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ABSTRACT: This study presents a novel approach to enhancing malachite leaching using sulfuric acid
(H2S04) on ore from the Jebel Hadieda region in South Kordofan State, Sudan, with a copper grade of
7.47%. Microscopic analysis identified the primary copper-bearing mineral, with quartz and clinochlore
as the main gangue minerals. The copper mineral’s grind size was determined to be 150 microns. The
study investigated the effects of several parameters on copper extraction, including particle size, leaching
duration, acid concentration, FESEM-EDS, zeta potential, X-ray diffraction, and pulp density. Agitated
leaching tests yielded the highest copper extraction (88.15%) at 70° C using a —212+ 150 pm particle size,
with three hours identified as the optimal leaching duration. Smaller particle sizes provided a greater surface
area for acid interaction, accelerating dissolution, while larger particles slowed the dissolution process and
reduced copper recovery. These findings indicate that reducing the particle size of malachite to below 300
microns significantly improves leaching efficiency. No previous studies have applied this specific leaching
technique for malachite extraction in the Jebel Hadieda region, making this a novel approach.
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I. INTRODUCTION

Copper oxide ores are gaining importance as copper sul-
fide deposits are depleted. Typically found in the weath-
ered zones of primary copper deposits, these ores are
generally lower in grade than sulfide ores’?. While they
constitute about 20% of total copper reserves, their uti-
lization is increasing due to the depletion of high-grade
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in renewable energy technologies, electric vehicles, and
infrastructure development. Consequently, the demand
for copper oxide ores is anticipated to grow as they be-
come a more accessible source of copper.

Due to the lower grades of copper oxide ores com-
pared to sulfide ores, hydrometallurgical methods are
commonly employed for copper recovery. These meth-
ods, such as sulfuric acid leaching, are favored for their
effectiveness in extracting copper from these ores36.
Copper extraction relies on different methods depending
on the type of ore. Hydrometallurgy is used for oxide
ores, while pyrometallurgy is used for sulfide ores”. In
hydrometallurgical processes, the initial step generally
involves leaching®. Sudan has a rich and extensive his-
tory of gold production, with mining activities dating
back to ancient times. It also contains significant por-
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phyry copper-gold mineralization, particularly within
the Arabian-Nubian Shield?. Despite its valuable min-
eral resources, the growth of the mining industry has
been hindered by political instability, economic sanc-
tions, and inadequate infrastructure, limiting its full po-
tential [10]. Due to ongoing conflicts and political insta-
bility in that part of Sudan, most of the copper oxide ore
in the Jebel Hadieda region was initially extracted by
artisanal miners searching for gold'?. Although the cop-
per oxide content is significant and economically viable,
companies have not yet processed it on a large scale.
It may become a target ore for future extraction. The
Jebel Hadieda area in South Kordofan State, Sudan,
is known for its economically viable copper oxide de-
posits. The study area extends between latitudes (12°N
to 13°N) and longitudes (30°.6E to 31°.2E), covering
an area of about 2.79Km? [12]. Geological surveys have
identified copper-bearing minerals such as malachite,
azurite, cuprite, and chrysocolla in these ores, which
are suitable for extraction through hydrometallurgical
techniques, particularly sulfuric acid leaching. While
copper from sulfide ores is extracted using pyrometallur-
gical methods, copper from oxide ores is processed using
hydrometallurgical methods'' 3. In pyrometallurgical
processes, sulfide ores are treated at high temperatures
through smelting and refining to extract copper'. In
contrast, hydrometallurgical extraction is mainly used
for oxide ores, where copper is dissolved using acidic
or alkaline solutions during leaching with reagents like
HC1,HNOj3, and HySO4% 18, Sulfuric acid leaching is
widely used to extract copper from oxide ores because
it is cost-effective and efficient. In this process, sulfuric
acid reacts with copper oxide minerals to produce solu-
ble copper sulfate, which can then be recovered through
solvent extraction and electrowinning (SX-EW) [2123].
The general chemical reactions for this process are pro-
vided in egs. (1) to (3):

CUQ(C03)(OH)2(S) + 2H2804(aq) — QCUSO4(aq)

+ COQ(g) +3H20(l),
(1)

Cu(OH)2(s) + HQSO4(aq) — CuSO4(aq)

(2)
+2H20(y),

CuSiOg(s) +2H20¢y) +HQSO4(aq) — CuSO4(5) + SiO2(S)
+3H20.

Several factors, such as ore mineralogy, particle size,
temperature, and acid concentration, significantly affect
the efficiency of the leaching process® 1619, In the Jebel
Hadieda region, copper oxide ores exhibit variable re-
sponses to sulfuric acid leaching, primarily influenced
by the deposits’ unique mineralogical and geochemical
properties. Studies on copper oxide deposits and sul-
furic acid leaching have reported high copper recovery
rates under optimal conditions???!. The distinct ge-
ological features of Jebel Hadieda ores, such as iron
oxides and gangue minerals, require further investiga-
tion to assess their potential impact. A comprehensive
understanding of this behavior is crucial to optimizing
copper extraction and improving the economic viability
of mining in South Kordofan.

Although sulfuric acid leaching is widely used for cop-
per oxide extraction, the combined effects of key fac-
tors on the leaching of Jebel Hadieda copper oxide ore
have not been previously studied. This research inves-
tigates how various parameters-including sulfuric acid
concentration, leaching time, temperature, and parti-
cle size-affect leaching efficiency. Based on ore prop-
erty research and extensive experiments, leaching pro-
cesses were conducted under various conditions to de-
termine the optimal leaching index. The work aims to
identify the key factors influencing the leaching process
to maximize copper recovery while minimizing reagent
consumption and operational costs.

II. MATERIALS AND METHODS

A. Materials

The copper ore samples were obtained from the region
of Jebel Hadieda in South Kordofan State, Sudan, with
an estimated probable reserve of 2.5 million tons. The
leaching experiments were conducted with analytical-
grade sulfuric acid solutions ( 60%H2SOy4 ) from Carlo
Erba Reagents Co. Ltd. pH regulators and other neces-
sary modifiers were also employed to optimize the leach-
ing conditions.

B. Sample Preparation

A laboratory jaw crusher reduced the material from 5
cm to 5 mm for sample preparation. The crushed sam-
ples were then ground in a laboratory rod mill for 2,5 ,
and 10 minutes to determine the optimal grinding time.
After grinding, sieving was performed to achieve the
target particle size of —74+437u m. The ore was then
divided into two equal portions using riffles of varying
sizes. This riffling process was repeated until the re-
quired sample size for the experiment was obtained. The
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sample preparation steps are shown in Figure 1.

Laboratory jaw
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Sample for analysis —74+37 microns

FIG. 1: Sample preparation steps.

C. Sample Characterization

A 30 kg representative ore sample containing copper ox-
ide minerals was collected for testing, and the same sam-
ple was consistently used throughout the experiments.
Chemical and mineralogical characterizations were per-
formed to determine the ore’s general properties. Com-
plete chemical analyses were carried out using atomic
absorption spectroscopy (AAS), as shown in Table I.

TABLE I: Chemical analysis results of representative
ore samples.

Cu FeaO3 SO4 SiO9
5.105 15.68 0.288 4.3

Components

Wt. (%)

D. XRD pattern of pure malachite sample

The sample was initially crushed to a particle size of
-2 mm using jaw and double-roll crushers. A repre-

sentative portion of the crushed ore was then obtained
through the coning and quartering method. Approxi-
mately 70 —80% of the sample was further crushed to
a particle size of minus 160 microns, and it was thor-
oughly blended and passed through the sets of sieves
several times. After sieving, the screen analysis results
provided a detailed breakdown of the particle size dis-
tribution. The malachite ore sample was ground into a
fine powder (approximately -80 microns) to ensure uni-
formity and optimal diffraction conditions for further
chemical analysis. The powder was placed on a sample
holder, and X-ray diffraction (XRD) analysis was con-
ducted using a standard diffractometer equipped with a
Cu-K a radiation source (A = 1.5406A). The scan cov-
ered a 26 range of 10° to 80°, with a step size of 0.02°
and a counting time of 2 seconds per step. The XRD
pattern of the malachite sample is presented in Figure 2.

12000 -
& Malachite
10000 - 4 Quartz
2
g 8000 4
S
N
N 6000 - .
g
S 4000 ~
oS
2000 -
| |=
0 HJ
PDF#41-1390 > Cu,(CO;)(OH),~Malachite
PDF# 46 —1045 > SiO,
L 1L ‘ i |h " j,,,] |.| .

10 20 30 40 50 60 70 80 90
2-Theta (degree)

FIG. 2: XRD pattern of pure malachite sample.

E. Leaching Experimental Approach

Leaching experiments were conducted using sulfuric
acid agitation leaching to optimize copper recovery from
copper oxide ore. The representative malachite sample
was first ground to -53 microns to increase its surface
area and then subjected to batch tests under varying
conditions. A sulfuric acid solution of known concen-
tration was prepared and added to the reaction vessel,
maintaining a solid-to-liquid ratio of 1:10. The mix-
tures, with particle sizes ranging from 38 to 45 ym, were
stirred continuously to ensure uniform contact between
the acid and the ore. The stirring speed was adjusted to
a constant 900 rpm . The leaching experiment was con-
ducted at a controlled temperature of 50°C for 30,90 ,
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and 180 min intervals. Periodic sampling of the leachate
was performed to monitor copper dissolution over time.
At the end of the experiment, the leachate was filtered
to separate the remaining solid residue from the solu-
tion. Copper concentrations in the pregnant leach so-
lution (PLS) were measured using atomic absorption
spectroscopy (AAS), and recovery percentages were cal-
culated based on the ore’s initial copper content.

F. Zeta Potential

Zeta potential measurements were conducted using a
Zetasizer analyzer. Fresh sulfuric acid solutions were
prepared, and hydrochloric acid (HCl) or sodium hy-
droxide (NaOH) was added to adjust the pH to a spec-
ified value. The effects of various concentrations on the
surface charge and stability of malachite in a deionized
water background electrolyte solution were observed
over a settling period of 5 minutes. The mixture was
thoroughly stirred to create a homogeneous suspension,
and a sample was then transferred into the Zetasizer
cell. The final zeta potential value for the mineral parti-
cles was the average of three independent measurements
conducted under the same conditions.

G. FESEM-EDS Studies

FESEM tests were conducted to investigate the surface
morphology of materials at high magnification, utiliz-
ing a Nova Nano SEM 450 (FEI, Hillsboro, OR, USA).
Energy-dispersive Xray spectroscopy (EDS) was also
used for elemental composition analysis, with an accel-
eration voltage of 15 kV during detection. The instru-
ment was operated at a 20 kV accelerating voltage and
a probe current of 60 mA . Malachite samples weighing
2 g were conditioned with sulfuric acid for 30 minutes.
Following solid-liquid separation, the samples were thor-
oughly washed with deionized water and dried in a vac-
uum oven. To enhance surface conductivity and prevent
interference from electron accumulation, a layer of metal
platinum was applied to the samples prior to testing.

III. RESULTS AND DISCUSSIONS

A. Mineralogical analysis

The mineralogical examination of the test sample from
the Jebel Hadieda region was conducted under a micro-
scope. This green, copper-bearing mineral was identi-
fied as the dominant phase in the sample, underscoring
its significance in the ore’s copper content.

The microscopic analysis provided detailed insights
into the mineral’s morphology and distribution, con-
firming that malachite is the primary source of copper

in this deposit. The liberation size (the particle size
at which it can be effectively separated from gangue
material during processing) was determined to be 150
microns, as illustrated in Fig. fig. 3(a, b, ¢, and c).
In mineral processing, the liberation size is a critical
factor in selecting the appropriate crushing and grind-
ing methods?? 24, In addition, a liberation size of 150
microns indicates that the material should be ground
to this size or smaller to ensure adequate separation of
malachite from the gangue, thereby optimizing copper
recovery in the subsequent leaching process.

B. Screen Analysis

The screen assay analysis of the ore was conducted to
assess the distribution of valuable minerals within the
sample. The ore was classified into different particle-size
fractions, and each fraction was assayed to quantify the
concentration of the target minerals. The results of this
analysis can be used to inform the development of crush-
ing, grinding, and separation strategies, ultimately op-
timizing the recovery of valuable minerals during subse-
quent beneficiation stages®®26. Fig. fig. 4 illustrates the
dry-screening analysis graph of the composite feed sam-
ple and the percent distribution of copper oxide in each
fraction. The median size is a critical factor in optimiz-
ing processing techniques, as it influences the efficiency
of both mineral liberation and subsequent extraction
processes>’. The parameter derived from such curves is
the sample’s median size, representing the midpoint (or
D50) of the particle size distribution, where 50% of the
particles are smaller and 50% are larger. This result in-
dicates that the particle size range is likely to dominate
processing and recovery and is close to the optimal size
for mineral liberation. Table 2 shows no significant dif-
ferences in copper grades are observed across the various
size fractions.

IV. LEACHING ANALYSIS

A. Effect of Leaching Duration and Particle Size

The effect of malachite leaching with sulfuric acid was
investigated as a function of both leaching duration (
30,90 , and 180 minutes) and particle size (—1180+
6004 m,—450 + 300 m, and —212 4+ 150p m ) while
maintaining a constant solid-to-liquid ratio ( 1:5 by
weight), leaching temperature (room temperature), and
sulfuric acid concentration ( 0.5M,1M, and 2 M ). Both
leaching duration and particle size are critical factors in-
fluencing the efficiency of copper extraction from mala-
chite ore. The copper extraction values for these tests
are provided in Fig. 5. Copper extraction percentages
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TABLE II: Dry Screening Analyses and Mechanical Comminution Results

Sieve Size Range wt. wt.% Nominal Cum. % Cum. % Grade
(pm) (g) Aperture (um) Undersize Oversize %
+2000 +2000 23.956 2.66 2000 97.34 2.66 5.73
-2000 to +1180 -2000 to 41180 63.950 7.10 1180 90.24 9.76 6.50
-1180 to +600 -1180 to +600 189.960 21.10 600 69.14 30.86 7.11
-600 to +450 -600 to +450 87.956 9.77 450 59.37 40.63 5.87
-450 to +300 -450 to +300 70.956 7.88 300 51.49 48.51 7.15
-300 to 4212 -300 to +212 61.956 6.88 212 44.61 55.39 4.99
-212 to +150 -212 to +150 56.198 6.24 150 38.37 61.63 5.57
-150 to +100 -150 to +100 63.956 7.11 100 31.26 68.74 7.34
-100 to +75 -100 to 475 51.956 5.77 75 25.49 74.51 6.92
-75 to +53 -75 to +53 93.956 10.44 53 15.05 84.95 7.12
-53 (pan) -53 (pan) 135.200 15.05 — 0.00 100.00  8.10
Total — 900 100 — — — —

100

80

(o))
(=]

—@— Over size %

—@— Under size %

Cumulative (%)
B
(=]

20
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FIG. 3: Dry screening analysis graph

were calculated using the Eq. (IV A) as follows:

Cu% in Residue x Wt. of Residue
Cu% in Ore x Wt. of Ore

Extraction (%) = 100—

Fig. Figure 4a illustrates the relationship between cop-
per extraction percentage in the leachate and leaching
time, revealing a clear trend of increased copper recov-
ery with longer leaching durations. After 30 minutes,
copper extraction peaked at approximately 58.49%.
With further leaching, the recovery increased to 63.22%
after 90 minutes. The maximum copper extraction of
74.56% was achieved after 180 minutes of leaching. Fur-
thermore, the results indicate that the highest copper
extraction was achieved with a particle size of approxi-
mately 200 microns, where leaching efficiency was signif-
icantly greater than larger particles. In contrast, at 600
microns, copper extraction decreased as leaching time

increased, likely due to the reduced surface area avail-
able for interaction with the leaching solution. Smaller
particles ( 200 microns) provide a larger surface area,
facilitating better copper dissolution, while larger par-
ticles (600 microns) result in slower and less efficient
extraction.

Particle size plays an essential role in the leach-
ing process. Experiments were performed using feed
particle sizes of —1180 4 600x m,—450 4 300u m, and
—212+4 150 m to evaluate its effect on copper extrac-
tion, as illustrated in Fig. 5b. During these experi-
ments, all other parameters were maintained constant:
sample weight ( 50 g ), solid-to-liquid ratio ( 1:5 by
weight), and HaSOy4 concentration ( 1 M ). Prior to the
experiments, it was hypothesized that copper extraction
would increase as the ore particle size decreased. This
hypothesis was based on the assumption that smaller
particle sizes offer a larger interfacial area between the
solid particles and the HoSOy4 solution, thereby facili-
tating a higher transfer rate of copper ions into the so-
lution. Conversely, asparticle size increases, the reduced
interfacial area is anticipated to hinder the transfer of
fopper to the leachate.

Contrary to this expectation, the experimental re-
sults indicated that particle sizes finer than 300 mi-
crons had a marginal effect on copper extraction effi-
ciency. The highest copper extraction was 75%, con-
sistently achieved with the —2124 150 m feed across
all leaching durations, with a minimum yield of 38.60%
extraction attained within the first 40 minutes. In com-
parison, larger particle sizes exhibited lower extraction
efficiencies: the —1180+ 600u m feed yielded a maxi-
mum extraction of 69.12% and a minimum of 28.94% at
40 minutes, while the —450+ 300y m feed achieved ex-
tractions of 31.09% and 63.75% at 40 and 150 minutes,
respectively. This trend indicates that coarser particles
have a reduced surface area, limiting copper dissolution
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even with longer leaching times. Overall, the results
confirm that copper extraction increases with extended
leaching time.

B. Effect of Acid Strength

The effect of acid concentration and leaching time on
copper extraction was investigated using three distinct
concentrations: 0.5M,1M, and 2 M . During these tests,
conditions such as sample weight ( 50 g ), particle size (
—212+150p m ), solid-to-liquid ratio ( 1:5 by weight),
and leaching temperature (room temperature) were con-
sistently maintained, as illustrated in Fig. fig. 5a. At 0.5
M acid concentration, copper extraction reached 20.92%
after 25 minutes of leaching, increasing to 49.16% af-
ter 75 minutes. Beyond 80 minutes, the copper yield
stabilized, suggesting that most extractable copper had
dissolved, and the transfer rate became negligible. At 1
M acid concentration, copper extraction showed moder-
ate improvement over the 0.5 M results, with increases
of 8.64% and 11.36% after 25 and 75 minutes of leach-
ing, respectively. The peak yield was reached at 63.86%
after 100 minutes, indicating that a 1 M acid concen-
tration provides more favorable conditions for efficient
copper extraction, although the rate of increase slows
as saturation approaches. Experiments with a 2 M acid
concentration consistently yielded the highest copper
extractions across all leaching durations. The elevated
sulfuric acid concentration accelerated copper dissolu-
tion from the ore, facilitating faster transfer into the
leach solution. Copper recovery with 2MH2SO4 showed
substantial improvement over the 1 M concentration,
particularly after 125 minutes of leaching.

Fig. fig. 5b depicts copper extraction percentages at
varying acid concentrations ( 0.5M,1M,2M, and 3 M )
across leaching times of 30,90 , and 180 minutes. Each
concentration displays a distinct trend, highlighting how
copper recovery progresses with extended leaching. The
results indicate a clear pattern: copper extraction yield
increases across all leaching durations as acid concen-
tration rises. Higher acid concentrations enhance cop-
per dissolution, speeding its transfer into the leach solu-
tion. At 2 M sulfuric acid concentration, copper yields
reached 58.14%,70.23%, and 78.01% after 30,90 , and
180 minutes, respectively. This emphasizes optimizing
acid concentration for effective copper recovery through-
out the leaching process

C. Effect of Temperature

Fig. Figure 6 illustrates how temperature, particle size,
and sulfuric acid concentration influence copper extrac-
tion efficiency in the leachate. Particle size was a key

determinant of both the reaction kinetics and overall
copper extraction efficiency in the malachite leaching
process (Fig. 7a). Smaller particles ( —212+ 150 m
) present a substantially larger surface area, enabling
more effective interaction with the leaching agent and
achieving the highest copper extraction of 84.5% at
70°C. This increased surface area accelerates cop-
per dissolution, enhancing the reaction rate and im-
proving extraction efficiency. Medium-sized particles (
—450+ 3004 m ) offer a balance between surface area
and mass transfer, resulting in a copper extraction of
71.2% at the same temperature. In contrast, larger par-
ticles (—1180 + 600 m) have a reduced surface area,
which slows the reaction kinetics and considerably de-
creases extraction efficiency, yielding only 50.75% cop-
per extraction under similar conditions. The effect of
sulfuric acid concentration on copper extraction from
the leachate, using a particle size of (—212+ 150u m),
as a function of temperature, is shown in Fig. 7b. At
low acid concentrations ( 0.5 M ), the leaching rate
is slower, leading to reduced copper extraction yields.
While increasing temperature enhances the dissolution
process, the 0.5 M acid concentration remains insuffi-
cient to efficiently leach copper, resulting in a maximum
extraction of 66.49% at 70°C. The system achieves an
optimal balance between acidity and cost at a moder-
ate sulfuric acid concentration (1M). Copper extrac-
tion improves with temperature, reaching 78.74% at
70°C, as the acid more effectively breaks down copper-
bearing minerals, facilitating faster copper dissolution.
At higher acid concentrations ( 2 M ), leaching efficiency
improves, yielding higher extraction rates of 88.15% at
the same temperature, indicating that elevated temper-
atures lead to superior effectiveness, resulting in bet-
ter copper recovery compared to lower acid concentra-
tions. Compared to 0.5 M and 1 M acid concentra-
tions, these results show increases in copper extraction
yields of 21.66% and 9.41% at the same temperature.
This improvement is likely due to the enhanced effec-
tiveness of the leaching process at higher acid concen-
trations, which enables a more efficient breakdown of
copper-bearing minerals.

D. Effect of Pulp Density

The effect of pulp density on copper extraction was
investigated by testing four different liquidsolid ratios
(by weight): 1:7,1:6,1:5, and 1:4. In these ex-
periments, the sample weight ( 50 g ), particle size
(—1180 4 600p m), sulfuric acid concentration (1M),
and leaching temperature (room temperature) were kept
constant. The results, illustrating the impact of the
solid-liquid ratio on copper extraction over time, are
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FIG. 5: Copper extraction percentage as a function of (a) sulfuric acid concentration and (b) leaching time.

presented in Fig. fig. 7.

Initially, the highest copper extraction was observed
with a 1:7 liquid-solid ratio, yielding a maximum of
39.45% after 180 minutes. This suggests that higher
pulp density caused the solid particles to pack more
densely, hindering acid penetration and reaction with
the ore. In contrast, the 1:6 ratio yielded a slightly
higher extraction rate of 57.82%, demonstrating better
performance than the 1:7 ratio. Furthermore, copper
recovery increased to 70.09% with a 1: 5 liquid-solid ra-
tio. However, the highest extraction rate was achieved
with a 4 : 1 ratio, which resulted in a maximum copper
yield of 74.7% after 180 minutes. These findings suggest
that a lower liquidsolid ratio (higher acid concentration)
improves acid dispersion and contact with the malachite
particles, ultimately enhancing copper extraction by fa-

cilitating more effective acid interaction with the ore’s
surface.

E. Zeta Potential Analysis

Zeta potential measures the repulsion or attraction be-
tween particles in a solution, helping assess the stabil-
ity of colloidal dispersions. It is widely used to exam-
ine the relationship between reagent adsorption and the
electrokinetic behavior of mineral surfaces?®3!. Fig.
fig. 8 shows the zeta potential of the malachite surface
as a function of pH at varying sulfuric acid ( H2SOy4
) concentrations. The isoelectric point (IEP) of pure
malachite in a KCI solution is pH 8.7 , which is con-
sistent with previous studies3?34. Compared to pure
malachite, the zeta potential of the malachite surface
in various solution systems exhibits varying degrees of
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As the pH increases, the potential gradually be-
comes more negative due to the rising concentration of
OH ions and CO3%~ on the mineral surface, which en-
hances the electronegativity of anions and results in a
more negative malachite surface potential. At pH 9 |
the addition of 0.5 M sulfuric acid (H2SO4) causes the
zeta potential of malachite to decrease from -3.63 mV
to 12.10 mV . In contrast, with the addition of 1 M and
2MH2S0Oy4, a more pronounced negative shift in the sur-
face potential occurs, with the zeta potential decreasing
from -24.92 mV to -37.15 mV . These results indicate
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that higher concentrations of sulfuric acid enhance the
dissolution of copper from malachite, thereby improving
the leaching process and increasing copper extraction ef-
ficiency.

F. FESEM-EDS Analysis

The FESEM-EDS is used to examine morphological and
elemental changes in mineral surfaces, including mala-
chite, and to conduct semi-quantitative analysis with or
without different reagents ref40,ref41,ref42 ref43. The
malachite (CuaCO3(OH)2) subjected to varying concen-
trations of sulfuric acid (H2SO4). The untreated mala-
chite surfaces exhibited a typical smooth, crystalline
morphology, with an EDS spectrum revealing an ele-
mental composition of 44.45%Cu, 15.28% C, and 40.27%
O. After treatment with 0.5 M sulfuric acid, the sur-
face morphology showed minimal changes, with local-
ized corroded regions. The EDS spectrum indicated
an increase in copper (Cu) content to 52.89%, while
the atomic concentrations of carbon (C) and oxygen
(O) decreased to 12.19% and 34.16%, respectively. Ad-
ditionally, sulfur (S) was detected at a peak value of
0.10%, suggesting the formation of reaction products
such as copper sulfate or other oxidation by-products.
More pronounced surface dissolution of malachite was
observed at a 1 M concentration of sulfuric acid. The
morphology became rougher and more irregular, with
distinct white aggregates.

Compared to the previous treatment, EDS analysis
showed a significant increase in sulfur and copper con-
tents, reaching 0.24% and 55.21%, respectively, while
the atomic concentrations of carbon (C) and oxygen
(O) decreased to 17.33% and 27.22%. During the reac-
tion between sulfuric acid and malachite, carbon dioxide
(CO2) is released, but traces of carbon remain on the
surface. Treatment with 2 M sulfuric acid caused ex-
tensive dissolution of malachite, with white aggregate
dispersions indicating the formation of insoluble cop-
per sulfate (CuSOy4). Atomic concentration analysis re-
vealed a significant reduction in carbon (17.03%) and
oxygen ( 22.76% ) and an increase in sulfur ( 0.60% )
and copper ( 59.61% ). This change is attributed to a
disproportionation reaction, in which oxygen from mala-
chite combines with hydrogen ions to form water. The
increased sulfur and copper concentrations result from
the reaction of sulfuric acid with copper to form copper
sulfate, which is soluble in the acidic solution, leading
to higher sulfur content in the leachate.

G. XRD Analysis

X-ray diffraction (XRD) analysis was conducted to ex-
amine the changes in the mineralogical composition of
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FIG. 9: XRD patterns of malachite leached with
different concentrations of HoSO4: (a) 0.5M, (b) 1M,
and (c) 2M.

malachite after leaching with varying concentrations of
sulfuric acid (H2SO04) (0.5M,1M, and 2 M ), as shown
in Fig. 11. At a 0.5MH>SO4 concentration, the XRD
pattern revealed a significant reduction in the inten-
sity of the malachite peaks, indicating partial dissolu-
tion (Fig. (Figure 9a). While the primary malachite
peaks remained, their intensity was diminished, sug-
gesting that some copper had been extracted from the
mineral structure and copper sulfate (CuSOy4) forma-
tion likely occurred. However, the overall mineral struc-
ture remained largely intact under these relatively mild
acidic conditions. With the addition of 1IMH2SOy, a
further decrease in the intensity of the malachite peaks
was observed, indicating a more extensive dissolution
of the mineral. The XRD pattern showed additional
peaks corresponding to copper sulfate ( CuSO4 ) and
possibly other copper-bearing phases (Fig. Figure 9b).
Based on the conclusions above, the dissolution rate of
malachite in the leachate solution was significantly en-
hanced by sulfuric acid, facilitating copper extraction
and recovery. The ionization and hydrolysis of sulfu-
ric acid (H2S04) accelerate the dissolution of malachite
by breaking down its mineral structure and releasing
copper ions ( Cu®™ ) into the solution. Sulfuric acid
accelerates malachite dissolution by providing hydrogen
ions, which react with the malachite and break down
its mineral structure3®. This process occurs at room
temperature, although higher temperatures can further

enhance the dissolution rate®S.

The acid components chemically interact with the
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malachite, releasing copper ions into the solution. This
acid-driven reaction produces copper sulfate (CuSQOy),
carbon dioxide (COs3), and water (H2O). Copper sulfate
dissolves in the solution, enabling the extraction of cop-
per, which then dissolves more readily in the leachate.
The copper sulfate complexes further promote copper
extraction by enhancing dissolution kinetics and im-
proving the overall efficiency of the leaching process,
leading to faster and more effective copper recovery.

V. CONCLUSION

This study investigated optimal conditions for copper
recovery from copper oxide ore in the Jebel Hadieda
region of South Kordofan State using agitated sulfuric
acid leaching. The main conclusions are as follows:

o The optimal particle size (D50) for mineral liber-
ation was identified. No significant copper grade
variation was found across fractions.

e Leaching duration and particle size significantly
affect copper extraction. Longer leaching times
and smaller particles (200 microns) enhanced re-
covery, with a maximum yield of 75% after 180
minutes.

e Lower liquid-solid ratios enhance copper extrac-
tion. A 1:4 ratio achieved the highest extraction
rate (74.7%).

e Temperature, particle size, and sulfuric acid con-
centration strongly affect extraction efficiency.
Smaller particles and higher acid concentrations
(2M) led to a peak yield of 83.15% at 70°C.

¢« XRD analysis confirmed that increasing HoSOy4
concentration from 0.5 M to 2 M intensified mala-
chite dissolution, leading to higher formation of
copper sulfate dissolved in the leachate.
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