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Abstract: The dissolution of a carbonatitic chalcopyrite (CuFeS,) was studied in H,SO,—Fe,(SO4);—FeSO,—H,0 at
varying pH values (0.5—2.5) and 25 °C for 12 h. Experiments were conducted with a size fraction of 53—75 um. Low
Cu recoveries, below 15%, were observed in all pH regimes. The results from the XRD, SEM—EDS, and optical
microscopic (OM) analyses of the residues indicated that the dissolution proceeded through the formation of transient
phases. Cu;3oFe) 1S4 and Cu,S were the intermediate phases at pH 0.5 and 1.0, respectively, whereas CusFeS, was the
major mineral at pH 1.5 and 1.8. The thermodynamic modelling predicted the sequential formation of CuFeS,—
CusFeS;—Cu,S—CuS. The soluble intermediates were CusFeS,; and Cu,S, whilst, CuS and Cus3oFeqSs were the
refractory phases, supporting their cumulating behaviour throughout the dissolution. The obtained results suggest that
the formation of CuS and Cus 39Fe6;S4 could contribute to the passive film formed during CuFeS, leaching.
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1 Introduction

70%—80% of metallic copper (Cu) is obtained
from the chalcopyrite (CuFeS,) mineral, the major
natural copper sulphide mineral used for copper
production [1-4] and the most refractory copper
sulphide for hydrometallurgical recovery process.
An estimated 85% of the copper production
worldwide is produced via the pyrometallurgical
route [5]. However, due to the environmental
regulations and concerns of SO, emissions from the
pyrometallurgical process and the relative decrease
in profit margins for mineral processing caused
by a scarcity of high-grade ore bodies, the
hydrometallurgical route appears to be the most
attractive way for copper production [6]. Chalco-
pyrite leaching is characterized by a slow and

incomplete dissolution, mainly due to the formation
of a diffusion barrier that builds up between the
leaching solution and the chalcopyrite mineral [7].
Although numerous studies have been carried out to
investigate the major factors influencing CuFeS,
leaching kinetics, researchers have not yet reached a
consensus about the chemical compositions of the
passivation layer [5—10], for example, ferric
precipitates (jarosite, jarosite-like compounds and
goethite [11], elemental sulfur (S°) [12,13] and
polysulfide [14]) were reported to contribute to the
dissolution barrier.

CuFeS, dissolution appears to be a complex
process, and it takes place according to Reaction (1)
in ferric sulphate (H,SO;—Fey(SO4);—FeSO4—
H,0). The dissolution involves chemical speciation
transformation and evolution of three elements
(S, Fe and Cu) on CuFeS, surface, leading to the
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formation of mineral phase intermediates. For
instance, CORDOBA et al [15] identified CuS as
the intermediate product of CuFeS, in the presence
of ferric ion (Fe’"). While ELSHERIEF [16]
observed Cu,S as the transition phase during
the electrochemical dissolution. FU et al [17]
recognized a Cu-rich, Fe-deficient polysulphide
(CuysFe,Sy) for CuFeS, bioleaching. LU et al [18]
thermodynamically revealed the presence of
CusFeS, and CuS for both oxidative and
non-oxidative dissolution processes.

CuFeSz+2F62(804)3—>CUSO4+5FCSO4+2SO,
AG=—67.4 kJ/mol (1)

A comprehensive mechanism of CuFeS,
dissolution could be obtained by leached residues
characterization by employing surface analytical
methods (such as X-ray photoelectron spectro-
scopy, X-ray absorption spectroscopy, X-ray
diffractometry, scanning electron microscopy and
Raman spectroscopy) and through control of
solution chemical aspects among which the solution
redox and pH are very important. Most recent
studies on the Cu recoveries from CuFeS, have only
characterized solid
experimental end time. This has not allowed
evaluating the entire mineral phase evolution taking
place during dissolution. In this study, the
dissolution mechanism of CuFeS, in Fey(SO4);
solution was determined by direct observation
(chemical, mineralogical and morphological)
obtained periodically throughout the leaching
experiments. The effect of acidity on the dissolution
was evaluated at different pH values (0.5-2.5).
The use of thermodynamic prediction data clarifies
chemical reactions and establishes the phase
conversion at a solid/liquid interface
dissolution of carbonatite-concentrate leaching in
an acidic ferric-sulfate system at room temperature.

residues at the resolved

in the

2 Experimental

2.1 Materials

Solutions of the desired pH were prepared
using analytical-grade sulphuric acid (98% H,SOy,
ACE), ferric sulphate (Fe,(SO,);'H,0O, ACE), and
deionized water (<5.0 uS/cm). A pH meter and a
temperature probe (Hanna pH HI 8424) were used
to measure pH, which was regularly calibrated with

standard buffer solutions at pH 4 and 7. The
measured redox potential (Ag/AgCl) values were
corrected to the standard hydrogen electrode (SHE)
as published by STRIGGOW [19].

2.2 Chalcopyrite

Concentrate CuFeS, was obtained from a
Phalaborwa Copper Mining Company (Limpopo
Province, South Africa). The sample was dried in an
50°C for 7d before sub-sampling.
Homogenization was done in accordance with the
soil sampling protocol by the U.S. Environmental
Protection Agency [20]. Approximately 0.5 kg of
concentrate was sub-sampled and further dried at
105 °C for 2 h. The grains with sizes smaller than
200 um were used as the dissolution feed. The
powdered chalcopyrite sample was characterized in
an earlier study by NYEMBWE et al [21] for its
chemistry, mineral composition and morphology
using the XRF, X-ray diffraction (XRD) and
scanning electron microscopy—energy dispersive
spectroscopy (SEM—-EDS), respectively. The
bulk compositions and mineral contents of the
CuFeS, sample used in this study are summarized
in Fig. 1.

oven at

2.3 Leaching media
The CuFeS, dissolution was conducted in
acidified ferric sulphate solution (H,SO4—

Fey(S0y)3), obtained by mixing Fe,(SO4); with H,O
and H,SO,. An initial Fe’" concentration of
0.05 mol/L was used for all tests. The medium was
agitated for 12 h prior to use. Dissolution tests were
performed under atmospheric conditions at
21-24 °C. The medium pH was measured and
maintained at 1.0, 1.5 and 1.8 with periodic
addition of 98% H,SO,, respectively, while the
solution oxidation—reduction potential (ORP) could
throughout the dissolution test. An
additional test was conducted at free pH (not
controlled) at an initial pH of 0.5. This intended to
determine the effect of pH on the dissolution
mechanism and mineral changes.

A pulp density of 10% was used in all tests,
with 40 g of the dried chalcopyrite sample, mixed
with 400 mL of the leaching liquor in a 600 mL
Erlenmeyer flask. 10 mL sample was withdrawn
every 20 min for chemical analysis, while the
solution ORP was measured at intervals and

evolve
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converted to the SHE. Total Cu and Fe contents
were analyzed using atomic absorption flame
spectrometry (AAFS, Thermo Scientific ICE 3000
series).

(@) Ch

An: Anilite (3.41 wt.%)

Bo: Bornite (4.51 wt.%)

Ch: Chalcopyrite (58.37 wt.%)
W: Calcite magnesium

w carbonate (29.27 wt.%)
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Q: Quartz (2.20 wt.%)
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Fig. 1 XRD pattern showing bulk compositions (a) and
mineral content (b) of CuFeS, concentrate sample

2.4 Residue characterization

Solid samples were analyzed for mineral
composition using XRD and optical phase
identification and surface morphology using
SEM-EDS and ore microscopy. The XRD analysis
using a Rigaku Ultima IV was operated at 40 kV
and 30 mA. PDXL analysis software was used, and
the instrument’s detection limit was 2%. Data were
recorded over the range 5° < 20 < 95° at a scan rate
of 0.5 (°)/min and a step width of 0.01°. Tescan
SEM (operated at 20 kV) with EDS analysis was
used for grain morphology and chemistry. Residues
were carbon-coated prior to analysis. Lastly, the
mineral identification was assessed using an optical
microscope after mounting the samples on epoxy
resin.

3 Results and discussion

3.1 Effect of pH on Cu leaching recovery and
rate curves

The leaching behaviour of CuFeS, at different
pH values (free, 0.5, 1.0, 1.5 and 1.8) is presented
in Fig. 2. It also shows the recorded potential and
the leaching behaviour of Fe considering its various
states (Fe’” and Fe’"). The mineral’s Fe dissolved
was obtained after subtracting the initial Fe portion
used as oxidant (leaching solution) from the total Fe
reported under the AAFS (i.e., Fe mineral = Fe total
(AAFS)—Fe used as oxidant (ferric sulfate)). More
Cu dissolved at pH 1.8 than that at pH 1.5, 1.0,
free pH and 0.5 (decreasing order of copper
recovery). The obtained recoveries are similar
to those reported by ANTONIJEVIC and
BOGDANOVIC [22] and CORDOBA et al [15]
who easily pointed out that chalcopyrite will be
oxidized at higher pH wvalues when oxygen is
present in solutions.

All dissolution curves were asymptotic and
characterized by different stages (Figs. 2(a;, by, ¢,
d, e1)): the first stage (0—60 min) was more rapid
than the second stage (60—360 min), and the third
stage was the plateau with no Cu dissolution
(360—720 min). Our results supported those of
KLAUBER et al [23] and SALINAS et al [24], but
did not support those of JONES and PETERS [25]
who observed a linear kinetic be havirour probably
due to an extended dissolution time over 55 d. Our
results also showed that the medium pH indicated
the dissolution pattern. Highly acidic media
characterized by low Cu recovery displayed a
three-stage dissolution curve, while relatively high
pH value showed only two-stage dissolution curves.

Earlier investigations showed that the medium
pH has a negligible effect on the leaching rate of
CuFeS, in ferric sulfate [26,27]. A low pH value
should be maintained to avoid the formation of iron
(Fe) precipitates [28]. Our results showed a slight
increase in the dissolution rate associated with an
increase in pH value. 3% of Cu was obtained within
the first 40 min at pH 0.5 and only increased to 5%
after 560 min. At pH 1.0, 8% Cu was recovered
within the first 20 min and only increased to 11%
after 600 min. While the dissolution conducted at
pH values of 1.5 and 1.8 showed maximum Cu
recoveries of 12% and 13% at the early stage of the
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Fig. 2 Kinetic behaviour of Cu and Fe dissolution in chalcopyrite, with corresponding ORP values obtained at different
pH values: (a;, a;) pH 0.5; (by, b,) Free pH; (¢4, ¢;) pH 1.0; (d;, d5) pH 1.5; (e1, ;) pH 1.8
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dissolution respectively. Lastly, the free pH
dissolution at a starting pH value of 0.5 revealed a
higher Cu recovery (7.3% Cu after 20 min and
increased to 8.7% after 260 min) than the static
leaching test conducted at the same pH value. This
could be due to the increase in pH value during the
dissolution. However, the free pH recovery was
lower than that of the other static dissolution tests
(pH 1.0, 1.5 and 1.8) probably due to fast formation
and precipitation of ferric-hydroxide (pH>1.82 was
recorded after 240 min of dissolution). It could be
said that high pH values promote fast dissolution
rate as opposed to highly acidic media.

3.2 CuFeS, dissolution breakdown

It is believed that CuFeS, dissolution in the
presence of Fe' takes place according to Reaction
(1) and produces elemental sulphur and both CuSO,
and FeSO, [3,26]. In this process, the results
showed that the first step could be regarded as the
ferric attack, that is, Fe*" sharply decreased at the
early stage of the dissolution (Fig.2), which
promotes the recovery of Fe and Cu. At this point,
the solution owns two sources of Fe*" (Fe*" reduced
from Fe’" and the dissolved Fe from the mineral).
KLAUBER [14] and BAI et al [29] reported that, in
the presence of sufficient O, and acidity level, Fe*"
is oxidized to Fe*", as shown in Reaction (2):

4Fe* +0,+4H —4Fe* +2H,0 (2)

The obtained Fe results reveal that the
oxidation of Fe*" to Fe’" did not occur or was
relatively slow (Fig. 2), which could be attributed
to the low experimental parameters [30]: low
temperature (23 °C) and O, pressure (2.1x10 Pa).
An improved Cu recovery, associated with the
oxidation of Fe’" to Fe’*, was observed in a study
conducted by LU et al [31], at 95°C, with
increasing oxygen partial pressure. Our results
suggest that Fe*" saturated the solution and further
dissolution of Cu and Fe could not occur, causing
the reaction to cease. Scheme 1 shows the mineral
dissolution breakdown:

Fe,(SO,); FeSO,

\
FeSO, " \)

Scheme 1 Illustration of mineral dissolution breakdown
process

uSO,

It should be worth noting that the initial
potential varied according to the solution pH and
can also play a major role in the Cu recovery. It was
observed that high pH (1.5 and 1.8) media
possessed high initial ORP value. In all cases, the
initial ORP values showed a similar trend, which
decreased at the early dissolution stage and then
remained steady till the end of the leaching. A
decline from 550 to 529 mV, 549 to 527 mV, 555 to
534 mV, 577 to 562 mV and 580 to 561 mV was
recorded for the free pH, 0.5, 1.0, 1.5 and 1.8
respectively. This decrease indicates the direct
oxidation of that mineral by Fe’" and suggests an
increase of Fe’" content in the solution. Earlier
studies showed the existence of a potential range
interval, referred to as critical range (400—450 mV
(vs Ag/AgCl), corresponding to 600—660 mV (vs
CEH) approximately, while using the conversion as
published by STRIGGOW [19], in which optimum
copper recoveries were obtained [32,33]. Except for
the dissolution at pH 1.8, which was within the
range and quickly dropped (after 40 min of
leaching), all ORP values (pH 0.5—1.5) were well
below the critical potential range and could explain
the low recoveries observed under various pH
regimes.

3.3 Leached residue
3.3.1 Mineralogical characterization

Figures 3 and 4 show the solid residue(s)
mineralogical characterization results obtained
during the dissolution tests. The solids were
characterized according to different Cu content
curves (Figs. 2(a;, by, ¢y, di, €1)). The blue crosses
in the figures show various solids assessed for their
mineral contents. Figure 3 shows the qualitative
mineral (XRD spectrum) contents of the leachate
residue, while Fig. 4 displays the quantitative
reference intensity ratio (RIR) results of various
mineral phases observed. A decrease in CuFeS,
(26=29.45°) was observed in all five dissolution
tests, suggesting a progressive Cu dissolution [33].
In addition, the solid residues exposed the presence
of new Cu-rich (bornite (Bo), chalcocite (Cx),
covellite (Co) and nukundamite (Nk)) mineral
phases, which were relatively low or inexistent in
the feed sample (Fig. 1(b)). The presence of these
Cu-rich intermediates supports the earlier
investigation by ACERO et al [34], which
underlined the preferential dissolution of Fe over
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Cu, leading to the formation of an Fe-deficient
CuFeS, mineral (defect chalcopyrite structure
(CuiFe,S,.) to which our identified species
could be part of). Iron-related minerals (goethite,
magnetite, hematite, wustite and jarosite) and
sulphur (S) were also identified in the resulting
solid residues.

The gypsum (Gy) phase was identified in all
solid residues. Its content was found to increase
with increasing pH value. More Gy was found in
the solid residue at pH 1.8 than that at pH 1.5, 1.0
and 0.5. Slightly more Gy was obtained from the
free pH experiment due to the increase of pH
value. Similarly to Gy, varying proportions of iron
compounds were recorded in solid residues and
appeared to increase with increasing pH values
which agreed with literatures [28,35], according to
which, high acidity levels prevent the
hydrolysis/precipitation of Fe. Sulphur (S°) was
also observed in the solid residues as the reaction
product (Reaction (1)), as also reported in the
studies conducted by HAMMER et al [9] and
SOKIC et al [36].

CuFeS, dissolution was accompanied by the
formation of other copper sulphide phases (bornite,
covellite, chalcocite and nukundamite). The
proportion of these phases in the residues was
found to be pH-dependent. Bornite (CusFeSy),
chalcocite (Cu,S), covellite (CuS) and nukundamite
(Cuz390Fep61S4) were observed at pH 0.5, in which
Cus 39Fe0 1S4 was a major phase (Fig. 3(b)). At pH
1.0, Cu,S was the main copper-sulfide intermediate
phase (Fig. 3(c)), while at pH 1.5 and 1.8, CuS and
CusFeS, were revealed as important transitory
phases, Figs. 3(d, e).

CusFeS; and Cuw,S  were  the
intermediates phases, and their corresponding peak
intensities decreased (Figs. 3(a—d)), suggesting
eventual dissolution of these transitory phases
during the dissolution test. On the other hand, CuS
and CussoFepsS4 were found to cumulate by
increasing their corresponding peak intensities
throughout the whole dissolution process (pH 0.5,
Fig. 3(b)). Their contents increase from 1.23% to
15.6% and 2.1% to 24% individually for CuS and
Cuz39Feo61Ss (Fig. 4). The cumulative properties
could have advocated that both CuS and
Cus39FepSs are refractory intermediate phases.
Our results showed that CuS is refractory in ferric
sulfate media at room temperature. ANTONIJEVIC

soluble

and BOGDANOVIC [22] observed that very acidic
media favoured the formation of an Fe-deficient
(CuiFe,S,.) phase due to the competition
between Fe’* and H'. The obtained results suggest
that the Fe-deficient surface could correspond to
CU3A39F60A6184 at pH 0.5.

The results also showed that different Cu
dissolution stages observed on the Cu recovery
curves (Fig. 2) could be related to the formation and
dissolution of the intermediate phases. In all cases,
the rapid Cu withdrawal (first stage) was related to
the fast dissolution of the Cu and Fe on the surface
of CuFeS,, while the second stage observed at pH
0.5 and 1.0 corresponded to the dissolution of the
intermediates (CuS, and CusFeS,). Lastly, the
plateau stage referred to the encapsulation of the
unreacted mineral by the refractory intermediate
phases: covellite and nukundamite.

The free pH experiment at a starting pH value
of 0.5 revealed the presence of CuS, Cu,S and
CuysFeSs except for Cusz9Feps1S4. It could be due to
the fast increase of the pH value during the
dissolution test. Further, the fast increase in pH
value led to the rapid formation and accumulation
of gypsum, and the Fe-related oxyhydroxide
compounds as opposed to the static pH dissolution
tests (Figs. 3(b—e)).

3.3.2 Surface chemistry and morphologies (SEM—
EDS)

Figure 5 shows the morphology and the mass
fractions of Cu, Fe and S of 12 H solid residue. In
all cases, both S and Cu have increased relative to
Fe. This confirms the preferential dissolution of Fe
over Cu and supports the presence of the Cu—S
intermediate phase and the build-up of S° on the
unreacted CuFeS, surface, leading to the retarding
effect due to an increased thickness. The residue
morphologies also showed that the colour and
surface morphology of the grains evolved during
the dissolution; dark to light grey grains were
observed and, in some instances, the crusty matter
was identified on the granule surface. The chemical
composition acquired using EDS supported the
presence of various phases earlier identified under
the XRD analysis.

More Fe precipitate products (crusty and
earthy matter) were observed from the free pH
residues than those at pH 1.8, 1.5, 1.0 and 0.5.
The corresponding EDS analysis confirmed high
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Fig. 5 Morphologies and chemical compositions of residues obtained from SEM—EDS: (a, b) pH 0.5; (c, d) Free pH;
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proportions of Fe and S, which supported the high
proportions of these related phases of two elements
and identified during the XRD analysis. It could be
attributed to the presence of Fe oxy/hydroxide
precipitates.

The high contents of Cu and S retained on the
leached residues could be related to the presence of
Cu—S-rich intermediate phases as revealed earlier
through the XRD patterns (Figs. 3(a—c)). This
suggests that, during the release of Cu from CuFeS,,
a CusS structure tends to envelop the mineral.

3.3.3 Mineral identification (ore microscopy)

Figure 6 shows the distinctive mineral features
(colour) identified under the microscope. The
presence of various intermediates observed under
the XRD was confirmed under this technique.
Yellow lamella is attributed to the CuFeS, grain as
its distinctive character, while the pinkish to
brownish colour is ascribed to the existence of the
CusFeS; phase. The white or relatively greyish
mineral is related to the Cu,S phase, and dark grey
corresponds to the CussoFe 1S4 [37—39]. This has
provided evidence of the metamorphism or mineral
alteration during the dissolution process, implying a
partial and total replacement of CuFeS, by the
secondary copper sulphide phases. The results also
revealed that the CuS characteristics (blue grains)
appeared on the CusFeS, structure, which suggests
that the CuFeS, does not directly transform into
CuS. Rather, CusFeS, is the intermediate phase
between CuFeS, and CuS.

3.4 Solid phase thermodynamics
Thermodynamics could assist in predicting the
formation of various intermediate phases and could
be used as the criterion to support their existence. It
could also assist in determining the dissolution
pathway model, based on the solid-state
transformation phase changes. Based on the
spontaneity value (Gibbs free energy change),
CusFeS, appears to be the most favourable
intermediate phase to be formed (Reaction (5)),
followed by chalcocite (Reaction (4)) and, lastly,
covellite (Reaction (3)). These Cu—S phases could
react further into new Cu—S-rich ones (Reactions
(6)—(8)), or leach to promote Cu recovery
(Reactions (9)—(11)). CuS is likely to form from
CusFeS; (Reaction (8)) than from Cu,S
(Reaction (9)), this tends to support the distinctive
feature of CuS next to CusFeS, observed during

mineral identification (Figs. 6(a, c, d, j)). It further
suggests that Cu dissolution/withdrawal from the
CusFeS, phases is likely to occur via CuS formation
as opposed to the direct dissolution of CusFeS,
according to Reaction (12). Similar to our results,
ZHAO et al [40] also reported the presence of CuS
due to a transient specie during the ferric leaching
of CusFeS,, while the dissolution of Cu,S appeared
to occur according to Reaction (11) without the
formation of CuS as a transitional phase.

It should be noted that CuS appears to be
refractory to dissolution since its free energy is
positive, which supports its cumulative character
earlier observed under the XRD analysis (Fig. 3)
and CuS can contribute to the hindrance of Cu
recovery. This further implies that the formation
and dissolution of intermediate phases (Reactions
(11) and (12)) hinder to some extent the rapid and
direct Cu dissolution from the CuFeS, phase
(Reaction (1)). The reactions related to
Cu;39Feq 1S4 decomposition were omitted due to
lack of data from the HSC 5.11 software.

Formation of copper intermediate phases:

CUFGSZ+F62(SO4)3‘_—‘CUS+3FGSO4+S,

AG=-76.4 klJ/mol 3)
2C11FeSz+2Fez(SO4)3:CU2S+6FCSO4+3 S,
AG=-125.8 kJ/mol 4)
5CUFGSz+4Fez(SO4)3‘_—‘CU5FCS4+1ZFCSO4+6S,
AG=-281.2 klJ/mol %)
3.39CUFCSz+2.78F62(SO4)3:CU3,39F60,61S4+
8.34FeS0,+2.78S (6)

Intermediate phase mutation/alterations:

CusFeS,+Fey(S04);==2.5Cu,S+3FeS0O,+1.5S,

AG=-139.2 kJ/mol @)
Cu5FeS4+2Fez(SO4)3«——‘4CuS+5FeSO4+CuSO4,

AG=-383.3 kJ/mol (8)
2CUZS+F€2(SO4)3:2CUS+2F€SO4+CUZSO4,

AG=80.7 kJ/mol 9)

The dissolution of intermediate phases for
complete copper dissolution:

CuS+Fez(SO4)3:2FeSO4+S+CuSO4,

AG=9.0 kJ/mol (10)
CuzS+2Fe2(S04)3«——‘4FeSO4+S+2CuSO4,

AG=-8.9 kJ/mol (11)
CusFeS +6Fe;(SO4);==13FeSO4+4S+5CuSQy,

AG=-55.7 kJ/mol (12)
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Fig. 6 Qualitative mineral identification (optical microscope) results showing chalcopyrite partial replacement by
secondary sulphides during dissolution: (a, b) pH 0.5; (c, d) Free pH; (e, f) pH 1.0; (g, h) pH 1.5; (i, j) pH 1.8
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Phase formation related to gangue mineral:

CaCO3+H2SO4«——‘CaSO4+HzO+COzT,
AG=-579.35 kJ/mol (13)

4 Conclusions

(1) The leaching of Cu from CuFeS,
concentrate in Fey(SO4); was investigated at room
temperature. Low Cu recoveries were obtained
under all pH regimes. The maximum final copper
extraction of 5%, 8.7%, 11%, 12% and 12% was
attained at pH values of 0.5, free pH (0.5-2.5), 1.0,
1.5 and 1.8, respectively.

(2) The dissolution process appeared to be
driven by the medium pH value. It was observed
that the pH value not only affected the formation of
precipitates, but also dictated the dissolution rate,
and curve stages. Highly acidic media (pH 0.5 and
1.0) showed a slow and three-stage dissolution rate
curve contrary to the solution media at pH 1.5 and
1.8 which displayed a fast rate and two-stage curve.

(3) The solid characterisation under XRD,
SEM—-EDS and OM showed that the solution pH
also determined the major transition phases. For
instance, CussoFepsSs and Cu,S were the main
intermediate phases at pH 0.5 and 1.0, while
CusFeS, was the major mineral observed at pH 1.5
and 1.8. Furthermore, CuS and Cuj;soFey6:S4
covellite phases were found to cumulate.

(4) Thermodynamic predictions revealed that
CuS and CussoFeqsSs are refractory transient
phases as opposed to Cu,S and CusFeS,. This
supported their cumulative properties identified
during XRD. In addition, a mineral-formation
sequence prioritizing bornite formation, followed
by chalcocite as the major transformation of
chalcopyrite dissolution in ferric sulfate was
observed, with the covellite phase being the product
of the alteration/dissolution of these phases (bornite
and chalcocite).

(5) The obtained results suggest that, in
addition to the sulfur (S) surrounding the unreacted
mineral, the formation of CuS and Cus;oFeqsSs
could contribute to the slow dissolution (passivation)
of carbonatitic chalcopyrite at room temperature.
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