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Abstract: The interfacial reactions of chalcopyrite in ammonia—ammonium chloride solution were investigated. The chalcopyrite
surface was examined by scanning electron microscopy and X-ray photoelectron spectroscopy (XPS) techniques. It was found that
interfacial passivation layers of chalcopyrite were formed from an iron oxide layer on top of a copper sulfide layer overlaying the
bulk chalcopyrite, whereas CuFe;_,S, or copper sulfides were formed via the preferential dissolution of Fe. The copper sulfide layer
formed a new passivation layer, whereas the iron oxide layer peeled off spontaneously and partially from the chalcopyrite surface.
The state of the copper sulfide layer was discussed after being deduced from the appearance of S*, S2~, S,Z,‘ , S” and SOﬁ’. A
mechanism for the oxidation and passivation of chalcopyrite under different pH values and redox potentials was proposed.
Accordingly, a model of the interfacial reaction on the chalcopyrite surface was constructed using a three-step reaction pathway,
which demonstrated the formation and transformation of passivation layers under the present experimental conditions.
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1 Introduction

Chalcopyrite is the most refractory and abundant
source of copper [1]. Oxidation of chalcopyrite is an
important research topic in environmental geochemistry,
since it is one of the main copper minerals and
significant accessory minerals in many igneous and
sedimentary rocks [2,3]. A decline in copper grades has
occurred in recent times, which is a future challenge to
the copper industry [4]. An efficient hydrometallurgical
process has thus far not been widely applied to the
industry; neither has significant research been conducted
for gaining a deeper understanding of the reaction
mechanisms of low-grade and/or complex ores. However,
hydrometallurgy provides numerous advantages for
mineral processing. For example, a hydrometallurgical
refining pathway enables selective dissolution and
precipitation of elements in a desired form at a preferred
stage of the process [5]. To ensure further industrial
applications of chalcopyrite, a full understanding of the
mechanism of its leaching process is necessary.

In a previous study on interfacial reactions, Fe

hydroxide/oxyhydroxide was detected in the first few
atomic layers when fresh chalcopyrite was exposed to
water [6]. Iron was leached out of the chalcopyrite
structure, preferentially forming a layer of a
metal-deficient phase [7]. An intermediate phase of
Cu,-Fe,—1S,, was considered to be the product [8]. The
products CusFeS; and Cu,S were formed between the
outer iron oxide layer and bulk chalcopyrite [9].
Furthermore, a passivation film of CuS, was formed on
the surface at a low potential in alkaline solution by
atmospheric and electrochemical methods [10]. Sulfur
remained unoxidized as CuS,, with Fe(OH); and Fe,0s,
forming a film that retarded the oxidation. Furthermore,
ferrous-promoted chalcopyrite leaching was assumed to
be due to the formation of intermediate CuS,, which is
more amenable to oxidation than chalcopyrite. It was
proposed that some copper was leached into the solution,
forming an altered layer of CugygS, in air-saturated
ammonia solution [9]. X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES)
observations revealed that in addition to Cu-rich sulfides
and iron hydroxides, a CuS,, layer approximately 1 um in
thickness existed on a polished chalcopyrite surface [11].
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A previously developed model [12] predicted that
the formation of Cu,S and chalcopyrite leaching
occurred when the redox potential of the solution was
below a critical potential, due to the function of the
ferrous and cupric ion concentrations. CuS, first
converted to CuS, after which it formed a group of
secondary covellite phases with stoichiometries between
Cu, ¢S and Cuy ;S [13]. CuS and CuS, appeared to be the
two main Cu sulfides, owning to iron depletion from the
subsurface area [14]. In another study, the absolute
energies of calculated and experimental Cu L-edge
spectra were closely aligned for both Cu/Fe sulfides and
CuS,, but not for Cu,S and CuS. Moreover, a solid
product with a stoichiometry of Cug;sS, was formed
after Fe*" and Cu®" were dissolved from the chalcopyrite
structure at a mass ratio of 4:1 [15]. The thickness of the
formed layer was about 3 nm, and it was composed of
CuS and other S compounds.

Other analytical studies of oxidized or leached
chalcopyrite suggest that a formed S° layer may also act
as a diffusion barrier to the transport of ions and
electrons in the absence of either bacteria or
electrochemical inducement, thereby dismissing the
possibility of Si’ formation and claiming that only the
sulfur species S*, S37, S’ and S~ were detectable on
the leached CuFeS, surface [16]. Evidence of the
formation of a copper-rich sulfide with a composition of
either CusFeS,; or Cu,S was found [17]. When the
chalcopyrite surface was exposed to air, Cu and S
components could not be examined because of the
formation of an Fe oxide layer having a thickness of
between 20 and 40 nm.

The passivation layer and intermediate compounds
vary with the physicochemical conditions, so does the
dissolution process [18]. As a result, there is no real
consensus from the results of previous studies regarding
the intermediary products during the oxidation process of
chalcopyrite. This paper presents optical microscopy
(OM) images, XPS investigation results, and scanning
electron microscopy (SEM) images of the leaching-
product layer of chalcopyrite, which demonstrate the
occurrence of a mild interfacial reaction in ammonia—
ammonium chloride solution. The aim of this study is to
provide a deeper understanding of alkaline leaching
theory in terms of the formation of layers and the
interfacial reactions on the chalcopyrite surface,
especially the complex Cu sulfide under-layer, and to
provide a model of the interfacial reaction by using a
three-step reaction pathway.

2 Experimental

2.1 Materials and methods
The raw ore was extracted from a mine in Sinkiang,

China. The composition determined by X-ray
fluorescence (XRF, Shimadzu, XRF—1800) spectrometry
analysis was as follows: 3.6524% Cu, 2.5450% Ni,
39.5300% Fe, 26.1787% S, 6.2071% Si, and 2.3080%
Mg (mass fraction). No concentrate was used in the XRF
or X-ray diffraction (XRD, Rigaku, D/Max—2550)
analyses. Samples for OM measurements were chosen
carefully so as to be devoid of gangue, and those for
leaching experiments were carefully selected such that
the chalcopyrite content was at least 80% (mass fraction).
To focus on the mechanism of the leaching process of
one phase, samples with high purity of chalcopyrite were
selected because this would ensure reduced interference
from other ores during the leaching experiments. All
samples were mounted in epoxy resin and polished with
2.5 um diamond abrasive and finally dispersed in
deionized water. The mounted and polished samples
were rinsed with deionized water/ethanol and dried after
being leached in ammonia—ammonium chloride solution
(1 mol/L NH3-H,O with 2 mol/L NH,CI) at 25 °C.

2.2 Characterization

The interfacial reaction surface of the leached
sample was observed by OM (Leica, DM4000M). The
surface of each sample was rinsed with deionized
water/ethanol and dried after being leached for the
scheduled time (0—100 h). The leaching layer was
examined by SEM (JEOL, JSM-6700F) and
energy-dispersive X-ray spectrometry (EDS, Oxford
INCA EDS system), which were used to distinguish the
different mineral phases and to analyze the surface
changes. The surface of the sample was coated with
platinum before the measurements. An XPS
measurement (Fisher Scientific, ESCALAB) was
performed on the interfacial reaction surface of
chalcopyrite on the cubic sample by adopting a
monochromatic Al K, X-ray source. All core-level
spectra were referenced to the C 1s neutral carbon peak
at 284.8 eV. The spot size was 400—600 pum, which
almost entirely covered the area of the chalcopyrite
surface.

3 Results and discussion

3.1 Mineral composition

The crude ore belonged to a low-grade
copper—nickel mineral whose chemical analysis data are
discussed in Section 2. According to the XRD pattern of
the ore shown in Fig. 1, chalcopyrite, pentlandite, and
pyrrhotite were the main sulfidic mineral phases
associated with magnetite and other gangue.

Figure 2(a) shows an optical microscope
photograph of the surface of the polished cubic ore that
was carefully chosen so as to be devoid of gangue. The
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Fig. 1 XRD pattern of raw ore

B Chalopyrite

o ~

4

Fig. 2 OM image assembled from several separate images (a)
and computer-generated image depicted as electron backscatter
diffraction (EBSD) image, where different colors represent
different minerals as given in elemental map (b)

photograph was composed of several images, owing
to the limitations of the microscope. Figure 2(b) shows a
computer-generated image of the area shown in Fig. 2(a),
which is depicted as an electron backscatter diffraction
(EBSD) image; here, different colors represent different
minerals as given in the elemental maps. The purpose of

the computer-generated image was to distinctly describe
different mineral phases. For instance, the blue area
shows the mapping image of Ni, which represents
pentlandite, the only nickel ore containing Fe, S, and Ni.
The green area shows the mapping image of Cu, which
represents chalcopyrite, the only copper ore which
contains Fe, S, and Cu. The yellow area shows the
mapping image of O, which represents magnetite, the
only oxidized ore containing Fe and O. The gray area
represents pyrrhotite, which contains only Fe and S.
Moreover, the mineral phase in Fig. 2(a) could be
identified by XRD analysis, EBSD elemental analysis,
and the description obtained by microphysiography [19].
Chalcopyrite (yellow phase), pentlandite (white phase),
pyrrhotite (gray phase), and magnetite (blue phase) were
products of crystallization differentiation that possessed
brecciated structures. An interfacial reaction experiment
was performed after analysis of the mineral composition
and phase.

3.2 Mineral interfacial reaction

Figure 3 shows an optical microscope photograph of
the interfacial reaction with leaching time from 0 to
100 h and acid-treated at 25 °C. With respect to the
interfacial leaching experiment, the process of layer
formation might be determined according to the optical
changes. Then, the mechanism of mineral leaching was
identified by surface characterization. The mineral phase
could be identified clearly before leaching, where
chalcopyrite (yellow phase) and pyrrhotite (gray phase)
were identified (Fig. 3(a)). The primary research target in
this work was the interfacial reaction on the chalcopyrite
surface.

CUFCSZ+NH3+H20+02—>
[Cu(NH;)4]SO4+(NH4),SO4+Fe,05-nH,0 (1
CuFeS,;+0,+OH —CuS,+Fe,05-nH,0+S+S0;~ 2)

Equation (1) [20] indicates that in the presence of
NH;-H,O and O, (thus leading to the requirement of an
appropriate redox potential (¢,) and pH, which will be
discussed later), chalcopyrite was oxidized on the surface
with the formation of SOi_, FeOOH/Fe,05-nH,0/
Fe(OH); [21], or even S [22] or CuS, [23]. In contrast,
Eq. (2) indicates the incomplete oxidation of
chalcopyrite or, in all probability, the intermediate
process of the industrial leaching method. The oxidation
of elemental S was complex, and it involved more than
just a change from S3~ to Sy or SOZ™; intermediate
oxidation of thiosulfate anions and polythionate occurred
during the process [20]. In reality, the process of the
interfacial reaction on chalcopyrite is more complex than
that has previously been considered. Therefore, the
research processes described in Egs. (1) and (2) should
be taken into consideration.
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It was visually clear from Fig. 3(b) that the
chalcopyrite surface became redder over time, which
suggests the presence of layers (Fe oxides) on the
mineral surface. The image shows that in the active
redox region, Fe was selectively leached out prior to Cu,
as reported previously [24], and a FeOOH layer in
alkaline solution formed. With increasing time, the layer
on chalcopyrite gradually changed in color to blue
without any residual red layer, and the Fe-deficient Cu
polysulfide layer under the Fe oxide layer became fully
visible after 20 h (Fig. 3(c)). Different reaction speeds on
the chalcopyrite surface could have been due to different
surface conditions after polishing. Furthermore, the
absence of green and red surface layers suggested a new
interfacial change in the unstable ferrihydrite layer and
the Fe-deficient Cu polysulfide layer (Figs. 3(d) and (e)),
though other characterization methods would be required
to fully understand the interfacial process. The sample
surface was treated with diluted hydrochloric acid to
deeply excavate the layers, as shown in Fig. 3(f). A
hierarchical structure might be present on the interfacial
surface; Cu might remain on the surface, with the
formation of CusFeS,, CuS, or Cu,S [6,25], whereas the

iy, ¢
Fig. 3 OM images of interfacial reaction at leaching time 0 h (a), 5 h (b), 20 h (c), 50 h (d), 100 h (e), and acid-treated (f) in 1 mol/L
NH;-H,0 and 2 mol/L NH,4Cl at 25 °C (Chl: Chalcopyrite, Py: Pyrrhotite)

oxidized environment might not oxidize chalcopyrite
sufficiently.

As shown in Figs. 4(a)—(c), the sample was treated
with diluted hydrochloric acid for 1 min after leaching
for 100 h to initiate dissolution on the top layer, in order
to take advantage of OM and XPS analyses. The acid
treatment dissolved the top Fe-sufficient layer and
exposed the Cu polysulfide layer, which could then be
characterized by XPS analysis. In comparison, the
leaching condition could not prevent the interfacial
surface layers from peeling off; instead, it exposed the
under-layers to the solution, perhaps because of the
over-exfoliation of the surface layer (Figs. 4(d) and (e)).
Debris could be observed on the surface in the enlarged
image (Fig. 4(f)). It was concluded that the yellow, fresh
surface was not chalcopyrite, since no further visual
interfacial reaction occurred.

Figure 5 shows Fe 2p and O 1s XPS spectra
obtained from the layers of the chalcopyrite surface in
the sample shown in Fig. 3(e); neither Cu nor S was
detected. Although the two areas showed different colors
on the interfacial reaction surface (blue/cyan and red),
they showed almost the same intensity peak position and
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Fig. 4 OM images of chalcopyrite surface at 25 °C: (a, d) Before leaching; (b) Leaching for 100 h from (a); (c) Acid-treated surface;
(e) Peeled-off surface after leaching; (f) Enlarged image of peeled-off surface

shape, suggesting that the same layer was present on top
of the interfacial surface and it had almost the same state.
The photoelectron peaks at 712.10 and 724.70 eV
corresponded to the binding energies of Fe 2p;, and
Fe 2pip, respectively. Two typical satellite peaks (Sat)
were also observed in Fig. 5(a). These satellite peaks
resulted from charge transfer screening, which, in turn,
can be solely attributed to the presence of Fe’* ions [26].
Fe 2p spectra were dominated by iron oxide/hydroxide
products, including Fe(OH); and FeOOH, between 711
and 712 eV [27]. Ferrihydrite [28] had similar
photoelectron peaks. However, the binding energy of Fe
2p;3» in this research was 712.10 eV, resulting in a

chemical shift of more than 1 eV. This shift might
suggest a change in the chemical environment of the
elements, indicating the formation of a new chemical
bond between Fe** and other substances [29]. It could be
suggested that the presence of NHj and CI™ caused the
formation of chelate.

The O 1s photoelectron peaks could be decomposed
into four peaks, at 530.01, 531, 531.79, and 532.7 eV,
corresponding to O*, —OH, absorbed water, and
attached water, respectively. The existence of the —OH
group suggested that the oxidized iron was in the state of
FeOOH. Furthermore, the —OH/O* and O/Fe ratios
were 1.14 and 1.77, respectively, which conformed to the
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stoichiometry of Fe—O—OH, as reported previously [30].
Furthermore, the difference in the fractions of Fe**, 07,
—OH, and H,0 did not have contradictory effects on the
surface layers during several experiments. This led to the
conclusion of the existence of ferrihydrite which was the
reason for these ratios being indeterminate. Most
importantly, unstable ferrihydrite could transform to
goethite or hematite under different conditions [28],
whereas detectable ferrihydrite was the initial product
during the hydrolysis of Fe. The phenomenon of

different colors of FeOOH is discussed later.

Figure 6 shows Fe 2p, O 1s, Cu 2p, and S 2p XPS
spectra of the leaching layers on the chalcopyrite surface
treated with diluted hydrochloric acid for 1 min (A) and
on the peeling-off surface (P), whose positions are as
shown in Figs. 4(c) and (e), respectively. The spectra of
A and P were extremely similar, with just a slight
difference in the elemental ratios.

The Fe 2p photoelectron peaks for A and P were
almost the same (Fig. 6(a)), indicating the dissolution of

(a)
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Fig. 5 XPS spectra of chalcopyrite surface after leaching at 25 °C (red and blue/cyan areas on surface shown in Fig. 3(e)): (a) Fe 2p;

() O 1s
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Fig. 6 XPS spectra on interfacial surface of acid-treating (A) and peeling-off (P) surfaces: (a) Fe 2p; (b) O 1s; (c) Cu 2p; (d) S 2p
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Fe and the formation of FeOOH. Nonetheless, a feeble
peak at 707.8 eV, representing the binding energy of Fe
in the state of CuFeS,, could be attributed to the
exposure of chalcopyrite. The O 1s photoelectron peaks
for A and P could be decomposed into four peaks, in
accordance with the spectra shown in Fig. 5. Meanwhile,
O* /Fe*" or —OH/Fe*" ratios ranging from 1 to 2 in
several experiments revealed the existence of FeOOH.

Cu 2p3/, photoelectron peaks were clearly observed
in the survey spectra, as shown in Fig. 6(c). The peak at
932.05 eV could be ascribed to the absence of Cu(Il)
from covellite (CuS) [31] or other Cu(Il)—sulfide species,
which was a result of Fe dissolution. In addition, Cu,S
did not exist according to a previous study [18]. Else, Cu
oxides might be present in the CuSn layer owing to the
occurrence of slight oxidation, which was observed in
the Cu 2p spectra for greater clarity.

The S 2p photoelectron peaks could be decomposed
into 4 peaks at 161.32, 162.40, 163.52, and 168.5 eV and

Not infiltrated

assigned to s, s, Si’, S% and SO, respectively.
Synthesis of model polysulfides and their subsequent
examination by XPS indicated that polysulfides did not
play a role in inhibiting chalcopyrite dissolution, leading
to the conclusion that dissolution occurred via the
oxidation of the disulfide phase. The S*:S3 :S> /S
SO mass ratio was 2.60:0.63:1.26:1, indicating the
distribution state of elemental S [32]. It was thought that
CuS,* was the metastable phase [16], which might
account for the complicated changes in S. It was
proposed that chalcopyrite firstly oxidized to Fe
hydroxyl oxide, CuS,, and S; then, CuS, oxidized to CuS
and CuS,; subsequently, CuS, oxidized further to Cu
oxide species. From the survey, it was concluded that the
products of A and P were FeOOH, Cu—S species, S°, and
SO?2~, which is in good agreement with the XPS results
and the conclusion drawn from the metastable phase.
Figures 7(a) and (d) show optical microscope
photographs of the mineral interfacial surface after

35 °C (Chl: Chalcopyrite; Ma: Magnetite; Py: Pyrrhotite): (a, d) OM images of interfacial surface; (b, e) Corresponding SEM images;

(c, f) Enlarged views of corresponding SEM images
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leaching in ammonia—ammonium chloride solution at
35 °C. The increase in the reaction temperature to 35 °C
led to the same phenomenon as that observed at 25 °C
but the interfacial reaction was faster, completing in just
2.5 h. Figures 7(a) and (b) reveal that most of the
interfacial surfaces were cyan in color, with a small
quantity of magnetite (dark blue phase) and pyrrhotite
(gray phase). Figure 7(b) illustrates that the surface of
the cyan area in the FeOOH layer was exfoliated,
whereas the surface of the dark blue area was flat.
Interestingly, the exfoliated area in Fig. 7(b) was
distributed in accordance with the crystal boundaries in
Fig. 7(a), which are marked as red loops. In the enlarged
SEM image (Fig. 7(c)) obtained by EDS analysis,
19.77% O (mole fraction) was detected at Point 1,
whereas no O was detected at Point 2. The result of
composition of the top FeOOH layer was the same as
that observed by XPS analysis. Stronger exfoliation
occurred in the red area (Fig. 7(e)) than in the cyan area;
moreover, the brim of the FeOOH layer underwent
crimping, which seemed to cause further exfoliation
(Fig. 7(f)). Further, 37.75% O (mole fraction) was
detected at Point 3, but no O was detected at Point 4.
Undoubtedly, the interfacial reaction layers consisted
primarily of FeOOH as the top layer and CuS, as the
under-layer. S° was distributed in the under-layer, which
underwent slight oxidation. The color change on the
surface might be related to the composition of the
exfoliated surface.

3.3 Leaching mechanism and model of chalcopyrite

Most researchers believe that the formal oxidation
state of CuFeS, is a Cu+Fe3+(S%)2 valence state, and not
Cu®'Fe*'(S%), [18]. However, in chalcopyrite, there is a
considerable degree of covalent bonding between S and
Fe and between S and Cu. In the leaching experiment,
the effect of a number of oxidants such as O,, Fe3+, H,0,,
and S,05” was examined. However, a model of the
leaching process under different values of the factors of
pH and ¢, was not applied. Furthermore, there is general
agreement in the literature that chalcopyrite leaching is
significantly affected by the solution redox potential
having an optimum range, suggesting the participation of
leaching steps that involve both oxidation and
reduction [6]. Solution pH is another typical factor that
affects not only the range of ¢, but also the formation of
a passivation layer. The leaching process under different
pH and ¢y, can be summarized in Table 1.

In acidic/neutral solution, Eq. (3) is independent of
the electrolyte pH. Here, CuFe,_,S, and CuS,* indicate
metastable phases on the chalcopyrite surface. When the
pH increases, the surface state of chalcopyrite that is
expressed in Eq. (3) may not be affected, whereas ¢, will

Table 1 Leaching process under different pH and potentials

pH Solution potential Passive film
. High s’
Strong acid
Low CuS,
Weak High -
acid/neutral Low -
: 0
Weak alkaline High S.F
Low CuS,, F
Strong alkaline High F
Low F

F indicates ferrihydrite or FEFOOH

not change. Conversely, the reactions in Egs. (4) and (5)
are dependent on the pH of the electrolyte. When the pH
increases, the concentration of H' decreases, whereas ¢,
of the reactions in Eqs. (4) and (5) decreases according to
the Nernst equation. Loss of electrons from CuFeS, and
CuS, is easier, and the reaction occurs more readily as
well. Hence, the formation of a layer on chalcopyrite is
difficult in weak acidic or neutral solution. More
importantly, the reactions in Egs. (4) and (5) will be
suppressed in low-pH solution that produces different
passive films. The oxidants control the potential of the
solution, which possibly creates a high- or low-potential
environment. In high-potential solutions, S* oxidizes
more readily to S°. Otherwise, S* does not oxidize easily,
and a passive film of CuS, is formed.

CuFeS,—CuFe,,S,/CuS,*+Fe*"+e (3)
CuS,*+H,0—Cu*"+80; +H +e 4)
CuFeS,+H,0—Cu®+Fe**+S0; +H'+e (5)
CuFeS,+OH —CuS,*+Fe0,(OH),+zH,0+e (6)

In alkaline solution, the reaction changes to that in
Eq. (6). Here, FeO,(OH), represents iron oxides, iron
hydroxides, or a mixture of the two. Similar to the acidic
condition, under the alkaline condition, the concentration
of H" decreases as the pH increases, and ¢, of the
reaction of Eq. (6) decreases according to the Nernst
equation. Loss of electrons from CuFeS, is easier, and
the reaction occurs more readily as well. Undoubtedly,
the formation of a layer on chalcopyrite is difficult in
strong alkaline solution. In addition, the reaction in
Eq. (6) would be suppressed in weak alkaline solution
that produces different passive films. Similar to the case
above, the oxidants control the potential of the solution,
thereby determining the potential environment. In
high-potential solution, S* more readily oxidizes to S°.
However, S* is not oxidized easily, and a passive film of
CuS,, will be formed. In addition, ferrihydrite or FeOOH
will appear in the alkaline solution. Moreover, the S°
layer may appear in high-potential solution, and the CuS,
layer may appear in low-potential solution. However, S°
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or CuS, passive films are less evident in weakly acidic or
strongly alkaline electrolytes.

Figure 8 shows a model of the interfacial reaction of
the chalcopyrite surface in
chloride solution. Fe is leached out preferentially as a
result of the incomplete structure of CuFe,_,S,, and this
intermediate sulfide decomposes to Cu sulfides, which
alternatively exist in the form of Cu sulfides that could
impede further leaching [11]. Thermodynamically, iron
has a much greater affinity for oxygen than copper. The
charge of Fe’* is three times that of Cu’"/Cu’ but Fe’*
has a smaller ionic radius from a kinetic point of view.
Therefore, Fe’" ions migrate more rapidly to the interface
under the present experimental conditions. The formation
of Cu sulfides occurs only when the redox potential of
the solution is lower than a critical potential [12], which
is a function of the concentration of the oxidizing agent.
The under-layer is composed of Cu(Il), S*, Sg_, and
Si’, as well as crystalline S° and FeOOH particles. The
appearance of S*~ in this period may be explained by the
occurrence of a reduction step to form a lower oxidation
state S species and shorter chain S2” . In alkaline
solution, unstable ferrihydrite forms firstly, and then it
transforms to FeOOH nH,0, which causes the formation
of the passivation film. Consequently, the exfoliation that
occurs on the top FeOOH layer is attributed to the weak
combination of oxides and sulfides in ammonia solution.

ammonia—ammonium

lons
- - s
o ® [l ¢ « Oxidants
Exfoliated ﬁln‘"l. S, . Cupolysulfide
_ ; L~ i layer

/
FeOOH

particles -
Passivation

layers

Fig. 8 Model of interfacial reaction surface of chalcopyrite

surface

Based on these results, a model of the interfacial
reaction on the chalcopyrite surface was constructed
using a three-step reaction pathway. The first step
involves the release of Fe*" from the chalcopyrite surface,
which preferentially forms thin layers of unstable
ferrihydrite/FeOOH and CuFe,_,S,. The same reaction
occurs in the second step, involving deeper layers in the
chalcopyrite structure. Meanwhile, FeEOOH becomes the
first layer and Cu—S becomes the under-layer. This
subsequent step does not result in the release of cations

to the solution, and an oxidation-retarding film
containing Cu—S together with FeOOH is formed;
however, it does result in the re-formation of a middle
layer of short-chain polysulfides. In this step, the
oxidation process is controlled by solid-state mass
transport [10], which means that the Fe’' ions are
transported from the bulk chalcopyrite through the
passivation film to the solid/electrolyte interface.
Certainly, the polymerization of S does not result in the
release of Fe from the solid, but it does enable an
oxidation reaction to proceed, thereby resulting in the
formation of crystalline S”. In other words, S and other
short-chain polysulfides may reconstruct to form
crystalline elemental sulfur (S°) upon further oxidation.
In the third step, the FeOOH layer is partially exfoliated,
because more oxidants can come into contact with the
under-layer. A small quantity of Cu polysulfides are
oxidized to Cu oxides, and the Cu sulfide film is not
removed, thus resulting in the formation of a passivation
film.

4 Conclusions

1) Optical microscopy analysis demonstrated the
interfacial reaction behavior of the chalcopyrite surface
under weak alkaline conditions. Fe was selectively
leached out prior to Cu, causing the formation of a flat
passivation layer of FeOOH. Meanwhile, the
Fe-deficient Cu polysulfide layer under the FeOOH layer
became visible after 50 h. SEM analysis showed that the
FeOOH layer could partially peel off and automatically
form the Cu-rich sulfide layer. XPS analysis suggested
that the interfacial layers consisted mainly of FeOOH as
the top layer and CuS, CuS,, CuS,, S° and FeOOH
particles in the under-layers.

2) The following is a summary of the mechanisms
of the oxidation and the passivation of chalcopyrite
under different values of pH and ¢y. In a strongly acidic
electrolyte, the passivation layer consists of S” (high ¢;)
or CuS,, (low ¢y). In a neutral electrolyte, the passivation
effect is less evident. In a weakly alkaline electrolyte, the
passivation layer consists of S” with FeOOH (high ¢,)
and CuS, with FeOOH (low ¢;). By contrast, in a
strongly alkaline electrolyte, only FeOOH is present in
the passivation layer.

3) A model of the interfacial reaction on the
chalcopyrite surface was constructed. The first oxidation
step involves the release of Fe'', which preferentially
forms Fe oxides and CuFe;_,S;. In the next step, more
Fe*" ions in chalcopyrite move to the solid/electrolyte
interface, forming the FeOOH top layer; this is followed
by the formation of an oxidation-retarding film
composed of Cu sulfides (CuS, CuS,, CuS)), S° and
FeOOH particles. The final step may result in the
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re-formation of the middle layer containing S*~ and other
short-chain polysulfides after the exfoliation of the top
layer.
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