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Kinetics of chalcopyrite dissolution in ammonia solution under
sealed conditions and controlled redox potential
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Abstract: To provide optimization strategies for chalcopyrite ammonia heap leaching processes, the key factors
influencing chalcopyrite ammonia leaching kinetics were investigated under sealed reactor and controlled redox
potential at ambient temperature. The results indicated that redox potential, particle size, and pH significantly affected
chalcopyrite dissolution rates. The reaction orders with respect to particle size and hydroxyl ion concentration ¢(OH")
were determined to be —2.39 and 0.55, respectively. Temperature exhibited a marginal effect on chalcopyrite dissolution
within the range of 25—45 °C. The ammonium carbonate medium proved more favorable for chalcopyrite leaching than
ammonium chloride and ammonium sulfate systems. Surface deposits on the residues were identified as porous iron
oxides, predominantly hematite and ferrihydrite, which produced diffusion barriers during leaching. Shrinking core
model analysis revealed that the second stage of reaction was controlled by product-layer diffusion, which was further
confirmed by the low activation energy (10.18 kJ/mol).
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sulfides [5—7], while heap leaching has emerged as
a viable alternative for low-grade sulfide copper
ores and is widely applied for copper recovery from

1 Introduction

Chalcopyrite (CuFeS,) is the most abundant
copper-bearing mineral worldwide, accounting for
70% of global copper reserves [1,2]. However, it is
also among the most refractory copper sulfides
[3,4]. The traditional flotation—smelting process
remains the preferred option for primary copper

both low-grade copper oxides and secondary copper
sulfides [6,8—10]. However, current heap leaching
operations are predominantly conducted under
acidic conditions [11—13], which are unsuitable
for ores containing high concentrations of acid-
consuming gangue minerals such as dolomite [14].
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Consequently, the development of an alkaline-based
heap leaching technology for chalcopyrite copper
extraction has been anticipated in the mining industry.

The ammonia leaching process has been
recognized as a promising method for copper
recovery from primary copper sulfides associated
with high acid-consuming gangue minerals, owing
to its advantages of favorable leaching kinetics and
high iron selectivity [15—18]. Extensive studies
have been conducted on the ammoniacal leaching
of chalcopyrite under oxidative conditions, focusing
on leaching kinetics, reaction mechanisms, and
surface deposits [19—25]. The reaction rate is
predominantly controlled by surface chemical
reactions [24,25]. Although both oxygen and Cu?*
are recognized as oxidants in this system, earlier
studies primarily considered Cu?* as a catalyst
for chalcopyrite dissolution [24,25]. However,
subsequent studies [26,27] have demonstrated that
Cu?" (rather than oxygen) serves as the dominant
oxidant in ammoniacal systems, directly oxidizing
chalcopyrite. This mechanism is supported by the
stability of Cu* in ammoniacal solutions, indicating
that the Cu*/Cu’ redox couple can function as a
redox mediator, oxidizing chalcopyrite more
efficiently than dissolved oxygen [28].

The slow leaching kinetics of chalcopyrite is
attributed to the formation of passivating iron
oxyhydroxide surface films [29-33]. MOYO and
PETERSEN [34] reported that an Fe-oxyhydroxide
layer is formed during ammonium sulphate
leaching. In contrast, only minimal iron deposition
occurs on chalcopyrite surface in ammonia—
ammonium carbonate systems, indicating that while
the surface deposit layer influences the overall
reaction, it does not passivate the mineral surface
due to the amorphous and porous nature of the
surface products. MA et al [27] identified the
predominant iron species as amorphous hematite
and six-line ferrihydrite in ammonium chloride
solutions, which accounts for the observed
dissolution retardation.

DUTRIZAC [35] explored the possibility of
chalcopyrite heap leaching wusing ammonium
carbonate  solutions. The column leaching
experiments were carried out on high-grade
chalcopyrite ore (4.78% Cu, and particle size:
9.5-0.3mm) at 25°C. After two months of
leaching with ammonia—ammonium carbonate
solutions, a copper extraction rate of 20% was

achieved, comparable to acid leaching results. It
was suggested that chalcopyrite leaching kinetics
was controlled by both chemical reactions and
oxygen mass transfer. Notably, despite using
covered solution reservoirs, significant ammonia
losses (5%—20% of initial NH;3 input) occurred
during the three-month leaching period, which may
pose a significant challenge for industrial-scale
implementation of ammonia-based chalcopyrite
heap leaching. In parallel, NICOL [28] performed
analogous column leaching experiments using
ammonium chloride solutions for copper extraction
from chalcopyrite ore. Their results demonstrated
comparable efficiency to acid chloride leaching
systems, while also exhibiting significant ammonia
volatilization losses. These findings conclusively
identified ammonia losses as ‘“the most critical
techno-economic barrier hindering commercial-
scale implementation of ammoniacal chalcopyrite
heap leaching”.

Previous studies on ammonia heap leaching
were conducted in open systems, where significant
ammonia volatilization limited the commercial
application. To address this, the authors developed a
fully enclosed ammonia heap leaching technology
that virtually eliminates ammonia volatilization [36].
However, efficient chalcopyrite leaching under
closed conditions poses another challenge. This
study systematically investigates critical parameters
governing chalcopyrite leaching kinetics under
closed conditions, including redox potential,
ammonium salts selection, particle size, pH, and
temperature. Furthermore, we also characterize
surface products on residues and evaluate their
passivation effects, aiming to provide optimization
strategies for industrial operations of chalcopyrite
ammonia heap leaching.

2 Experimental

2.1 Chalcopyrite sample

The chalcopyrite samples used in this
investigation were sourced from Hezhang County,
Guizhou Province, China. Following crushing and
grinding, the material was wet-screened using
anhydrous ethanol to produce five size fractions:
<25, 25-46, 46—74, 74-105, and >105 um. The
chemical composition of each size fraction is given
in Table 1. The results revealed no significant
differences in the contents of Cu and Fe elements
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among the different size fractions. Notably, the
<25 um fraction exhibited a Cu/Fe ratio of 1.14,
matching the theoretical stoichiometric value,
while coarser fractions showed marginally lower
ratios, suggesting surface copper depletion. XRD
characterization (Fig. 1) confirmed chalcopyrite as
the dominant crystalline phase, in agreement with
prior literature reports [37].

2.2 Leaching experiments

To maintain ammonia stability and minimize
volatilization, leaching experiments were conducted
in sealed 1000 mL flasks containing 700 mL of

Table 1 Chemical composition of chalcopyrite particle
size fractions

Size fraction/um w(Cu)/wt.% w(Fe)/wt.% Cu/Fe ratio

<25 35.67 31.34 1.14
25-46 32.95 30.05 1.10
46-74 32.94 30.87 1.07
74-105 32.58 29.69 1.10
>105 34.40 31.20 1.10

3
¢ CuFeS,
(PDF# 37-0471)
.
*
* * *
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Fig. 1 X-ray diffraction pattern of chalcopyrite (<25 pum

particle size fraction)

ammonium salt solution with a total ammonia
concentration (NH,+NH3) of 2 mol/L. The system
was supplemented with 1 g/L Cu®" as CuSO4-5H-0.
To ensure continuous copper leaching under sealed
conditions, a potential-controlled method was
employed to add hydrogen peroxide to the solution,
oxidizing Cu" to regenerate the Cu®" oxidant. The
redox potential (ORP) of the leaching solution was
controlled at (50+5) mV (vs Ag/AgCl) using an
automated control system consisting of an ORP
electrode, controller, and peristaltic pump for H>O,
dosing (Fig. 2). Solution pH was adjusted between
7.5 and 9.5in 0.5 pH unit increments by adding
10 mol/L NaOH into (NH4)SO4 solutions, and
the temperature was controlled between 25 and
45 °Cin 5 °Cintervals using an oil bath with a
magnetic stirrer. Comparative tests were performed
with (NH4)2CO3, NH4Cl and (NH4)st4 to
evaluate the effects of different ammonium salts on
leaching kinetics. The particle size effect was
investigated using five classified fractions: <25 pum,
25-46 um, 46—74 um, 74—105 pm, and >105 um.

The 5 g of chalcopyrite samples were added to
each flask and leached with magnetic stirring at
500 r/min for 6 h. During leaching, 2 mL aliquots
were periodically collected for copper concentration
analysis using a Puxi A3 atomic absorption
spectroscopy (AAS), with immediate replenishment
of equal-volume fresh leaching solution to maintain
constant liquid level.

Following the leaching experiment, solid
residues were collected by vacuum filtration
through a 0.25 pm microporous membrane. The
filter cake was sequentially rinsed with: (1) a dilute
ammonium salt solution and (2) deionized water
to remove residual lixiviant. Subsequently, purified
residues were lyophilized at =50 °C for 24 h in a
freeze dryer.

OOO0

Fig. 2 Schematic diagram of experimental setup with integrated temperature and ORP control systems: 1—ORP
controller; 2—ORP electrode; 3—Three-neck round-bottom flask; 4—Magnetic stir bar; S—Magnetic stirrer with oil bath;

6—Peristaltic pump; 7—Hydrogen peroxide reservoir
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2.3 Surface characterization
2.3.1 SEM—EDS analysis

Sample surfaces were sputter-coated with gold
prior to analysis. Microstructural characterization
was performed using a field-emission SEM (JSM—
7610F, JEOL, Japan) equipped with an EDS
detector (ULTIM MAX, Oxford Instruments) at an
accelerating voltage of 15 kV.
2.3.2 Raman spectroscopy

Raman spectra were acquired using a
Renishaw inVia Reflex confocal Raman microscope
equipped with a 514 nm argon-ion laser. The system
was calibrated with a silicon reference (520.5 cm™)
prior to measurements. To prevent laser-induced
sample damage, the power density was maintained
at 0.3 mW throughout analyses, with each spectrum
representing four 60 s accumulations. Spectral data
were collected across 150—2000 cm™! wavenumber
range.

3 Results and discussion

3.1 Effect of redox potential

Hydrogen peroxide was added to an
ammonium salt solution to maintain a constant
solution potential. This approach was adopted to
compare the effects of controlled vs uncontrolled
potential on the kinetics of chalcopyrite ammonia
leaching under anoxic conditions. The experiments
were conducted in a 1 mol/L (NH4).CO; solution
containing 1 g/L Cu*', at pH of 9, with a particle
size of <25 um and a temperature of 30 °C.

In the ammoniacal system, Cu®>" was identified
as the primary oxidant for chalcopyrite (Reaction
(2)), rather than molecular oxygen (Reaction (1)).
Cu?" directly oxidizes chalcopyrite, which is
attributable to the stability of Cu" in ammoniacal
solutions, allowing the Cu?"/Cu” couple to function
as an effective redox mediator. This mediation
results in faster chalcopyrite oxidation compared to
dissolved oxygen. The enhanced leaching kinetics
by Cu** could be explained by its higher reactivity
and solubility relative to dissolved O, as well as the
rapid regeneration of Cu®* through the oxidation of
Cu" by dissolved O, (Reaction (3)) [26,27]:
2CuFeS;+8.50,+8NH;+40H —

2Cu(NH3); +Fe;05+4S0; +2H,0 (1)
2CuFeS,+32Cu(NH;); +380H =

34Cu(NH;),+ Fe;05+4S0; +60NH;3+19H,0

()

4Cu(NH;),+8NH;+0,+2H,0—

4Cu(NH;); +40H" 3)

It was reported that [Cu(NH3); )/[Cu(NH;);]
ratio is directly proportional to the system’s redox
potential (En) of the system [38]. Equation (4) was
proposed to describe this relationship, which
shows that under constant ammonia concentration,
Ey increases as the [Cu(NHs);"]/[Cu(NHs);] ratio
increases:

E,=0.074-0.11821g[NH, ]+
[Cu(NH;);"]
[Cu(NH;); ]

Their findings demonstrate that chalcopyrite
leaching under anoxic and sealed conditions could
be achieved through addition of oxidants such as
hydrogen peroxide to regenerate Cu?* and increase
the solution redox potential (£n).

As shown in Fig. 3, the redox potential (£p) of
the leaching solution significantly affects the
chalcopyrite leaching rate under sealed conditions,
consistent with the findings of MA et al [27]. With
hydrogen peroxide addition to the ammonium
carbonate solution, the E} increased and stabilized
at (50£5)mV (vs Ag/AgCl), resulting in a 52%
copper extraction yield within 6 h. In contrast,
under uncontrolled potential conditions (without
H,0; addition), Ey rapidly dropped to —«(30+5) mV
(vs Ag/AgCl) within 1 h because Cu*" was completely
consumed without oxidant-driven regeneration of
Cu’ to Cu*". At this low En of —(30+5) mV, only
18% copper was dissolved, significantly lower than
that (52%) at controlled £y ((50£5) mV).

0.0591 1g (4)

50+
—a— Controlled potential

40 | —@— Uncontrolled potential
X
K=
2 30f
g
5 20t
=]
O

10+

0 1 2 3 4 5 6

Time/h
Fig. 3 Copper extraction from chalcopyrite under sealed
conditions at controlled potential of (50+5) mV (vs
Ag/AgCl) and uncontrolled potential of —-(30+5) mV (vs
Ag/AgCl)
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The contents of Cu and Fe in the residues were
analyzed and are shown in Table 2. The Cu
extraction reached 52.24% and 19.00%, consistent
with solution analysis results. The decreased Cu/Fe
ratio in the residues indicates the formation of a
copper-deficient, iron-rich surface layer. During the
ammonia leaching process, Cu dissolved while Fe
accumulated on the chalcopyrite surface (according
to Reactions (1) and (2)).

Table 2 Contents of copper (Cu) and iron (Fe) in
residues and copper extraction under controlled and
uncontrolled potentials

Content/wt.%

Cu extraction/%

Sample Cu/Fe
P g mio From o Do
residue  solution
Feed 35.67 31.34 1.14 - -
Residue
under )04 3508 063 5224 51.95
controlled
redox
Residue
under )05 3084 104 19.00  18.20
uncontrolled
redox

3.2 Effect of ammonium salts

Figure 4 shows copper dissolution from
chalcopyrite in various ammonium salt solutions
under sealed conditions. The test conditions were:
total ammonia (NH,+NH3) 2 mol/L, Cu?>" 1 g/L, pH
9, temperature 30 °C, particle size <25 um, and
redox potential (50+5) mV (vs Ag/AgCl). In the
ammonium chloride system, the copper leaching
rate initially increased rapidly before gradually
decreasing, achieving 42.21% extraction yield
within 6 h. In contrast, ammonium sulfate system
showed slower kinetics, with only 39.9% copper
extraction in the same period. The ammonium
carbonate system exhibited nearly linear leaching
kinetics, reaching the highest extraction yield of
52.2% after 6 h.

Chemical analysis of the leaching residues
confirmed that the copper extraction yield
determined from the residues matched that
measured in the solution (Table 3). The Cu/Fe
ratio (0.69+0.06) was significantly lower than the
theoretical stoichiometric value of 1.14, confirming
iron enrichment as a surface layer (likely iron
oxyhydroxides) with preferential copper dissolution

into the ammoniacal solution. Notably, the
ammonium carbonate system enabled higher copper
dissolution compared to the ammonium sulfate and
chloride systems. This enhancement likely resulted
from iron carbonate complexation, which modified
the iron deposit morphology and inhibited
passivation layer formation. These findings align
with the mechanism proposed by MOYO and
PETERSEN [34].

A
50 + A/
40 + ./=
S Ao
g 30f _7.
>
g 20} I/.
g A
./ —H®— 2 mol/L NH,Cl
—e— 1 mol/L (NH,),SO,
10+ A —A— | mol/L (NH,),CO;
0 1 2 3 4 5 6

Time/h

Fig. 4 Copper extraction from chalcopyrite in different
ammonium salt solutions

Table 3 Contents of copper (Cu) and iron (Fe) in
residues and copper extraction for various ammonium
salt solutions

Content/wt.% Cu extraction/%

Ammonium Cu/Fe
salt Cu Fe ratio From In
residue  solution
(NH4)2SOs 26.93 36.14 0.75 37.16 39.9
NH4C1 2341 3628 0.65 47.99 42.21
(NH4),CO; 22.74 35.98 0.63 52.24 51.95

3.3 Effect of particle size

The effect of particle size on chalcopyrite
dissolution was investigated under the sealed
conditions at a controlled potential of (5045) mV
(vs Ag/AgCl), 30°C, in 1mol/L (NH4)COs
solution containing 1g/L Cu®*, at pH 9 with
500 r/min agitation. As shown in Fig. 5, copper
extraction rates increased significantly with
decreasing particle size below 46 um, whereas size
variations showed negligible effects for coarser
particles (>46 um). These results are consistent
with the 44 um threshold for copper concentrate
leaching reported by NABIZADEH and
AGHAZADEH [21].
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Cu extration/%

Time/h
Fig. 5§ Copper extraction from chalcopyrite with different
particle size fractions

The Cu and Fe contents in the residues were
analyzed, as shown in Table 4. The copper
extraction calculated from the residues is consistent
with that obtained from the solution analysis. A
decrease in the Cu/Fe ratio was observed with
increasing copper extraction.

Table 4 Cu and Fe contents in residues and copper
extraction for different particle size fractions

Particle ~Content/wt.% Cu extraction/%
size/ Cu/Fe From In
pm Cu Fe ratio residue  solution
>105 3528 3235 1.090 6.34 6.91
74-105 31.50 32.13 1.086 8.85 8.11
46-74 3278 3292 1.041 10.04 9.73
25-46 3236 3232 0970 19.10 19.92
<25 2274 3598 0.63 52.24 51.95

3.4 Effect of temperature

Given that most heap leaching operations
proceed at ambient temperatures (typically 10—
40 °C), copper dissolution was investigated from 25
to 45 °C under sealed conditions at a controlled
potential of (50£5) mV (vs Ag/AgCl) in 1 mol/L
(NH4)>CO; solution (1 g/L Cu**, pH 9, 500 r/min,
<25 um). As shown in Fig. 6, although copper
extraction increased with temperature, its effect on
chalcopyrite leaching kinetics remained marginal.
These findings agree with observations reported by
NABIZADEH and AGHAZADEH [21], who noted
comparable temperature insensitivity (25—60 °C,
<25 pm particles).

60

50

40 |

30

Cu extration/%

20+

10t

Time/h
Fig. 6 Copper extraction from chalcopyrite at different
temperatures (25—45 °C)

3.5 Effect of pH

Chalcopyrite leaching was investigated at
varying pH (7.5-9.5, adjusted with NaOH or H>SO4)
under sealed conditions at a controlled potential
of (50+5)mV (vs Ag/AgCl), 30°C, in 1 mol/L
(NH4),SOs solution containing 1 g/ Cu®', with
500 r/min agitation and particle size <25 um. As
shown in Fig. 7, the leaching rate increased
exponentially with pH, showing a threefold
enhancement from pH 7.5 to 9.5. This pH

dependence aligns with  observations by
BECKSTEAD and MILLER [24] and
NABIZADEH and AGHAZADEH [21] in

ammoniacal systems.

60

50+

40 |

30

Cu extration/%

Time/h
Fig. 7 Copper extraction from chalcopyrite at different
pH (7.5-9.5)

3.6 SEM and EDS analysis results

SEM—-EDS characterization of leaching
residues revealed distinct surface morphologies
in different ammonium salt systems (Fig. 8, and
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Table 5). Dense passivation layers were formed
in ammonium chloride and ammonium sulfate
solutions  (Figs. 8(a, b)), whereas ammonium
carbonate solutions produced porous corrosion
layers (Fig. 8(c)). These morphological differences
explain the enhanced leaching kinetics in carbonate
media, as the porous structure facilitates reagent
diffusion [39]. Mechanistic analysis suggests that
(1) in carbonate systems, soluble Fe(I)-CO;
complexes prevent surface precipitation, maintaining
reaction interfaces, and (2) sulfate systems favor
iron sulfate precipitation, forming diffusion-barrier
layers [34]. These findings demonstrate how anion
selection dictates surface reaction pathways.
Energy-dispersive spectroscopy (EDS) results
for the newly exposed surface at Spot 15 revealed a

1697

composition of 26.82% Cu, 22.00% Fe, 43.82% S,
and 7.37% O, matching the pristine chalcopyrite
composition. EDS analysis of the surface deposit
(Spot 17) from ammonium chloride leaching
indicated a composition of 15.54% Cu, 22.71% Fe,
32.64% S, and 29.10% O, showing comparable
composition to Spot 20 in ammonium sulfate. The
atomic percentages yield Cu/Fe and S/Fe ratios
of 0.68 and 143, respectively, which were
significantly lower than the 1:1 and 2:1 ratios of
stoichiometric chalcopyrite (CuFeS,), evidencing
preferential dissolution of copper and sulfur with
iron accumulation as oxyhydroxides. For the
ammonium carbonate system, the analysis showed a
composition of 6.46% Cu, 27.90% Fe, 27.22% S,
and 38.42% O. The resultant Cu:Fe:S:0 ratio

Spot 15

Fe
A Fe ¢ cu

Spot 17

Fe
A e
3 4 5 6 7 8 9
Energy/keV

10

Spot 20

Fe
L Fe Cucu

Spot 22

3 4 5 6 7 8 9 10
Energy/keV

Spot 24

Fe
LR Ccu

Spot 25

3 4 5 6 7 8 9 10
Energy/keV

Fig. 8 SEM images and EDS analysis results of leached residues in different ammonium salt solutions: (a) Ammonium

chloride; (b) Ammonium sulfate; (c) Ammonium carbonate
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Table 5 EDS analysis results of leached residues

He-yun SUN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 16911703

Ammonium Composition/at.% Cu/Fe )
Spot . S/Fe ratio
salt Cu Fe S 0 ratio
15 26.82 22.00 43.82 7.37 1.22 1.99
Ammonium chloride
17 15.54 22.71 32.64 29.10 0.68 1.43
20 13.39 21.14 25.55 39.91 0.63 1.21
Ammonium sulfate
22 25.40 21.21 41.77 11.63 1.20 1.97
24 6.46 27.90 27.22 38.42 0.23 0.98
Ammonium carbonate
25 12.83 34.69 37.62 14.85 0.37 1.08
(1:4:4:6) confirmed iron oxyhydroxide precipitation showing  distinct ferrihydrite/hematite  ratios
post-dissolution, consistent with solution pH>8.5 (Table 5).

promoting Fe(OH); formation, and carbonate

complexation inhibiting Fe*" redeposition [34].

3.7 Raman spectroscopy results

To identify the composition of surface reaction
products, Raman spectroscopic analysis (514 nm
laser, 0.3 mW) was performed on both the feed and
leached chalcopyrite in various ammonium salt
solutions (NH4C1/(NH4)2SO4/(NH4)2CO3). Figure 9
shows the Raman spectra of both the feed and
leached chalcopyrite. The feed chalcopyrite
exhibited characteristic vibrational modes at 292,
324, and 356 cm™!, corresponding to fundamental
Cu—Fe—S lattice vibrations [27]. After leaching in
various ammonium salts, these primary peaks
persisted while new features emerged at 224, 409,
610, and 1321 cm™' (two-magnon scattering)
in all residues. These additional peaks were
diagnostically assigned to hematite (a-Fe2O3)
surface deposition [40] based on (1) the 1321 cm™
two-magnon scattering unique to hematite, (2) the
characteristic 224-409 cm™! Fe — O vibrational
modes, and (3) our EDS results showing iron
enrichment (Section 3.6).

Additionally, the broad 600-750 cm™!
envelope corresponds to six-line ferrihydrite
(5Fe;03-9H,0) [27,29,41], as evidenced by (1)
characteristic peak broadening (FWHM >50 cm™!),
and (2) absence of crystalline goethite signatures.
These findings align with established mechanisms
of chalcopyrite oxidative dissolution in ammoniacal
media, where Fe;Os3 phases dominate in the surface
products [27,42—44]. The combined Raman—EDS
results demonstrate an anion-dependent surface
passivation process, with carbonate systems

292)324
| 356 (a)

2239237109 610 6007730 1455 1321

P24
500 1321

409 610 600-750 1055

92 610 600-750
gl 409/ -

21 (d)

400 800 1200 1600

Raman shift/cm™!

2000

Fig. 9 Raman spectra of chalcopyrite in feed (a), and
after leaching in NH4Cl (b), (NH4)»SOs (c), and
(NH4)2COs (d) solutions

Raman analysis revealed two key findings
regarding sulfur speciation: (1) Absence of
elemental sulfur (no characteristic S° vibrational
modes at 153 and 219cm™' were detected),
confirming complete sulfur oxidation under these
conditions; (2) Tetrathionate (S407) formation,
with two distinct peaks observed at 377 cm™!
(vs: S—S stretching) and 1050 cm™ (vas: S—O
stretching) in all systems except the ammonium
carbonate  solution.  These features  were
conclusively assigned to tetrathionate (S4Of)
formation based on excellent agreement with
reference Na,S;Os spectra [27,45].

Electrochemical analyses confirm that Cu?®*
mediates the oxidation of thiosulfate (S,03) to
tetrathionate (S40f ) [46], indicating that S,03
is the initial product of chalcopyrite oxidation.
This reaction pathway of chalcopyrite oxidation
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proceeds through a thiosulfate intermediate
mechanism rather than direct oxidation to sulfate,
as evidenced by (1) the presence of tetrathionate
(S40¢") during ammoniacal leaching, (2) thermo-
dynamic calculations predicting S,0; as the
dominant intermediate in ammoniacal solutions at
pH 7-9 [17], (3) electrochemical measurements
showing S,03 stability below 0.6V [18], and
(4) synchrotron XANES spectra confirming the
presence of $,035 during initial oxidation [24].

3.8 Kinetic analysis

The leaching kinetics of chalcopyrite in
oxidative ammoniacal solutions were analyzed
using the shrinking core model (SCM) [47,48].
This model describes two possible rate-limiting
mechanisms: (1) surface chemical reaction control
(Eq. (5)) and (2) product-layer diffusion control

(Eq. (6)):
1—(1—x) =kct (5)
142(1-x)-3(1-x)3=kpt (©6)

where x is the fraction of dissolved Cu; ¢ is time; kc
and kp are the apparent rate constants for reaction
and diffusion, respectively.

The apparent activation energy (F.) was
determined using Arrhenius equation (7) [49,50]:

k=Aexp[—E./(RT)] @)

where £ is apparent rate constant, 4 is frequency
factor, R is molar gas constant and T is
thermodynamic temperature.

The temperature-dependent leaching profiles
(Fig. 6) revealed biphasic kinetics: a rapid initial
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dissolution phase (0—2h) followed by a slower
secondary phase (2—6h). This kinetic transition
aligns with the progressive formation of a
passivating product layer, as evidenced by
SEM-EDS analysis (Fig. 8).

Kinetic modeling using Egs.(5) and (6)
(Table 6, and Figs. 10(a, b)) identifies two distinct
rate-limiting mechanisms: (1) The initial phase
(0—2 h) was controlled by chemical reactions; (2)
The later phase (2—6 h) was controlled by diffusion
through the product layer.

The Arrhenius plots (Figs. 10(c, d)) further
confirmed this mechanistic transition, showing a
characteristic decrease in activation energy from
33.89 kJ/mol (chemical control) to 10.18 kJ/mol
(diffusion control) for such passivation systems.

The constants (k) and
coefficients (R?) for particle size and hydroxyl ion
concentration (¢(OH")) were determined using
Egs. (5) and (6), as summarized in Table 7. Key
parameters were derived through the following
procedures: (1) ¢(OH") was calculated from pH
measurements using the ionic product of water
(Kw=1.0x10"1%); (2) Particle sizes represent the
mean values of each size fraction.

Kinetic analysis showed that the diffusion-
controlled models exhibited higher R?> values
compared to chemical reaction models, confirming
product-layer diffusion as the rate-limiting step in
ammoniacal solutions.

The reaction orders obtained from In kp versus
In Dy and In ¢(OH") plots (Fig. 11) were —2.39 for
particle size and 0.55 for ¢(OH"). These results
align with the established studies: (1) The negative

rate correlation

Table 6 Kinetic parameters derived from temperature-varied leaching experiments

Reaction 1—(1-x)"? 1+2(1-x)-3(1-x)??
stage  kc/h! Correlative coefficient, R?  E)/(kJ-mol™)  kp/h™!  Correlative coefficient, R>  E,/(kJ-mol ™)
0.022 1.000 0.0025 0.907
Initial  0.035 1.000 0.006 0.900
phase 0.042 0.996 33.89 0.009 0.879 -
(0=2h)  0.047 0.999 0.011 0.894
0.055 1.000 0.015 0.910
0.039 0.998 0.025 0.981
Later  0.037 0.991 0.028 0.989
phase 0.037 0.991 - 0.029 0.997 10.18
(2=6h)  0.037 0.995 0.031 0.997
0.037 0.994 0.033 0.995
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Fig. 10 Kinetic analysis of chalcopyrite leaching: (a) Plot of 1—(1—x)"3 vs time (0—2 h) for chemical reaction-controlled
stage; (b) Plot of 1+2(1-x)-3(1—x)*3 vs time (2—6 h) for diffusion-controlled stage; (c) Arrhenius plot (In k vs 1/T)
for initial stage (chemical reaction control, £;=33.89 kJ/mol); (d) Arrhenius plot for later stage (diffusion
control, £,=10.18 kJ/mol)

Table 7 Apparent rate constants (k), correlation coefficients (R?), and reaction orders with respect to particle size (Do)
and hydroxyl ion concentration (c(OH"))

1-(1-x)'? 14+2(1—x) =3(1-x)*? Reaction
Parameter
ke/h™! R? kp/h™ R? order
20 0.037 0.997 0.018 0.898
35.5 0.013 0.980 0.002 0.929
Particl
aree 60 0.007 0.548 0.001 0.922 239
size/pm
89.5 0.005 0.628 0.000 0.961
105.5 0.004 0.768 0.000 0.982
10763 0.010 0.994 0.001 0.910
Hydroxyl ion 107 0.016 0.980 0.003 0.937
concentration/ 1073 0.024 0.889 0.007 0.995 0.55
(mol-L™") 1073 0.030 0.886 0.011 0.996
10743 0.040 0.821 0.019 0.997
particle size dependence (—2.39) matches the nano- dependence (0.55) corresponds to the surface

porous diffusion barriers reported by NABIZADEH protonation model proposed by BECKSTEAD and
and AGHAZADEH [21]; (2) The sub-linear ¢(OH") MILLER [24].
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Fig. 11 Dependence of leaching kinetics on particle size

(In kp vs In Do) (a) and hydroxyl ion concentration (In kp

vs In ¢(OH)) (b)

4 Conclusions

(1) The leaching kinetics of chalcopyrite
exhibited strong dependence on redox potential.
Under controlled potential conditions ((50+5) mV
vs Ag/AgCl), copper extraction reached 52.2%
within 6 h, representing a 2.9-fold enhancement
compared with that under uncontrolled potential of
—(3045) mV (18.0% extraction).

(2) The chalcopyrite leaching kinetics
demonstrated strong dependence on both particle
size and solution pH, with experimentally
determined reaction orders of —2.39 for particle size
and 0.55 for hydroxyl ion concentration (¢c(OH)).
In contrast, temperature variations (25—45 °C)
showed negligible impact. Notably, comparative
leaching tests revealed that the ammonium
carbonate system achieved 9%—12% higher
extraction efficiency than the chloride or sulfate
systems.

(3) During the leaching process, a thick and
porous layer was formed on chalcopyrite surface.

SEM-EDS and Raman analyses confirmed that this
layer consisted predominantly of hematite (a-Fe,O3)
and disordered ferrihydrite (5Fe.03;-9H>0), which
collectively functioned as a diffusion barrier.

(4) Kinetic analysis revealed a distinct two-
stage mechanism: the initial stage (0—2h) was
primarily controlled by chemical reactions (R*>>0.99,
E.=33.89 kJ/mol); the later stage (2-6h) was
controlled by diffusion through the product layer
(R*>0.98, E,=10.18 kJ/mol).
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