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ARTICLE INFO ABSTRACT

Keywords: Sulfidization followed by xanthate flotation is an effective technique to recover copper oxide minerals. However,
Malachite the sulfidization mechanism of malachite has not been determined. In this work, the sulfidization mechanism
COPPér oxide ores was investigated by microflotation, field emission scanning electron microscopy (FESEM), energy dispersive
gi‘i?&;;’:ﬁon spectroscopy (EDS), electron probe X-ray microanalysis (EPMA), X-ray diffraction (XRD) and X-ray photoelec-

tron spectroscopy (XPS). The flotation results showed that sulfide ions at an appropriate concentration could
activate malachite flotation while excess sulfide ions could depress this. The depression of malachite flotation by
excess sulfide ions was attributed to the residual sulfide species in the liquid. FESEM-EDS showed that sulfi-
dization product grown on the malachite surface was heterogeneously distributed, which was consistent with the
EPMA results. The XRD results for the sulfidized malachite samples showed that the amount of sulfidization
product was insufficient for detection under flotation-related conditions. By the selective solvent action of
sulfuric acid, the sulfidization product was extracted from the sulfidized malachite. The XRD results for the
extracts indicated that the sulfidization product comprised djurleite (Cus;S;6) and anilite (Cu,S,), which both
were compounds of the chalcocite group (Cu,-—,S), suggesting transformation of solid Cuy(OH),CO3 to Cup_,S
on the malachite surfaces during sulfidization. Moreover, the XPS results were consistent with the XRD results.
These results demonstrated that sulfidization of malachite is a phase-transition process driven by the solubility
difference between Cu,(OH),CO3; and Cu,_,S. In this case, Cuy_,S phases formation on malachite involves
heterogeneous nucleation and growth, and sulfide ions act as a reductant and sulfidizing agent in malachite
sulfidization. The copper sulfide grown on malachite radically changed the surface properties of malachite
particles, rendering malachite amenable to xanthate flotation. Based on these findings, we present a new formula
for malachite sulfidization and a schematic diagram of the sulfidized malachite particle.

Copper sulfide

1. Introduction

Copper, a vital non-ferrous metal, has significantly influenced the
history of civilization, especially in the bronze age. This metal is now
enmeshed in every aspect of present-day life because of its remarkable
malleability, good resistance to corrosion and excellent electrical and
thermal conductivity. In nature, copper usually occurs as copper sulfide
minerals. Chalcopyrite (CuFeS,), bornite (CusFeS,;) and chalcocite
(Cuy,S) are the three most important copper minerals, accounting for the
majority of copper resources on Earth (Thompson and Base, 2006; Li
et al., 2013). With increased sulfide resource depletion, the utilization
of low-grade oxide ores has received increasing attention in recent

years. Copper oxide minerals, such as malachite (Cuy(OH)>COs3),
azurite (Cuz(CO3),(0OH),), tenorite (CuO) and cuprite (Cu,0), are oxi-
dized products of copper sulfide at the earth’s surface (Thompson and
Base, 2006). Compared with copper sulfide minerals, oxide minerals are
difficult to directly float due to their hydrophilic surfaces when using
conventional sulfide mineral collectors. A representative method for
recovering copper oxide minerals is sulfidization followed by flotation
with xanthate.

Sulfidization converts oxide mineral surfaces to more hydrophobic
sulfide compounds, which renders the mineral particles amenable to
xanthate flotation. Sulfidization can be achieved by directly adding
sulfidizing agents into pulp, or with the aid of mechanochemical,
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hydrothermal or roasting methods (Wang et al., 2003; Han et al., 2014;
Ke et al., 2015). A higher degree of sulfidization can be acquired using
the latter three methods; however, these methods are normally used for
processing wastes containing heavy metals and inappropriate for
treating naturally formed ores, due to their high cost, high -
energy consumption and specific equipment requirements. Therefore,
the first method is considered to be the most viable and economical
approach.

The origin of sulfidization—flotation can be traced back to the early
parts of the last century, but detailed studies of sulfidization in the
flotation of copper oxide minerals were performed until the 1970s.
Castro et al. (1974) suggested that sulfidization of tenorite is a complex
multiple reaction involving three major steps: (1) adsorption of sulfide
with formation of a copper sulfide layer; (2) sulfide oxidation; and (3)
desorption of oxidized compounds according to an ion-exchange me-
chanism. In addition, covellite was found in a sulfidized tenorite sample
by X-ray diffraction (XRD). In the subsequent work, Bustamante and
Castro (1975) proposed Egs. (1) and (2) to explain the activation of
sodium sulfide on malachite flotation. However, the reaction path and
products were only hypothetical. Based on Eq. (2), Zhou and Chander
(1993) proposed Eq. (3) as the initial step in sulfidization to explain the
formation of colloidal copper particles in the liquid. They suggested
that besides some of the malachite forming a CuS coating, the dissolved
copper ions might precipitate as copper sulfide or hydrolyze to copper
hydroxide to form colloidal particles. For decades, CuS was generally
recognized as the sulfidization product of malachite in most literature,
including textbooks, regardless of the form of the sulfidization reaction.
However, Liu (2007) observed the XRD peaks of Cu,S, (roxbyite) when
0.5 g of malachite was treated with excess sodium sulfide (1 X 107!
mol/L), but found no diffraction peaks of sulfide when the sodium
sulfide concentration (1 x 10~ 2 mol/L) was the most suitable for flo-
tation. X-ray photoelectron spectroscopy (XPS) studies conducted by
Feng et al. (2017) showed that the sulfur species on malachite surfaces
comprised monosulfide, disulfide and polysulfide, and some Cu(Il) ions
were reduced to Cu(I). Nevertheless, the crystal phase of sulfidization
product could not be determined from the XPS data.

xCuCO3yCu(OH); + 20H ™ — (x — 1)CuCO3zyCu(OH),Cu
(OH), + CO3%~ @
(x — 1)CuCO3yCu(OH),Cu(OH), + HS™ — (x — 1)CuCOszyCu
(OH)5,CuS + OH™ +H,0 2)
CuCO5Cu(OH), + HS™ — CuS + Cu?* +20H~ +HCO;~ 3)

Surprisingly, data gaps still exist concerning the properties of sul-
fidization product of malachite under flotation-related conditions, in-
cluding the morphology, chemical composition, crystal phase and dis-
tribution on the mineral surface. Because the sulfidization product is
unknown, the reaction path remains unclear. That is, the sulfidization
mechanism in the flotation of malachite has not yet been determined.
Thus, previous studies on sulfidization flotation of malachite were also
limited by the lack of information on the sulfidization reaction, e.g., the
role and mechanism of ammonium and ethylenediamine in the mala-
chite sulfidization remain poorly understood.

Table 1
Experimental procedures for flotation tests.
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This work attempted to further elucidate the sulfidization me-
chanism of malachite and lay a foundation for future research.
Microflotation tests, electron probe X-ray microanalysis (EPMA), field
emission scanning electron microscopy (FESEM), energy dispersive
spectroscopy (EDS), XRD and XPS were performed. These results pro-
vide a deeper understanding of the sulfidization mechanism of mala-
chite.

2. Materials and methods
2.1. Materials

A pure malachite sample obtained from Kunming, China was cru-
shed in a laboratory double-roll crusher and dry ground in an agate
mortar. The ground products were then sieved to obtain particles with
sizes of 37-74 um for use in this work. After treatment, the purity of the
powder sample was 98.1% based on chemical analysis.

NaOH and HCI were selected as pH regulators, and Na,S-9H,0 was
employed as a sulfidizing agent. Sulfuric acid was applied as a leaching
agent, and ascorbic acid served as antioxidant in the extraction of the
sulfidization product. The aforementioned compounds were all of
analytical purity (AR) grade. Industry-grade sodium butyl xanthate was
purified to use as the collector. Deionized water (18.25 MQ cm) was
used in all experiments.

2.2. Flotation tests

To investigate the sulfidization-flotation behavior of malachite,
batch flotation experiments were conducted in a 50 mL Hallimond tube
using 5 mL/L nitrogen gas as flotation gas. In a flotation test, a 0.5 g
powder sample and deionized water were placed in a beaker, which
then was stirred for 1 min with a mechanical stirrer. Subsequently, the
flotation regents reagents were added to the pulp according to the re-
spective experiment designs shown in Table 1. After treatment, the
50 mL of pulp was transferred to the Hallimond tube. After flotation for
10 min, the flotation recovery was calculated on the basis the dry
weight of the floating and sunken material. Each flotation test was
conducted at least thrice. The average value and standard deviation of
each test are presented.

2.3. FESEM-EDS analyses

Sulfidization of the samples for all characterizations methods was
the same: First, 0.5 g of malachite sample was stirred with deionized
water for 1 min. Na,S solution with a desired concentration was then
added to the pulp. After agitating for 3 min, the treated malachite
sample was washed with deionized water thrice and dried in a vacuum
dryer.

The morphologies of unsulfidized and sulfidized malachite samples
were characterized by FESEM (Nova NanoSEM 450). EDS (Oxford X-
Max) was used to analyze the chemical composition. Prior to analysis,
the FESEM samples were coated with platinum.

Parameter Group Experimental procedures
C(NaBX) unsulfidized String — pH adjustment — xanthate adsorption — flotation
sulfidized String — sulfidization — pH adjustment — xanthate adsorption — flotation
C(Na,S) unwashed String — sulfidization — pH adjustment — xanthate adsorption — flotation
washed String — sulfidization — wash — pH adjustment — xanthate adsorption — flotation
Ultrasonication String — sulfidization — ultrasonic — pH adjustment — xanthate adsorption — flotation

The pH values were adjusted to 10 + 0.05; the time for sulfidization and xanthate adsorption was 3 min. For the washed group, the sulfidized sample was washed
with deionized water three times, and then mixed with fresh deionized water.
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2.4. EPMA measurements

To analyze the location of O and S, EPMA was undertaken using
EPMA-1720 Series (Shimadzu corporation) equipped with four wave-
length dispersive spectrometer (WDS) detectors.

Besides two powder samples that were labeled as a and b, we pre-
pared a cross-sectional specimen of sulfidized malachite particles
(sample c) as follows: the sulfidized malachite particles were mixed
with epoxies. After curing, the sample was polished with emery paper
and cleaned with deionized water. Before measurement, the samples
were coated with carbon.

2.5. XRD studies

XRD studies were performed using an X'Pert3 Powder XRD system
with CuKa radiation (A = 1.5406 10\; scanning speed: 0.2°/s). To de-
termine the crystal phase of the sulfidization product under flotation-
related conditions, the sulfidization product was extracted from the
sulfidized malachite powders as follows: First, 5 g of sulfidized mala-
chite sample (sulfidized ten times as described in Section 2.3) and
100 mL of leaching agent that contained sulfuric acid (5 g/L) and as-
corbic acid (40 g/L) were placed in a beaker to react until Cuy(OH),CO3
was completely dissolved. Subsequently, the solute was removed by
centrifugation and washed with absolute ethanol six times. Lastly, the
solid residue from the final wash was dried at 40 °C to obtain the sul-
fidization product for XRD studies.

2.6. XPS analyses

The sulfidized and unsulfidized malachite samples were studied
using a PHI5000 VersaProbe II instrument (ULVAC-PHI, Japan) with an
Al Ka X-ray source. The operating parameters were as follows: oper-
ating voltage = 15 kV, power = 50 W, and pass energy = 46.95 eV.
The recorded spectra were calibrated on the basis of the Cls peak at
284.80 eV.

3. Results and discussion
3.1. Flotation tests

Fig. 1 shows the flotation recovery of unsulfidized and sulfidized
malachite as a function of the NaBX concentration. With increasing
concentration of the NaBX, the flotation recovery of both the un-
sulfidized and the treated with 5 x 10~* mol/L Na,S solution
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Fig. 1. Flotation recovery of unsulfidized and sulfidized malachite as a function
of the NaBX concentration.
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Fig. 2. Flotation recovery of washed and unwashed malachite with 1 x 10~*
mol/L NaBX as a function of the sodium sulfide concentration.

significantly increased. This figure clearly shows that the recovery of
sulfidized malachite was significantly higher than that of the un-
sulfidized malachite in the concentration range studied.

It is well known that the Na,S concentration significantly affects the
flotation behavior of copper oxide minerals. Fig. 2 shows the flotation
recovery of washed and unwashed malachite as a function of the so-
dium sulfide concentration. For the unwashed malachite samples, the
flotation recovery greatly increased, as the Na,S concentration in-
creased until 5 x 10~ * mol/L; however, the flotation recovery dropped
sharply above this optimum concentration. With excess sodium sulfide,
the flotation recovery of the washed samples showed no downward
trend and was significantly higher than that of the unwashed samples at
the same Na,S concentration. Similar results have been observed with
cerussite (Fuerstenau et al., 1987). Hence, the depression of malachite
flotation by excess sulfide ions can be attributed to the residual sulfide
species in the liquid.

Fig. 3(a) shows that the malachite particles treated with 5 x 10~*
mol/L Na,S were immersed in deionized water. After ultrasonication
for 5 s, the sulfidization product dropped off the malachite surfaces to
form many buff-brown colloidal particles (Fig. 3(b)). Flotation tests
were conducted to investigate the effect of ultrasonication on the flo-
tation recovery of sulfidized malachite. As shown in Fig. 3(c), the sul-
fidized malachite particles lost their good floatability after ultra-
sonication. The recovery of the unsulfidized malachite was also higher
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Fig. 3. Image of sulfidized malachite (a) before and (b) after ultrasonication for
5 s. (c) Effect of ultrasonication on flotation recovery of sulfidized malachite
with 1 x 10~* mol/L NaBX; (A) sulfidization without ultrasonication, (B)
sulfidization without ultrasonication, (C) without sulfidization.
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(a) and (b) low magnification; (c) and (d) high magnification.

Minerals Engineering 154 (2020) 106420

500 nm

o & A

Fig. 4. FESEM images of malachite particles sulfidized with 5 x 10~ mol/L Na,S.

than that of sulfidized malachite with ultrasonication; a possible ex-
planation for this might be that the sulfidization product interacted
more easily with the collector. These findings indicated that the sulfi-
dization product of malachite is buff-brown and has a colloidal particle
size.

3.2. FESEM-EDS analyses

FESEM-EDS analyses were performed to observe the sulfidization
product. As shown in Fig. S1 (see the Supporting Information), the
unsulfidized malachite particles were columnar, and the cleavage
stripes were clearly visible. Many tiny grains were found on the parti-
cles surfaces. Fig. 4 shows the morphology of the malachite particles
sulfidized with 5 x 10~* mol/L Na,S. Under low magnification
(Fig. 4(a) and 4(b)), no significant differences were found between the
sulfidized and unsulfidized malachite. However, a significant change in
surface morphology was observed under high magnification. The ma-
lachite surface was coated with a layer of mud-like material in the
marked areas (Fig. 4(c) and (d)). In addition, the EDS analyses revealed
that the chemical composition of the marked areas differed from those
of the surrounding areas. Fig. 5(a) shows that the Cu concentration of
Spot 1 in Fig. 4(c) (the surrounding area) is 54.9%, which is close to the
theoretical value (57.47%); its O concentration is 31% and no S is de-
tected. However, other EDS results (Fig. 5(b), (c) and (d)) indicated that
the areas that were coated with mud-like materials contained sulfur.
Thus, it can be concluded that the mud-like material was solid product
for malachite sulfidization. Moreover, it can be tentatively suggested
that the thickness of the sulfidization product layer was well below
1 um, based on its O to S concentration ratio and the sample depth for
EDS analysis.

With a high Na,S concentration (3 X 10~ 3 mol/L), the morphology
changes were more noticeable. It could be clearly observed that a large
amount of sulfidization product was coated on the malachite surface
(see Fig. S2).

These FESEM images clearly showed the heterogeneous distribution
of sulfidization product of malachite, which appeared to preferentially
grow on specific areas such as the slit, crystal edges or tiny crystal
grains. In addition, these images highlighted that the sulfidization
product is a solid multilayer.

3.3 EPMA measurements

EPMA mapping was used to further confirm the heterogeneous
distribution of the sulfidization product. Fig. 6(a) and (b) presents
secondary electron images of the sulfidized malachite particles and
their corresponding WDS elemental mapping. A heterogeneous sulfur
distribution was observed in the both particles samples that were sul-
fidized with 5 x 10~ % and 3 X 10~ 2 mol/L Na,S solution, respectively.
Moreover, more sulfur distribution was observed when treated with
high Na,S concentration; the results also showed the sulfidization
product preferentially grew on the slit, fractures and crystal edges,
suggesting that the surface microstructure of malachite particles played
a significant role during sulfidization.

Predictably, at higher Na,S concentration, more sulfidization pro-
ducts grew on malachite to form Cu,(OH),COs3/copper sulfide core—
shell structure. As shown in Fig. 6(c), oxygen was observed inside the
particles while sulfur was found localized in the outer surfaces of ma-
lachite particles, clearly showing an oxygen-containing core and a
sulfur-containing shell. In addition, the thickness of sulfidization pro-
duct layer was measured with the use of EPMA-1720 Analysis software;
and the measurement results (see Fig. S3 and Table S1) show that the
thickness of sulfidization product shell ranged from 0.98 to 3.41 pm and
averaged 2.32 pm.

3.4. XRD studies

The sulfidization product is an important part of a study on the
sulfidization mechanism of malachite. Determination of the sulfidiza-
tion product is required to determine the sulfidization mechanism.
Thus, there were limitations to understanding the sulfidization flotation
of malachite. To determine the crystal phase of sulfidization product,
XRD studies were performed. Fig. 7 shows XRD patterns of unsulfidized
and sulfidized malachite. Peaks of unsulfidized malachite sample
(Fig. 7(a)) could be indexed to malachite Cuy(OH),CO3; (JCPDS
No0.41-1390), and a few very weak impurity peaks were observed,
confirming the high purity of malachite sample. However, there were
no differences between the three XRD patterns, and no character-
istic peaks of the sulfidization product were found for either of the
sulfidized malachite samples (Fig. 7(b) and (c)). The results showed
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Fig. 5. EDS results corresponding to Fig. 4(c).

that the amount of sulfidization product was insufficient to be detected.

As malachite was dissolved in sulfuric acid while the sulfide was
not, we extracted the sulfidization product from the sulfidized mala-
chite. The color of the extracted sulfidization product (Fig. 8(a)) mat-
ched that of the colloid shown in Fig. 3(b). Fig. 8(b) presents the XRD
pattern of the extracted sulfidization products. When the sodium sulfide
concentration was 5 X 10~ * mol/L, the XRD pattern showed that the
sulfidization product comprised Cus;S;6 (djurleite) and Cu;,S,4 (anilite).
It was difficult to perform semi-quantitative analysis of the two crystal
phases, since their patterns closely overlapped. However, it could still
be inferred that Cus;S;¢ was the main crystal phase. When the sodium
sulfide concentration was 3 x 10~ 2 mol/L, the sulfidization product
also comprised Cusz;S;6 (djurleite) and Cu,S,4 (anilite), yet the propor-
tion of Cus;S;¢ (djurleite) increased. Furthermore, the broad and weak
peaks indicated that the sulfidization products had a fine crystal grain,
which was consistent with the characteristics of colloidal particles.

To the best of our knowledge, this is the first study that determines
the crystal phase of sulfidization product of malachite under flotation-
related conditions. Both djurleite (Cus;S;6) and anilite (Cu,S,) are
compounds of the chalcocite group, represented by Cu,_,S
(0 = x < 0.6), and their other chemical formula are Cu; 97 _1.94S and
Cu; 75S, respectively. In addition, six other compounds of the Cu,_,S
chalcocite group exist, namely, y-chalcocite Cu,S (low orthorhombic),
B-chalcocite Cu,S (high hexagonal), digenite Cu; goS, roxbyite Cu; 7S,
geerite Cuj oS and spionkopite Cu; 40S (Cheng et al., 2008; Zhao et al.,

2009). Since there are many kinds of phases in the copper—sulfur
system, more conditions such as pH and the oxidation-reduction po-
tential need to be considered in the future. The method of purifying the
sulfidization product, which is inspired by the chemical phase analysis,
will continue to play an essential role.

3.5. XPS analyses

The XRD results indicated a transformation of solid Cul(OH),CO5 to
Cub_,S, suggesting that the sulfidization reaction involves an oxida-
tion-reduction process. XPS is a sensitive and widely used surface a-
nalysis technique that can provide much information on sample sur-
faces such as the composition, concentration and chemical states of
elements. Thus, XPS analyses were implemented to characterize the
surface states of unsulfidized and sulfidized malachite. Fig. 9 shows the
Cls, Ols, Cu2p, and S2p spectra of unsulfidized and sulfidized mala-
chite samples.

As shown in Fig. 9(al), the recorded Cls spectrum of the un-
sulfidized malachite sample was fitted with three contributions: the first
peak labeled C; at 284.80 eV was assigned to C-C, C = C, and C-H, and
the second peak labeled C, at 286.21 eV was attributed to C — O single
bonds (Frateur et al., 2007; Wang et al., 2017); this two peaks were
attributed to adventitious carbon. The third peak labeled C; at
289.43 eV was attributed to O = C — O, i.e., carbonate in the malachite
lattice (Feng et al., 2017). For the two sulfidized samples, both two C1s
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Fig. 6. EPMA surface scan of malachite particles sulfidized with (a) 5 x 10~ % and (b) 3 x 10~2 mol/L Na,$ solution. (c) EPMA surface scan of the cross-sectional

specimen of malachite particles sulfidized with 6 x 10~ mol/L Na,S solution.
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Fig. 7. XRD patterns of malachite that treated with (a) 0, (b) 5 X 10~ *and (c)
3 x 1073 mol/L Na,$ solution.

signals were also fitted as adventitious carbon and carbonate.

The malachite lattice contains two types of O atoms derived from
hydroxyl and carbonate. Moreover, O in the contaminants could also
contribute to the Ols spectra. However, only one spectral peak was
fitted for all the Ols spectra (Fig. 9(b)), and the binding energies of
peaks were within the range 531.48-531.71 eV, which is consistent
with the studies conducted by Feng et al. (2017).

Fig. 9(cl) presents the Cu 2p spectrum of the unsulfidized malachite
sample. This shows the fingerprint of Cu(II) (cupric): a pair of satellite
peaks, a Cu2ps,» peak at 934.51 eV, and a Cu2p;,, peak at 954.31 eV.
After treatment with aqueous sodium sulfide solution, new peaks
emerged at binding energies of 932.20 + 0.09 and 952 =+ 0.09 eV;
meanwhile, the satellite peaks and Cu2p peaks of Cu(II) became weaker

(see Fig. 9(c2) and (c3)). Therefore, there was a change from Cu(Il) to
Cu(l) (cuprous) species during sulfidization, based on evolution of sa-
tellite peaks and the chemical shifts of Cu2p peaks (Li et al., 2015; Meda
et al., 2002), which corresponded with our XRD results. Furthermore,
previous XPS studies also reported valence changes in malachite sulfi-
dization (Wu et al., 2017; Feng et al., 2017; Shen et al., 2019).

The S2p spectra of the unsulfidized and sulfidized malachite sam-
ples are shown in Fig. 9(d1), (d2) and (d3). For the unsulfidized ma-
lachite sample, no signal of S was detected (Fig. 9(d1)). After treatment
with aqueous sodium sulfide solution, however, the S2p peaks were
clearly visible (Fig. 9(d2) and (d3)). The S2p spectrum (Fig. 9(d2)) of
the sample sulfidized with 5 x 10~* mol/L Na,S was fitted with two
contributions: the first, with binding energies of 161.61 eV for the S2p3,
- level and 162.79 eV for the S2p; /, level, was ascribed to the divalent
sulfide ion ($%7); the second, with binding energy of 163.87 eV for the
S2ps,» level and 165.05 eV for the S2p, ,, level, was attributed to the
polysulfide ion (S.27, n = 2) (Wu et al., 2017). When Na,S con-
centration was 3 x 10~ 2 mol/L, both divalent sulfide and polysulfide
were also observed (Fig. 9(d3)). Because no polysulfides were observed
in the previous XRD studies, it was considered that polysulfide resulted
from slight oxidation of sulfidization product surfaces.

Table 2 compares the atomic concentrations of malachite samples
sulfidized with different Na,S concentrations. As sodium sulfide con-
centration increased, the concentrations of C and O decreased while
those of Cu and S increased, which were also neatly illustrated by Fig. 9.
By combining these results with the percentage data for various con-
tributions, it can be concluded that as the sodium sulfide concentration
increased, the concentrations of carbonate, hydroxyl, and Cu(II) species
decreased whereas those the concentration of Cu(I) species and sulfur
increased. After sulfidization, the increase in the total Cu concentration
on the malachite surfaces was because Cu,_,S had a higher copper
content than Cu,(OH)>COs. Thus, the XPS results are consistent well
with the previous results. However, the EDS results concerning the
copper concentration (Fig. 5) are abnormal, which may be due to the
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Table 2
Atomic concentrations of malachite samples treated with (a) 0, (b)) 5 x 10~*
and (¢) 3 x 1073 mol/L Na,S.

Samples Atomic concentrations, %
C (0] S Total Cu Cu(1) Cu(D)
a 38.99 48.33 <0.1 12.68 12.68 —
36.69 38.16 8.49 16.66 6.98 9.68
c 33.36 31.82 16.39 18.43 2.94 15.49

topography or spray platinum treatment.

3.6. Sulfidization mechanism

Based on the above characterizations and analyses, it can be con-
cluded that sulfidization of malachite is a heterogeneous solid-liquid
reaction in which the solid product attaches to the unreacted malachite.
Sulfidization is a phase transition from Cu,(OH),CO3; to Cu,_,S on
malachite surfaces, which is driven by their solubility difference. The
sulfidization product on malachite is not a monolayer but a solid
multilayer. Hence, sulfidization initially occurs at the malachite-aqu-
eous solution interface, and then proceeds into the bulk of the solid
particles, at the newly formed solid—solid (Cup(OH),CO3/Cu,S,) solu-
tion interface. Sulfidization process involves the diffusion, adsorption
and chemical reaction; e.g., sulfidization at the solid-solid interface
must involve diffusion of HS™ from solution through the newly formed
solid copper sulfide phase, and diffusion of carbonate ions and hydroxyl
ions from the crystal lattice of malachite, through the copper sulfide
layer, and into solution.

From another viewpoint, sulfidization is a crystallization process
that involves heterogeneous nucleation followed by growth of the nu-
clei (He and Li, 2007). Fig. 10 shows a schematic diagram of a sulfi-
dized malachite particle at the optimum sodium sulfide concentration.
Because the copper sulfide nuclei formed preferentially in the regions
with high reactivity, the sulfidization reaction was localized and the
sulfidization product was heterogeneously distributed under flotation-
related condition. Fig. 11 highlights the microstructural variations
during malachite sulfidization. During this process, the malachite lat-
tice was destroyed, while copper sulfide lattices were formed. The
copper sulfide grown on the unreacted malachite radically changed the
surface properties of the mineral particles, rendering malachite amen-
able to xanthate flotation. Previous studies revealed that sulfidized
oxide-type minerals also exhibited flotation behavior that was
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dependent on the pulp potential (Castro et al., 1974b; Herrera-Urbina
et al.,1999). This study facilitates better understand the interaction
between sulfidized malachite particles and collectors. This is essentially
a reaction of Cu,_4S grown on malachite with xanthate, which must
also be controlled by the electrochemical mechanism (Hanson and
Fuerstenau, 1991). As well known, the dissolved oxygen in pulp is re-
quired for the flotation of sulfide compounds with xanthates; however,
the dissolved oxygen in pulp can be lost as a result of the oxidation of
sulfidizing agents. A simple and effective method, i.e. aerating agitation
for some time after sulfidization and before the addition of collector,
can be performed to further improve the sulfidization flotation per-
formance of copper oxide minerals. With higher Na,S concentration,
more sulfidization products grew on malachite to form Cu,(OH)>,CO3/
copper sulfide core-shell structure; thus, sulfidization of malachite
surfaces with aqueous sodium sulfide solutions may well be represented
by the well known “shrinking core model”. However, the copper sulfide
grown on malachite can block the further sulfidization of the unreacted
core so that excess sulfide species that remain in aqueous solution de-
press the flotation of malachite. When the excess sulfide species in
aqueous solution are eliminated, the sulfidized malachite is naturally
restored to its floatability. Incidentally, solution conditions such as the
pulp pH, sodium sulfide concentration and solvent may affect the nu-
cleation and growth of sulfidization product, then effect on the sulfi-
dization flotation performance. For example, we speculate that the
growth rate of sulfidization product is high at high concentration of
sodium sulfide, which is detrimental to the stability of the sulfidization
product on malachite surfaces. That might be the reason why sodium
sulphide is added in stages in actual practice, rather than adding as one
consolidated dosage.

What is striking about our findings is that the solid products, djur-
leite and anilite, were the copper-deficient compounds, suggesting that
some Cu(II) was reduced to Cu(l) during sulfidization. Because only
divalent sulfide ions exhibited reducibility in the reaction system, these
were the most likely reductant for reduction of Cu(Il). In fact, this re-
duction of Cu(Il) to Cu(I) by sulfide was observed by Luther et al.
(2002), Kuchar et al. (2006), and Ma et al. (2014). Decades ago, Castro
and his colleagues discovered the formation of S;03%~ during the sul-
fidization of synthetic tenorite and chrysocolla (Castro et al., 1974a;
Castro et al., 1974b); Under the oxygen-deprived conditions, some
sulfide was oxidized to sulfate during the sulfidization of copper oxide
nanoparticles (Ma et al., 2014). Thus, we conclude that sulfide ions play
dual roles during sulfidization of malachite: some, as reductant, were
oxidized to sulfoxy species (S,0,”7) such as sulfate (SO,>7), sulfite
(S05327) and thiosulfate (S,0527) ions, contributing to the reduction of

AQUEOUS PHASE

Main view

Malachite

3

Sulfidization
product

Side view
Copper deficient Cuz-xS phases grown on malachite surfaces

Fig. 10. Schematic diagram of the sulfidized malachite particle at the optimum sodium sulfide concentration.
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Fig. 11. Microstructural variations during sulfidization. Unit cell crystal models of (a) malachite, (b) djurleite, and (c) anilite.

Cu(Il) to Cu(D); others, as sulfidizing agent, occurred chemically com-
bined with the newly formed Cu(I) to form copper(l) sulfide. As well,
sulfidization also involves the diffusion of newly formed sulfoxy ions
through the copper sulfide phase, and into solution. Based on the
hard-soft acid-base (HSAB) principles, S2~ (soft Lewis base) exhibits a
stronger binding with Cu™ (soft Lewis acid) than Cu?®* (medium Lewis
acid), which thermodynamically favors the formation of Cu,S. Notably,
this tendency is also illustrated by the lower Gibbs free energy and
solubility = product of CuyS compared to CuS (A
G(CuS) = — 86.2 kJ-mol™! vs A; G(CuS) = — 53.7 kJ-mol ™ %; Ky,
(CuzS) = 10~ %78 vs Kyp(CuS) = 1073%9%) (Wu et al., 2019). Interest-
ingly, the copper-deficient Cu,_,S phases has a thermodynamic stabi-
lity toward the Cu,S under ambient conditions (Lukashev et al., 2007;
Zhao et al., 2009). Based on the above discussion, it can be concluded
that this thermodynamically favors the formation of the copper-defi-
cient Cu, _,S phases in sulfidization of malachite or other copper oxide
minerals such as azurite. According to our findings, malachite sulfidi-
zation can be described as follows:

Cu2(OH)2C03(S) + HS™ (aQ) —> CUZ,XS(S) + Syoz(za;) + OH(;q) + HCOg_
(aq) 4

4. Conclusions

Sulfidization of malachite is a heterogeneous solid-liquid reaction
in which the solid sulfidization product attaches to the unreacted ma-
lachite. It is a phase-transition process driven by the magnitude solu-
bility difference between Cu,(OH),CO3 and Cu,_,S. The sulfidization
reaction thermodynamically favors the formation of the copper-defi-
cient Cu,_,S phases. Sulfide ions play dual roles during sulfidization:
some, as reductant, were oxidized to sulfoxy (SyOZZ_) species, con-
tributing to the reduction of Cu(Il) to Cu(I); while others, as sulfidizing
agent, occurred chemically combined with the newly formed Cu(l) to
form copper(I) sulfide.

The formation of Cu,_,S on malachite surfaces involves hetero-
geneous nucleation followed by growth of the nuclei. Because the
copper sulfide nuclei form preferentially in the regions with high re-
activity, the sulfidization reaction is localized and copper sulfide is
heterogeneously distributed under flotation-related conditions. Thus,
the surface microstructure of the mineral particles plays a significant
role during sulfidization.

The copper sulfide grown on malachite radically changed the sur-
face properties of the mineral particles, which rendered malachite
amenable to the xanthate flotation.
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