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A B S T R A C T

A study involving the leaching of Cu and Co from a Cu–Co ore in sulfuric acid (H2SO4), citric acid (CA) and
oxalic acid (OA) using hydrogen peroxide (H2O2) as oxidant, was carried out. The ore was characterised by x-ray
fluorescence (XRF), x-ray diffraction (XRD) and scanning electron microscopy coupled with energy-dispersive x-
ray spectroscopy (SEM-EDX). The results obtained indicate that increasing the time, temperature, and concen-
tration of the leaching agent/oxidant enhanced the leaching efficiencies of Cu and Co, while a reduction in
particle size (large surface area) favours the leaching of Cu and Co. The highest leaching efficiencies of 99.2 %
and 94.0 % were obtained for Cu and Co, respectively, in a leaching system constituted by 1.0 M H2SO4 and 3.0
M H2O2 within 4 h at 65 ◦C. In contrast, the 0.8 M OA leaching system demonstrated a 97.1 % efficiency for Cu
and 100.0 % efficiency for Co. The estimated activation energy in the temperature range of 25–65 ◦C is 40.7
kJmol− 1 for Cu, while that of Co is 64.0 kJmol− 1, which implies that the leaching is controlled by a surface
chemical reaction. A comprehensive analysis demonstrated that the reaction mechanism for Cu leaching is
diffusion-controlled at lower temperatures (<35 ◦C) and surface chemical reaction-controlled at temperatures
higher than 35 ◦C.

1. Introduction

Cu is widely used in industrial machinery and household appliances,
while Co serves as a crucial raw material in battery production, alloy
formation, catalyst manufacturing, ceramics, and other essential mate-
rials (Barman et al., 2023; Lipman and Maier, 2021). So, the recovery of
these metals is significantly important. Most of the income in the
Democratic Republic of Congo (DRC) comes from the mining industry.
The country has some of the richest mineral resources in the world.
Mineral resources rich in Cu and Co can be found in the southwest part
of this country, which was once the province of Katanga. Approximately
5.0 % of the world’s Cu and almost half of its Co are found there (Shengo
et al., 2019). In the DRC, several mining companies produce and trade
these metals, together holding a notable market share. According to one
of these companies, i.e. Glencore’s 2021 Annual report, 1.20 million
tonnes of Cu and 34,000 tonnes of Co were produced (Crundwell et al.,
2020). Sulfide, oxide, and sulfide-oxide mixed ore are the three main

categories of Cu–Co ore found in the DRC, and each is handled differ-
ently (Crundwell et al., 2020).

Cu exhibits distinctive characteristics, including malleability, as well
as exceptional thermal and electrical conductivity. Cu is an essential
metal for the world market since it is used in so many applications for
daily life, from large industrial machinery to home electrical appliances
(Oke et al., 2023). Cu is primarily used in wiring for the production,
transmission, and distribution of electricity (Henckens and Worrell,
2020). Cu is a versatile metal because it can be alloyed with a wide
variety of other metals (Kundu et al., 2023). Typically, ores containing
0.4–0.8 % Cu are mined for copper (Henckens and Worrell, 2020). Also,
Co is a critical raw material, and it has been used extensively in the
production of batteries, alloys, catalysts, ceramics, and other materials
due to its special qualities, which include ferromagnetism, corrosion
resistance, and temperature-dependent crystal structure (Li et al., 2023;
Santoro et al., 2019). Perhaps the most well-known application of Co is
in lithium-ion batteries as an electrode component. The year 2020 saw
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the production of batteries consuming 64.0 % of all refined Co in the
world (Gulley, 2022). Over 175,000 tons of Co were consumed world-
wide in 2021, an increase of about 86.0 % from the 93,950 tons
consumed in 2016. Furthermore, by 2050, the demand for Co is pre-
dicted to rise significantly (Alvial-Hein et al., 2021).

Sulfide and oxide ores are the two main types of Cu and Co ores.
However, the classification of ores may change based on the location
and depth of mining. Different approaches to mineral processing, such as
pyrometallurgical and hydrometallurgical techniques, are required for
these different types of ores (Crundwell et al., 2020; Shengo et al., 2019;
Zheng et al., 2023). Because oxide ores can dissolve in aqueous solu-
tions, they are processed through a process called dissolution, whereas
sulfide ores are usually treated first by flotation.

Leaching is a crucial step in any hydrometallurgical process and
primarily consists of acid or alkali leaching (Raj et al., 2022). Alkali
leaching typically involves the leaching of Cu and Al using sodium hy-
droxide or ammonia, followed by the leaching of Co using reducing acids
(Chen et al., 2011). Organic acids like citric acid, ascorbic acid, and
oxalic acid, or inorganic acids like sulfuric acid, hydrochloric acid, and
nitric acid, are used as leaching agents in acid leaching (Guimarães et al.,
2022). Sulfuric acid (H2SO4) leaching is frequently used as a practical
and adaptable technique for dissolving copper-oxidised ore (Crundwell,
2014; Hosseinzadeh et al., 2021). The leaching of Cu and Co oxide ore is
typically categorised into stirring leaching and heap leaching (Schueler
et al., 2021). Stirred leaching involves mechanical or air stirring in a
diluted H2SO4 solution, which is suitable for high-grade Cu ores. On the
other hand, heap leaching, which is cost-effective and suitable for low-
grade oxidised or waste ores, involves crushing the ore, piling it on a
heap, and spraying leaching agents on top to dissolve the Cu. This
process is repeatedmultiple times until satisfactory leaching efficiency is
achieved. Co minerals pose a leaching challenge due to their inherent
difficulty in leaching without a reductant (Chong et al., 2013). The
presence of trivalent Co (Co3+) in both sulfide and oxide minerals results
in low solubility in aqueous solutions, leading to a slow leaching rate. To
address this issue, a reductant is commonly introduced into the leaching
reactors to convert Co3+ to the more soluble Co2+. Furthermore, a classic
hydrometallurgical method called stirring leaching usually entails
dispersing finely ground ore into an acidic solution. It is possible to
prevent particle precipitation and enhance leaching kinetics by using a
mixing process (Dong et al., 2019).

Organic acids are referred to as “green leaching agents” or “green
lixiviants” because they are easily biodegradable and do not emit
harmful gases into the environment (He et al., 2017; Li et al., 2018;
Mohanty and Devi, 2023). It has been found that organic acids’ metal
leaching capacity in some applications is comparable to that of mineral
acids (Ozairy et al., 2022). In contrast to inorganic acids like H2SO4 and
HCl, citric acid as a leaching agent improved the metals’ leaching effi-
ciency in ultrasound-assisted Co leaching (Wang et al., 2020). More than
96.0 % of the Co is leached with 2.0 M citric acid, 0.6 M H2O2, 60 ◦C
temperature, 5.0 h leaching time, and 90W ultrasonic power. Cu and Co
were recovered from Cu smelting slag formed at 1350 0C by leaching and
yielded 92.0 % Cu and 95.6 % Co (Li et al., 2017). In a recent study,
using an amino acid-based aqueous biphasic system resulted in a
leaching efficiency of more than 90.0 % for Cu and Co at a relatively
mild temperature of 70 ◦C and a solid–liquid ratio of 1:10 (Cai et al.,
2023).

In the current investigation, H2SO4, citric acid (CA), and oxalic acid
(OA) in combination with H2O2 for the leaching of Cu and Co from a
Cu–Co ore. These chemicals were selected based on their strong metal
cation binding affinity. In addition, CA and OA were specifically used
owing to their high biodegradability and eco-friendliness (Li and Li,
2023; Liu et al., 2022). The primary objective was to investigate the
innovative application of H2SO4, CA, and OA in leaching processes for
extracting Cu and Co from a typical DRC Cu–Co ore. The principal goals
include evaluating the efficiency of these acids in enhancing leaching
processes and contributing novel insights to the field of

hydrometallurgy. Therefore, this study presents a distinctive contribu-
tion to optimising metal recovery from complex ores, representing a
significant stride in advancing sustainable and environmentally benign
mineral processing techniques. This study introduces a pioneering
approach by using a combination of CA, OA, and H2O2 for the simul-
taneous leaching of Cu and Co from a Cu–Co ore. This innovative
method is being employed for the first time, potentially offering a more
efficient and sustainable alternative to traditional leaching techniques.

2. Materials and methods

2.1. Chemicals

Citric acid (CA), oxalic acid (OA), and hydrogen peroxide (H2O2)
were procured from Associated Chemical Enterprises Pty Ltd, South
Africa, while sulfuric acid (H2SO4) was provided by Sigma Aldrich. All
chemicals were utilised without further purification. The preparation of
standard solutions was carried out using deionised water. The structures
of the chemicals are illustrated in Fig. 1.

2.2. Sample collection and preparation

The material utilised for this investigation was procured from a
commercial company situated in Lualaba, DRC. Initially, the material
exhibited rigid agglomerates and underwent comminution, first by using
a jaw crusher, followed by a cone crusher. After this, a ball mill oper-
ating at 148.0 rpm was employed to further diminish the particle di-
mensions and disassemble the conglomerates. The resulting finer
material underwent an overnight air-drying process to remove any re-
sidual moisture. Following this, the driedmaterial was homogenised and
classified using standard stainless steel laboratory sieves and an elec-
tronic sieve shaker. Specifically, particle sizes (PS) of (− 106 + 75) µm,
(− 75 + 53) µm, and (− 53 + 38) µm were chosen to investigate the role
of particle size on the leaching efficiency of Cu and Co.

2.3. Sample characterisation

The characterization of the material’s phases was conducted through
a multi-faceted approach, combining x-ray diffraction (XRD, Bruker,
Karlsruhe, Germany) and scanning electron microscopy with energy
dispersive x-ray spectroscopy (SEM-EDX). The XRD analysis revealed
pivotal insights into the structural composition, identifying cuprite
(Cu2O) and cobalt oxide (Co2O3) as the predominant phases associated
with Cu and Co. This information provided a detailed understanding of
the crystalline nature of the sample, elucidating the arrangement and
orientation of atoms within the material. Complementing the XRD
findings, SEM-EDX was employed to examine the morphological fea-
tures of the sample at a microscale level and simultaneously analyse the
elemental composition. Scanning electron microscopy (SEM) facilitated
a high-resolution, three-dimensional visualization of the sample’s sur-
face, offering a nuanced exploration of its structural attributes. The
concurrent use of energy dispersive x-ray spectroscopy (EDX) allowed
for the identification and quantification of elements present in the
sample, providing valuable data on the elemental distribution. Addi-
tionally, the main chemical composition of the sample was compre-
hensively characterised using x-ray fluorescence (XRF). This analytical
technique enabled the quantitative determination of elemental
constituents.

2.4. Leaching tests

For the leaching experiments, closed Schott bottles with a volume of
50.0 mL were employed for each sample. In each experimental trial, 2.0
g of the sample was introduced into a 20.0 mL solution comprising 1.0 M
H2SO4. These sealed Schott bottles were then placed in a thermostati-
cally controlled shaker, operating at a consistent 500.0 rpm, by varying
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the temperatures and time from 25 ◦C to 65 ◦C and 1.0 h to 8.0 h,
respectively. The resulting pregnant solution was subjected to filtration,
and the filtrate after appropriate dilution was subsequently analysed

using an atomic absorption spectrometer (AAS, Varian AA240, USA) to
quantify the extracted amounts of Cu and Co. This provided essential
insights into the leaching efficiency of the experimental process. This

Fig. 1. Structure of the chemicals used in this study.

Fig. 2. (a) XRD pattern of the Cu–Co ore with the observed mineral phases; (b) SEM micrograph of the Cu–Co ore before the leaching process; and (c) EDX
micrograph of the Cu–Co ore before the leaching test.

E.A. Oke et al.
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procedural approach was consistently applied for other leaching ex-
periments involving the utilisation of CA, OA, and H2O2 as an oxidant,
ensuring a comprehensive and comparable evaluation of leaching effi-
ciency under different experimental conditions. All experiments were
conducted twice to minimise errors and the average values obtained
were utilised for the construction of graphs. Good repeatability was
observed in all the runs conducted. The leaching efficiency (%) was
estimated using equation (I).

Leaching Efficiency (%) =
C0

Ci
× 100 (I)

in the equation above, Co denotes the concentration of metal in the
filtrate while Ci represents the concentration of metal in the original
sample.

3. Results and discussion

3.1. Mineral phase and composition of the Cu-Co ore

The mineralogical analysis of the ore was obtained using XRD. The
XRD pattern of the Cu-Co bearing ore with size − 53 + 38 µm is pre-
sented in Fig. 2 (a). The main phases contained in the material include
quartz (SiO2), cobalt oxide (CoO), cuprite (Cu2+1O) and copper-cobalt
oxide (Cu0.92Co2.08O4). Also, Fig. 2 (b & c) depicts SEM and EDS mi-
crographs and monographs of the Cu-Co ore studied. From the micro-
graphs, the surface looks greyish and smooth with a few defects and
pores. In addition, the dark black patches represent Cu and Co oxides.
The chemical composition of the Cu-Co ore as revealed by the XRF and
XRD data is presented in Table 1 and Table 2, respectively. The obtained
data indicate that quartz is the predominant component of the sample
because it constitutes approximately 93.0–95.0 % of the total mass. The
desired metals, Cu and Co are present in relatively lower quantities
compared to other metals, with Cu being more abundant than Co. The
consistency between the XRF and XRD findings confirms that the Cu–Co

ore is mainly oxides.

3.2. Leaching of Cu and Co

To investigate how metals might leach from the Cu–Co ore, exper-
iments were conducted for the present study. H2SO4, CA, and OA were
used as lixiviants. Because the current industrial process uses sulphuric
acid, the effects of particle size, time, temperature, concentration of
acids and H2O2 were investigated carefully in a typical industrial con-
centration of H2SO4 acid solution.

3.2.1. Effect of particle size
To investigate the effect of PS on the studied Cu–Co ore, three

different PSs comprising − 53 + 38 µm, − 75 + 53 µm, and − 106 + 75
µm were chosen as previously mentioned. Investigating the effect of PS
in metal leaching experiments is crucial to optimise the reaction kinetics
and enhance leaching efficiency for improved metal recovery. Previous
findings demonstrate that one of the critical factors influencing the
leaching of metal from a solid is particle size (Olaoluwa et al., 2023;
Zhang et al., 2018). As shown in Fig. 3, we observed that the sample with
the smallest PS (− 53+ 38 µm) displayed the best leaching efficiencies of
61.3 % and 14.7 % for Cu and Co, respectively. On the other hand, the
sample with the PS of − 106 + 75 µm (the largest PS) resulted in the
lowest leaching efficiencies of 48.4 % and 10.0 % for Cu and Co,
respectively. In other words, the effect of PS on the leaching of Cu and Co
follows the trend − 106 + 75 µm (Cu = 48.4 %; Co = 10.0 %) < − 75 +

53 µm (Cu = 55.7 %; Co= 12.5 %) < − 53 + 38 µm (Cu= 61.3 %; Co =

14.7 %). This can be ascribed to the fact that a larger surface area for
interaction with the leaching agent is typically provided by smaller
particle sizes, which may result in more effective metal recovery. This is
because the metals within the particles are more accessible to the
leaching solvent. In their studies, Mohanraj et al. and Xu et al. both also
explore the role of particle size on metal leaching efficiency (Mohanraj
et al., 2022; Xu et al., 2023). Moharang et al. focused on Cu recovery
from a Cu ore using a 5 M H2SO4 solution at a constant speed of 300 rpm
for 30 min. They found that finer particle sizes (− 75 + 63 µm and − 63
+ 53 µm) achieved the highest Cu leaching efficiencies of approximately

Fig. 2. (continued).

Table 1
Chemical composition of the investigated Cu–Co ore by XRF.

PS
(µm)

Al2O3

(Mass
%)

Fe2O3

(Mass
%)

Co2O3

(Mass %)
CuO
(Mass
%)

SiO2

(Mass
%)

Others
(Mass %)

− 106
+ 75

0.95 2.27 0.04 0.66 95.1 0.98

− 75 +

53
1.40 2.13 0.07 1.13 94.1 1.17

− 53 +

38
1.27 2.33 0.09 1.15 93.5 1.66

Table 2
Chemical composition of the investigated Cu–Co ore by XRD.

XRD PDF Card Number Mineral Phase Chemical Formula

00–046-1045 Quartz SiO2

00–048-1719 Cobalt Oxide CoO
00–006-0667 Cuprite CuO
00–037-0878 Copper Cobalt Oxide Cu2CoO3

E.A. Oke et al.
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28.98 % and 28.50 %, respectively while the larger particle sizes (i.e. −
600 + 355, − 355 + 180, − 180 + 150, − 150 + 125, − 125 + 90, and −

90 + 75) resulted in lower leaching efficiencies. They noted that smaller
particle diameters increase surface area exposure, enhancing the
leaching efficiency, although sizes below − 53 µm led to slime formation
that hindered copper dissolution. Similarly, Xu et al. examined Co
leaching, observing that reducing particle size from 0.15mm to 0.10mm
in Cu-Co ore increased Co recovery from 38.6 % to 44.2 %, attributing
this improvement to greater acid interaction surface area in finer par-
ticles, thereby enhancing Co leaching effectiveness. Since our results
demonstrated the best leaching efficiencies for both Cu and Co when the
sample with − 53 + 38 µm PS was leached, it was selected for further
investigation.

3.2.2. Effect of time and temperature
From a process economics standpoint, time and temperature are

important considerations. The process’s economics will be enhanced by
the increased process efficiency brought about by the optimised time
and temperature conditions. Thus, to examine their roles in the leaching
of Cu and Co, the leaching time and temperature were adjusted from 1.0
h to 8.0 h and 25 ◦C to 65 ◦C, respectively. The findings depicted in Fig. 4
(a& b) show that time and temperature have a significant impact on the
leaching of Cu and Co. For instance, the leaching efficiencies of Cu and
Co were 56.9 %, and 13.1 %, respectively, at 25 ◦C and 1.0 h leaching

time. Interestingly, when the leaching time was adjusted to 6.0 h at
25 ◦C, there was an improvement in the leaching efficiencies to 62.7 %
and 24.1 % for Cu and Co leached, respectively. The enhancement in
leaching efficiencies for Cu and Co, observed while extending the
leaching time from 1.0 h to 8.0 h at 25 ◦C, can be ascribed to the pro-
longed duration facilitating more interaction between the leaching so-
lution and the solid material. The extended timeframe allows the
leaching agents to penetrate and react more with the mineral surfaces,
resulting in a more thorough extraction of both Cu and Co from the
sample, consequently yielding higher leaching efficiencies. However,
when the leaching duration was raised beyond 6 h, no significant
changes were observed in the leaching efficiencies of both Cu and Co. In
other words, 6.0 h was observed as the optimal time for leaching the
selected metals. Similar observations were reported by Wu et al. in
which methanesulfonic acid in combination with H2O2 was employed
for leaching of Cu from chalcopyrite (Wu et al., 2021). To assess the role
of temperature on the leaching of Cu and Co, a range of 25 ◦C to 65 ◦C
was used as previously posited. An increase in temperature was found to
be favourable for the leaching of the studied metals. For example, the
lowest leaching efficiencies of Cu and Co were 62.7 % and 15.3 %,
respectively, at 25 ◦C after a 6.0 h leaching duration. Interestingly, after
6.0 h of leaching at 65 ◦C, the leaching efficiencies of Cu (98.7%) and Co
(72.8 %) significantly improved, as can be seen in Fig. 4 (a & b).
Enhanced reaction kinetics at higher temperatures are responsible for
the higher leaching efficiencies observed at higher temperatures. Higher
temperatures cause molecules to collide more frequently, which raises
the reaction rate and increases the amount of metal leached (Oke and
Potgieter, 2024; Preetam et al., 2022; Salem, 2023).

3.2.3. Effect of H2O2 oxidant
H2O2 is crucial in metal leaching as it serves as a potent oxidising

agent, facilitating the dissolution of metals into solution and enhancing
leaching rates. Its versatility, environmental friendliness, and ability to
provide controlled reaction conditions make it an important component
in optimising metal extraction processes. Therefore, in this study, the
effect of the concentration of H2O2 ranging from 1.0 M to 4.0 M on the
leaching of Cu and Co from the ore was investigated. As can be seen in
Fig. 5, the introduction of H2O2 increases the leaching of Cu and Co
significantly. About 69.2 % of Co could be leached in the absence of
H2O2, whereas approximately 95.1 % of Cu could be leached in its
presence. In addition, the introduction of 1.0 M H2O2 into the leaching
solution did not have any significant effect on the leaching of both
metals. However, the addition of 2.0 M H2O2 significantly increased the
leaching efficiency of Co from 69.2 % to 85.6 %, although its effect on
the leaching of Cu was less dramatic (97.3 %). Furthermore, maximum

Fig. 3. Effect of particle size on Cu and Co leaching (experimental conditions:
H2SO4 = 1.0 M; T=25 ◦C; t = 4.0 h; S/L=1:10; and stirring speed = 500.0 rpm).

Fig. 4. (a) Effect of time and temperature on leaching of Cu; (b) Effect of time and temperature on leaching of Co (experimental conditions: H2SO4 = 1.0 M; T=25 −

65 ◦C; t = 1.0 − 8.0 h; S/L ratio = 1:10; and stirring speed = 500.0 rpm).

E.A. Oke et al.
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leaching efficiencies of 99.2 % and 94.0 % were achieved for Cu and Co,
respectively, at 3.0 M H2O2. These results demonstrate a significant
improvement in the leaching of Co. However, when the concentration of
H2O2 increased beyond 3.0 M, the leaching efficiencies of Cu and Co
tend to decline significantly. In other words, the optimum leaching for
both metals was reached at 3.0 M H2O2. A similar observation was re-
ported by Stuurman et al. in their study involving comparing the extent
of dissolution of a Cu–Co ore (Stuurman et al., 2014).

Furthermore, to leach metals, O2 must be present in the acidic so-
lution and H2O2 is a useful source of dissolved O2 in the leaching system
because of its potent oxidising power (Wang et al., 2016). Equations (II)–
(IV) illustrate how dissolved O2 is generated as a result of H2O2 break-
down (Li et al., 2020). The metal–acid complex is formed when the
dissolved O2 combines with the metals to produce metal oxides. Metal
leaching is aided by the high standard reduction potential of 2.4 V that is
induced by the OH- radicals in the leaching solution (Jadhao et al.,
2021).

H2O2(aq) + 2e- → 2OH-
(aq) (II)

H2O2(aq) + e- → OH-
(aq) + OH-

(aq) (III)

2H2O2(aq) → 2H2O(l) + O2(g) (IV)

3.3. Effect of different concentrations of organic acids

In this study, organic acids, specifically CA and OA, were employed
to investigate the leaching of the metals of interest. Although CA and OA
are weak acids, they are excellent chelating agents and metal binders.
They aid mineral dissolution by specifically adsorbing on mineral sur-
faces and forming highly soluble complexes with metal ions. The for-
mation of ligand–metal complexes at the mineral surface shifts the
electron density toward the metal ions (Astuti et al., 2016). In general, as
the concentration of the leaching agent rises, so does the metal recovery
(Nagarajan and Panchatcharam, 2023).

In this study, the concentrations of CA and OA were varied from 0.4
M to 1.0 M and 2.0 M H2O2 was added during the leaching process. It
was found that the leaching efficiencies of Cu and Co increased as the
concentration of the organic leaching agents increased and began to
reduce at higher concentrations, as depicted in Fig. 6 a& b. For instance,
when the leaching process was carried out with 0.4 M CA, the leaching
efficiencies of Cu and Cowere respectively 65.7% and 84.6%. However,
optimum leaching efficiencies of 88.7 % and 99.9 % were obtained for
Cu and Co respectively when the concentration of CA was increased to
0.6 M. However, when the concentration of CA was further increased,
the leaching efficiencies of both metals started to decrease (Fig. 6a). A
similar trend was observed when OA was applied for the leaching pro-
cess. In fact, when the OA concentration was increased to 0.8 M, com-
plete leaching of Co (100.0 %) and 97.1 % of Cu was noticed beyond
which the leaching efficiency declined (Fig. 6b). This is because metals
combined with citrate/oxalate to form complexes, which are then
broken down by H2O2 to release free metal ions into the solution.
Leaching efficiency decreases as concentration rises because the acids
form more complexes with the metals but cannot convert them to metal
ions because there is insufficient H2O2 (Nagarajan and Panchatcharam,
2023).

In addition, both organic acids used in this study demonstrated better
leaching efficiencies for Co compared to Cu. For example, the leaching
system constituted by 0.6 M CA led to 88.7 % (Cu) and 99.9 % (Co)
leaching efficiencies (Fig. 6a). Also, 0.8 M OA leaching system demon-
strated 97.1 % efficiency for Cu and 100.0 % efficiency for Co leaching
(Fig. 6b). The strong affinity of CA and OA for Co likely contributes to
their better leaching efficiencies for Co compared to Cu under the same
experimental conditions. In addition, leaching systems composed of OA
displayed higher leaching efficiencies for both Cu and Co compared to
leaching systems constituted by CA under the same experimental

Fig. 5. Effect of H2O2 concentration on Cu and Co leaching (experimental
conditions: H2SO4 = 1.0 M; T=65 ◦C; t = 4.0 h; S/L=1:10; and stirring speed =

500.0 rpm).

Fig. 6. Effect of (a) CA concentrations; (b) OA on Cu and Co leaching (experimental conditions: H2O2 = 2.0 M; T=65 ◦C; t = 4.0 h; S/L ratio = 1:10; stirring speed =

500.0 rpm).
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conditions in most cases. For example, when 0.80 M of both CA and OA
was applied for the leaching process, for the leaching platform consti-
tuted by CA, 85.0 % Cu was leached whereas the OA system resulted in
97.1 % Cu recovery. A similar trend was observed for the leaching of Co.
This behaviour can be attributed to the fact that CA has higher disso-
ciation constants and lower ionisation constants compared to OA (Xu
et al., 2019). This implies that OA is a stronger acid and can more easily
form complexes with metal ions compared to CA.

Also, in the proton-promoted dissolving process, H+ is produced as
an organic acid dissociates. Organic acids can dissolve metals by sup-
plying ligands and protons. Equations (V)–(VII) show how they can
dissolve the metallic components in the sample by forming complexes
and acidifying them (Nagarajan and Panchatcharam, 2023).

RCOOH+H2O↔RCOO- + H3O+ (V)

Proton reduction produces hydrogen and oxidizes the metal,

2H3O+ + 2e- → H2 + 2H2O (VI)

M (metal) → M2+ + 2e- (VII)

In a complexation mechanism, the ligands in organic acids, such as

citrate from citric acid and oxalate from oxalic acid, produce stable
metal complexes. The complexation reaction, shown in equation (VIII),
shifts the equilibrium to the right and causes metals to dissolve more
easily in solutions (Steer and Griffiths, 2013).

RCOO- +M (H3O+) → RCOOM + H2O (VIII)

Another potential mechanism is that in the presence of H2O2, citric
acid, and oxalic acid, metals from the sample investigated could react to
form metal hydrogen citrate/oxalate, as shown in equation (IX).

C6H8O7 (CA) / C2H2O4 (OA) +M+H2O2 → M (C6H8O7) / M (C2H2O4) +
H2O + M2+ (IX)

3.4. Analysis of Residue

The residue obtained after leaching Cu and Co (experimental con-
ditions: OA=0.8 M; H2O2 = 2.0 M; T=65 ◦C; t = 4.0 h; S/L ratio = 1:10;
stirring speed = 500.0 rpm) from the investigated Cu-Co ore was ana-
lysed by SEM, EDS and XRD as shown in Fig. 7 a-c, respectively. In
addition, XRF was used to complement the previously mentioned and

Fig. 7. (a) SEM; (b) EDS results of Cu-Co ore after the leaching process; and (c) XRD patterns before and after the leaching process.
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the results obtained are presented in Table 3. These analyses were car-
ried out on the residue of the sample to prove that almost complete
leaching of Cu and Co truly occurred using 0.8 M OA. Fig. 2b illustrates
the image for the SEM analysis of the investigated sample before
leaching. This sample contained a layer of Cu and Co on its surface as
clearly shown by the SEM image. Significant inputs and confirmations
for the leaching process usually come from the morphology, chemical
composition, and characterisation of the residue following the leaching
process. The leached residue’s morphology (Fig. 7a) reveals that it is
porous and corroded. Pits on the sample represent areas of the surface
that have been leached successfully. The EDS results show the absence of
Cu and Co (Fig. 7b) which can also be observed by the SEM image
resembling that of silica as shown in Fig. 7a. The O and Si content are
57.6 % and 39.2 %, respectively, while the remaining are made up by
Mg, Al, S, and Fe. Furthermore, Fig. 7c shows the mineral phases of the
original sample against the leached residue using XRD. In this case, a
decrease in the peak intensity of the phases at 2θ = 36.47◦ and 49.23◦,
which correspond to the targeted metals (Cu and Co), was observed in
the leached residue. Additionally, an increase in gangue-related min-
erals, such as quartz, was identified in the solid residue. The decrease in
peak intensity suggests mineral phase dissolution, while the increase in

gangue-related mineral intensity could be attributed to the enrichment
caused by the withdrawal of the targeted metals. XRF analysis of the
residue (Table 3) also demonstrated that the residual product undergoes
a quantitative transformation.

3.5. Leaching kinetics

Because the current industrial process utilises sulphuric acid leach-
ing, it was decided to investigate the leaching process of the
H2SO4–H2O2 system in further detail. In order to investigate the ki-
netics of ore dissolution, it was assumed that the ore particles were non-
porous, spherical particles. This means that the initial reaction takes
place on the particle surface, leading to the formation of a solid product
layer on the ore surface. Thus, the leaching agent (H2SO4) first moves
through the product layer and then proceeds to react at the interface
where the solid product layer and the unreacted solid phase meet
(Olaoluwa et al., 2023). In other words, the reaction between solid and
liquid that occurs during the leaching of the Cu–Co ore particles is
determined by the diffusion rate as well as the interfacial chemical re-
action (Li et al., 2024). While retaining the non-metallic components,
the leaching solution dissolves the metallic Cu–Co from the ore’s sur-
face. The reaction zone gradually expands inward while the metal par-
ticle surface contracts during the reaction process. Thus, the leaching
kinetics based on the shrinking core model (SCM) was used to analyse
the leaching process of metallic Cu–Co in the ore for leaching tem-
peratures ranging from 25 ◦C to 65 ◦C and leaching times between 1.0 h
and 8.0 h (other experimental conditions: H2SO4 = 1.0 M; S/L ratio =

1:10; and stirring speed= 500.0 rpm) to clarify the leaching mechanism

Fig. 7. (continued).

Table 3
Chemical composition of the residual product after leaching by XRF.

Chemical Composition
(Mass %)

Al2O3 Fe2O3 Co2O3 CuO SiO2 Others

Residue 1.20 1.66 0.001 0.05 95.94 1.15
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of Cu–Co ore. The surface chemical reaction model equation (X), in-
ternal diffusion equation (XI), and the mixed control model equation
(XII) make up the conventional SCM leaching model. Schematic repre-
sentation of the experimental results using these equations (X)–(XII), is
one of the methods of identifying what governs the reaction rate. The
fitted model is represented by a linear relationship between the reaction
time and the left side of any of the following equations (Teimouri et al.,
2020):

1− (1 − X)1/3 = k1t (X)

1 − 3(1 − X)2/3 + 2(1 − X) = k2t (XI)

1/3ln(1 − X) + [(1 − X)− 1/3 − 1] = k3t (XII)

in the above equations, X represents the fraction of Cu–Co leached at
any given time (t), while k1, k2, and k3 denote the rate constants asso-
ciated with chemical reaction, diffusion, and mixed control,
respectively.

The SCM graphs for Cu are shown in Fig. 8 (a–c), with their corre-
sponding R2 values at different temperatures presented in Table 4. Also,
the SCM graphs for Co are depicted in Fig. 9 (a–c) with their R2 values
shown in Table 5. The leaching process of metallic Cu in the Cu–Co ore
conforms mostly with the diffusion model. In other words, equation (XI)
has a better linear fitting relationship with the experimental kinetic data
in which the obtained R2 values ranged between 0.723 and 0.969
(Table 4). On the other hand, the R2 values obtained for Cu when

equations (X) and (XII) were applied for modelling of the experimental
data, varied between 0.716 and 0.877 and 0.651–0.964, respectively.
Therefore, it can be deduced that the leaching of Cu from Cu–Co ore is a
dissolution process controlled by diffusion. Furthermore, the fitting re-
sults show that the dissolution process of metallic Co is mainly a mixed
control process, with equations (X)–(XII) having linear regression fit
coefficients of R2 between 0.714 and 0.962, 0.662–0.971, and
0.651–0.986, respectively (Table 5). The experimental data therefore
did not fit equations (X) and (XI) very well. Overall, the leaching of Cu is
a diffusion-dominated process, while that of Co is a mixed-controlled
process.

Fig. 8. SCM graphs for Cu leaching at different temperatures: (a) chemical reaction control; (b) diffusion control; and (c) mixed control (experimental conditions:
H2SO4 = 1.0 M; T=25 − 65 ◦C; t = 1.0 − 8.0 h; S/L ratio = 1:10; and stirring speed = 500.0 rpm).

Table 4
SCM fitting equations for Cu leaching at varying temperatures.

Limiting
Step

SCM Model
Equation

R2 @
25 ◦C

R2 @
35 ◦C

R2 @
45 ◦C

R2 @
55 ◦C

R2 @
65 ◦C

Chemical
reaction
control

1− (1 − X)1/3

= k1t
0.716 0.878 0.888 0.886 0.877

Diffusion
control

1 − 3(1 − X)2/
3 + 2(1 − X)
= k2t

0.723 0.879 0.936 0.956 0.969

Mixed
control

1/3ln(1 − X)
+ [(1 − X)− 1/

3 − 1] = k3t

0.651 0.877 0.959 0.888 0.964
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3.6. Activation energy estimation for the leaching process

The rate-controlling step of a reaction depends on the activation
energy required, which can be a significant factor in the process. In this
case, the correlation between the reaction rate constant (k) and tem-
perature for various kinetic models is described by Arrhenius’ law,
which can be applied to estimate the activation energy of the leaching
process. The Arrhenius’ equation is presented in equation (XIII) below:

k = Ae− Ea/RT (XIII)

in the equation above, k is the constant of reaction (h− 1), A is the

frequency factor, Ea is the apparent activation energy of the leaching
process (kJmol− 1), R is the universal gas constant (8.314 Jmol-1K− 1),
and T is the absolute temperature (K).

To find the activation energy for Cu and Co, the slopes of the straight
lines in Fig. 8 and Fig. 9 were utilised to estimate the “k”. Fig. 10 (a–c)
shows the graphs of the natural logarithm of the apparent rate constant
(ln k) against the inverse of the corresponding temperatures (1/T) using
equation (XIII) for the investigated metals.

The magnitude of the activation energy can assist in predicting the
type of leaching process mechanism. A leaching process that is
controlled by diffusion is typically indicated by a value less than 40.0
kJmol− 1, while one that is controlled by a chemical reaction is indicated
by a value greater than 40.0 kJmol− 1 (Olaoluwa et al., 2023; Salem,
2023). The data in Fig. 10a indicated that the activation energy for Cu
leaching was 40.7 kJmol− 1 (not significantly greater than 40.0 kJmol− 1)
over the entire temperature range (25 − 65 ◦C), demonstrating that
diffusion controls the leaching of the Cu metal. This observation further
supports the R2 fitting obtained for Cu using equation (XI) of the SCM as
previously described. In addition, the temperature range was split into
two regimes for a more thorough analysis: 25–35 ◦C and 35–65 ◦C. As
illustrated in Fig. 10b, the activation energy was determined to be 2.8
kJmol− 1 between 25 ◦C and 35 ◦C and 71.4 kJmol− 1 between 35 ◦C and
65 ◦C. The outcome suggests that diffusion governs the reaction mech-
anism at lower temperature regimes through the product layer. It
changed to a controlled surface chemical reaction in the higher

Fig. 9. SCM graphs for Co leaching at different temperatures: (a) chemical reaction control; (b) diffusion control; and (c) mixed control (experimental conditions:
H2SO4 = 1.0 M; T=25 − 65 ◦C; t = 1.0 − 8.0 h; S/L ratio = 1:10; and stirring speed = 500.0 rpm).

Table 5
SCM fitting equations for Co leaching at varying temperatures.

Limiting
Step

SCM Model
Equation

R2 @
25 ◦C

R2 @
35 ◦C

R2 @
45 ◦C

R2 @
55 ◦C

R2 @
65 ◦C

Chemical
reaction
control

1− (1 − X)1/3

= k1t
0.714 0.921 0.925 0.818 0.962

Diffusion
control

1 − 3(1 − X)2/
3 + 2(1 − X)
= k2t

0.662 0.933 0.941 0.841 0.971

Mixed
control

1/3ln(1 − X)
+ [(1 − X)− 1/
3 − 1] = k3t

0.651 0.938 0.951 0.869 0.984
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temperature range. In a recent study by Wu et al. on the leaching of Cu
from chalcopyrite concentrate using methanesulfonic acid (MSA) and
H2O2 at various temperatures, similar observations were reported (Wu
et al., 2021). Furthermore, in this study, the activation energy for the
leaching of Co was estimated to be 64.0 kJmol− 1 (Fig. 10c). Since the
activation energy obtained for the Co leaching process is greater than 40
kJmol− 1, it can be concluded that the leaching of Co from Cu–Co using
the H2SO4–H2O2 leaching system is controlled by surface chemical
reaction over the temperature range investigated. An investigation by
Nasab et al. in which Co was leached from iron-rich laterite ore using
H2SO4 acid at atmospheric pressure similarly suggested that the leach-
ing process for Co is governed by surface chemical reaction (Hosseini
Nasab et al., 2020). A more comprehensive comparison between our
study and those in the literature is presented in Table 6.

4. Conclusions

The leaching of Cu and Co from Cu-Co ore was investigated using
H2SO4–H2O2, CA–H2O2 and OA–H2O2 leaching platforms. Our results
displayed the best leaching for both Cu and Co (Cu = 61.3 %; Co = 14.7
%) when the sample with − 53 + 38 µm particle size was leached using
1.0 M H2SO4 at 25 0C without H2O2. For Cu and Co, respectively, the
highest leaching efficiencies of 99.2 % and 94.0 % were achieved in 4 h
at 65 C̊ using a leaching system consisting of 1.0 M H2SO4 and 3.0 M
H2O2. Also, maximum leaching efficiencies of 88.7 % and 99.9 % were

obtained for Cu and Co respectively when the concentration of CA was
raised to 0.6 M. Furthermore, when the OA concentration was increased
to 0.8 M, complete leaching of Co (100.0 %) and 97.1 % of Cu was
leached. In addition, under the same experimental conditions, leaching
with OA typically showed higher leaching efficiencies for both Cu and
Co than with CA. This behaviour was explained by the fact that, in
comparison to OA, CA has lower ionization constants, and their metal
complexes have higher dissociation constants. Comparing the leaching
performance of H2SO4 and organic acids, it was noted that organic acids
also exhibited outstanding results for Cu and Co. For instance, under
similar experimental conditions, leaching systems H2SO4–H2O2,
CA–H2O2 and CA–H2O2 respectively demonstrated (Cu = 97.3 %, Co
= 69.2%), (Cu= 84.8%, Co= 87.2%), and (Cu= 90.6 %, Co= 96.0 %).
It seemed that the sulphuric acid-hydrogen peroxide combination is best
for Cu leaching, while the organic acids-hydrogen peroxide combina-
tions produced higher Co yields. This may indicate a possible route for
sequential leaching of Cu and Co from the ore, and it warrants further
investigation. The SCM analysis showed that the leaching of Cu is gov-
erned by internal diffusion while that of Co is a mixed controlled process
when leached with H2SO4–H2O2 in temperatures ranging from 25 ◦C to
65 ◦C. The activation energy for Cu over the range 25–65 ◦C is 40.7 kJ/
mol indicating that Cu leaching is diffusion-controlled. On the other
hand, the activation energy of Co is 64.0 kJ/mol, indicating surface
chemical reaction control for Co leaching. Because of the high leaching
yields obtained with the two organic acids in this investigation, further

Fig. 10. Arrhenius plots for the leached metals using H2SO4–H2O2: (a) fitting over the whole temperature range for Cu; (b) fitting for two temperature regimes for
Cu; and (c) fitting in the whole temperature range for Co.
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work is currently underway to investigate the leaching of Cu-Co ore with
a variety of organic acids. Also, since the results obtained have shown
that Cu leaching is influenced by internal diffusion. Therefore, in future
we intend to further decrease the particle size of the ore sample to
improve the leaching efficiency of Cu. In the same vein, we shall take
cognisance of the effect of Fe on the sequential leaching of Cu and Co, as
well as their recovery from solution with which ever chosen route.
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