO2

n2r0
n3 e�

Ea

RT (9)

Here, n1, n2, and n3 are the reaction orders of the sulfuric acid
concentration, oxygen partial pressure, and the initial radius of
the material, respectively; K0 is the rate constant related to
temperature; CH2SO4

is the sulfuric acid concentration, mol L−1;
pO2

is the oxygen partial pressure, MPa.
Based on the leaching rates of Cu and Mo, plots were made

by tting 1 − (1 − x)1/3 against the leaching time. The tting
equations between different initial sulfuric acid concentrations,
oxygen partial pressures, particle sizes, and 1 − (1 − x)1/3 were
obtained. The results for Cu are shown in Fig. 7, and those for
Mo are shown in Fig. 8. As can be seen from the gures, under
different leaching time conditions, there is a good linear rela-
tionship between the experimental data of sulfuric acid
concentration, oxygen partial pressure, particle size, and the
leaching rates of Cu andMo, and 1− (1− x)1/3. Then, plots were
obtained by tting the slope kf of the straight-line against ln R0,
Fig. 8 Fitting results of the leaching rate of molybdenum under different
and (c) particle size. (d) The fitting results of ln k with ln r0, lnCH2SO4

and

© 2025 The Author(s). Published by the Royal Society of Chemistry
ln CH2SO4
, and ln pO2

, respectively. The slopes represent the
reaction orders of sulfuric acid, oxygen partial pressure, and
particle size. As can be seen from the gures, the parameters of
sulfuric acid, oxygen partial pressure, and particle size in the
reaction rate equation of Cu are 0.212, 0.468, and −0.378,
respectively, while those in the reaction rate equation of Mo are
0.469, 0.506, and −0.435, respectively. On this basis, the values
of K in the reaction equations of Cu and Mo were calculated to
be 3.69 × 10−3 s−1 and 1.47 × 10−2 s−1, respectively. Then, the
kinetic equations for the oxygen-pressure leaching of Cu and
Mo in the chemical reaction-controlled stage can be expressed
as follows:

1� ð1� X Þ1=3 ¼ 3:69� 10�3$CH2SO4

0:212PO2

0:468r0
�0:378e�

Ea

RT t (10)

1� ð1� X Þ1=3 ¼ 1:47� 10�2$CH2SO4

0:469PO2

0:506r0
�0:435e�

Ea

RT t (11)

According to the experimental data and calculation results,
the mechanism of action in the oxygen pressure leaching
system was deduced from the core shrinkage model, as shown
in Fig. 9. The specic description is as follows: (1) the leaching
agent diffuses towards the surface of the particles through the
diffusion layer; (2) the leaching agent diffuses into the solid
conditions: (a) sulfuric acid concentration, (b) oxygen partial pressure,
ln pO2

.
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Fig. 9 Leaching process of copper and molybdenum in the oxygen pressure system.
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membrane; (3) the leaching agent reacts with the mineral
particles; (4) the insoluble products thicken the solid
membrane and create voids, and the leaching agent permeates
through the voids; (5) the soluble products diffuse into the
leaching solution.
4 Conclusion

(1) For this copper smelting slag with a high oxidation rate,
otation is adopted to recover the easily separable copper
sulde minerals. Through a otation process consisting of 1
roughing, 3 scavenging and 4 cleaning operations, the grade of
the produced copper concentrate is 21.54%, and the recovery
rate is 39.89%. The grade of Cu in the otation tailings is 0.25%,
and the content of Mo is 0.31%, which still has a relatively high
recovery value.

(2) The tailings aer otation are subjected to oxygen pres-
sure leaching to separately leach, separate and recover Cu, Mo
and Fe. Under the conditions of a sulfuric acid concentration of
0.35 mol L−1, a temperature of 200 °C, an oxygen partial pres-
sure of 600 kPa, a liquid–solid ratio of 7mL g−1, a particle size of
−45 + 38 mmand a leaching time of 45 min, the leaching rates of
Cu and Mo are 96.87% and 95.39% respectively. Iron enters the
slag phase, and the grade of Fe in the leaching slag is 62.76%,
which can be used as a raw material for iron and steel smelting.

(3) The process of oxygen pressure acid leaching of Cu from
otation tailings conforms to the unreacted contracted core
mode. In the early stage, it is controlled by the chemical reac-
tion, then turns to the mixed-control stage, and in the later
stage, it is controlled by the diffusion of the solid product layer.
The apparent activation energies of the processes controlled by
the chemical reaction and the diffusion of the solid product
layer are 42.21 kJ mol−1 and 11.49 kJ mol−1, respectively.

(4) The chemical reaction-controlled process is the main
factor affecting the leaching of Cu and Mo. The reaction orders
of the initial sulfuric acid concentration, oxygen partial pres-
sure, and particle size are 0.212, 0.468, and−0.378, respectively.
The kinetic equation for the leaching of Cu in the chemical
reaction-controlled process is:

1� ð1� XÞ1=3 ¼ 3:69� 10�3$CH2SO4

0:212PO2

0:468r0
�0:378e�

Ea

RT t
31238 | RSC Adv., 2025, 15, 31230–31239
The reaction orders of the initial sulfuric acid concentration,
oxygen partial pressure, and particle size are 0.469, 0.506, and
−0.435, respectively. The kinetic equation for the leaching of
Mo in the chemical reaction-controlled process is:

1� ð1� XÞ1=3 ¼ 1:47� 10�2$CH2SO4

0:469PO2

0:506r0
�0:435e�

Ea

RT t
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