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Abstract: In this study, the effects of copper ions (Cu?*) on the sulfidization (Na:S) flotation of malachite
was investigated using micro-flotation experiments, zeta-potential measurements, X-ray photoelectron
spectroscopy (XPS) analysis, adsorption experiments, and Materials Studio simulation. The results
indicated that the flotation recovery of malachite decreased after the pretreatment of the mineral
particles with Cu?* ions prior to the addition of Na,S. The results for zeta-potential measurements and
XPS analysis revealed that less sulfide ion species in the pulp solution transferred onto the mineral
surface, the sulfidization of malachite surface weakened. The adsorption amount of collector on the
mineral surface decreased, and this finding was confirmed by the results of the zeta-potential and
adsorption experiments. Materials Studio simulation revealed that the adsorption energy of HS- ions
and C;HyOCSS ions on malachite surface increased after the adding of Cu?* ion. The competitive
adsorption made Cu?* ions depress sulfidization flotation of malachite, the dissolution of mineral
surface affected the adsorption of reagents on it, and decreased the floatability of malachite.
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1. Introduction

Copper oxide minerals, mainly including malachite cuprite and azurite, are indispensable copper
resource reserves that have gained widespread attention in the fields of beneficiation and metallurgy
(Corin et al., 2017; Feng et al., 2017). Due to the higher solubility and extensive hydration, sulfidization
flotation is widely used to enrich copper oxide minerals (Liu et al., 2016).

Sulfidization is the critical stage for the malachite sulfidization flotation, HS- is the substantial
reactant that interacts with the malachite surface (Sun et al., 2012; Feng et al., 2015; Shen et al., 2019).
The sulfidization product is formed on malachite surfaces including cuprous monosulfide, cuprous
disulfide, and cuprous polysulfide, the disulfide and polysulfide determines the sulfidization flotation
performance of malachite (Feng et al., 2017), which facilitates the absorption of xanthate collector. The
interaction between HS- and malachite surfaces may involve ion exchange and redox reactions (Park et
al., 2016). Copper of the minerals surface plays a key role in the malachite sulfidation flotation (Srdjan
2010). The surface properties of malachite are complex and soluble, the ions dissolved from minerals
may affect their sulfidization flotation.

The surface properties and flotation performance of the malachite has gained increasing research
attention. The interaction mechanism between the Na;S and malachite surfaces has been investigated
through solution measurements, surface analysis, and density functional theory calculation (Feng et al.,
2017). Different types of activators such as ethanediamine and combination of ammonium-amine salt,
are used to improve the flotation performance of malachite (Feng et al., 2018). Due to the dissolution,
Cu?* ion flood in the flotation pulp, competitive adsorption for flotation reagent between Cu2* ion in
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pulp and mineral surface may produce. The solubility of malachite was studied by calculation of the
solution chemistry (Hope et al., 2010), but its influence on malachite flotation requires further study.

This study was aimed to investigate the effect of Cu2* ions on the sulfidization flotation behavior of
malachite. Flotation experiments, zeta potential measurements, adsorption studies, X-ray photoelectron
spectroscopy (XPS) analysis, and density functional theory calculation were carried out to investigate
the interaction between sulfide species, collector, and malachite surfaces in the absence and presence of
Cu?* ions.

2. Materials and methods
2.1. Materials

The malachite sample used in all experiments was obtained from Kolwezi mine.The sample was first
crushed and hand-sorted, the crushed sample was ground and sieved to obtain particles size of -106+45
pm for the micro-flotation, XPS analysis, and adsorption measurements. X-ray diffraction (XRD) result
of the sample seen in Fig. 1 and chemical analysis presented in Table 1 indicated the sample with 52.18 %
Cu, the theoretical content of Cu in malachite (CuCO3Cu(OH).) was 57.57%, which revealed that the
malachite content in sample was 90.50%. Na,S( Baiyin Nonferrous Metals Co. Ltd.,AR grade) and
sodium butyl xanthate (NaBX, Hunan Mingzhu mineral processing agent Co.Ltd., GR grade) were
employed as a sulfidizing agent and a collector, respectively. Hydrochloric acid (HCl, Xilong Chemical
Co.Ltd., AR grade) and sodium hydroxide (NaOH, Xilong Chemical Co.Ltd., AR grade) were used to
regulate solution pH. CuSO, (Xilong Chemical Co.Ltd., AR grade)was used to study the effects of
copper ions on malachite sulfidization flotation. Deionized water (DI, Resistivity = 18.25 MQ.cm,
Shenyang Xinjie Technology Co., Ltd, XJG-20-A) was used for all of the experiments.
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Fig. 1. XRD analysis of the sample

Table 1. Chemical analysis of the sample

Cu (%)  SiO, (%) C (%) P,0s (%) Purity (%)

52.18 5.98 478 1.82 90.50

2.2. Methods
2.2.1. Flotation experiments

The flotation of a single mineral was carried out using an XFGCII laboratory flotation cell (Jilin
Exploration Machinery Plant, China) with a volume capacity of 40 cm? at a spindle speed of 1992 rpm.
For each flotation test, 2 g of malachite sample was first placed into the flotation cell. HCl and NaOH
solutions were used to adjust the pH, and the reagents were added to the cell if needed in the following
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order: CuSOy, NasS, NaBX, 2#0il, contioned for 3 min with each reagent, then, followed by 3 min
flotation collection. Finally, the froth stream was weighed after drying to obtain the flotation recovery
of malachite, each flotation test was conducted at least three times, and the average results were
calculated with a typical variation of +1.8%.

2.2.2. Zeta-potential measurements

The zeta-potential measurements of malachite were conducted using a Nano-ZS90 zeta-potential
analyzer (Malvern Instruments Ltd., Britain). The malachite sample was finely ground to -5 pm in an
agate mortar, and DI water was added to obtain the 0.01% solids ratio of the suspension solution. Then,
the desired reagents and 3x104 mol/dm?3 of KNO; as an electrolyte background were added into the
suspension. HCl and NaOH were used to adjust the pH values of the solution. After stirring the
suspension for 3 min , the suspension was kept for 3 min to allow the coarse particles to settle down.
The supernatant of the suspension was transferred to the measurement vessel for the zeta potential
measurements, and the zeta potential was measured as a function of pH. Each value was the average of
three measurements with a typical variation of £2 mV.

2.2.3. X-ray Photoelectron Spectroscopy (XPS) analysis

XPS analysis was performed by an America Thermo VG ESCALAB 250Xi spectrometer using Al a X-
rays (1486.6 eV) as a sputtering source at a power of 150 W (15 kV 10 mA). The binding energy scale
was corrected based on a Cls peak from contaminations (around 284.8 eV) as the internal binding
energy standard. In the XPS tests, 2 g of malachite sample was conditioned by the same conditioning
process used for the micro-flotation experiments, the solid particles were collected, and dried at room
temperature for the XPS analysis. The relative contents of elements on malachite surfaces under
different conditions were determined, and a precise scan was performed to obtain the XPS spectrum of
the specific elements.

2.2.4. Adsorption measurements

The UV-2100 Spectrophotometer was used to measure the adsorption of NaBX on the malachite surface
under different conditions. Full-wave scanning showed that the main absorption peak of NaBX
occurred at 301 nm, which was used to determine the collector concentration. A series of NaBX aqueous
solutions of known concentrations were characterized and recorded in order to correlate their
absorbance intensities with their concentrations. The solutions after adsorption were characterized, and
the concentrations of NaBX were obtained by comparing their absorbance intensities with those of
solutions of known concentration. In the adsorption tests, 2 g of malachite sample was conditioned by
the same conditioning process used for the micro-flotation experiments. The amount of collector
adsorbed on the mineral surface was calculated by subtracting the residual concentration in the solution
from the initial concentration as shown in Eq. (1):
(Co—=Cp)v

= Zlooow @
where C, is an initial concentration (mg/dm?), C, is aresidual concentration (mg/dm?), I' is a adsorption
quantity (mg/g), w is the weight of mineral sample (g), v is the volume of solution (cm?3).

2.2.5. Materials Studio calculation

Adsorption is a process in which the molecular motion speed slowed down and eventually stops on the
surface of the adsorption medium. When the speed decreases, some energy will be released, which is
the adsorption energy. A model of malachite was constructed based on the crystal data, and a further
geometry optimization was performed. The surfaces were obtained from the optimized bulk structure.
The adsorption studies were performed using the optimized malachite surface. All calculations were
done using the CASTEP, GGA-PBESOL in Materials Studio 8.0, the following parameters were fixed
during the optimization and simulation process: (a) Energy, (b) Max. force, (c) Max. stress, (d) Max.
displacement of 2.0x10-5 ev/atom, 0.05 ev/ A, 0.1 GPa, 0.002 A, respectively. Based on the test results,
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the plane wave cut-off energy of 571.4 eV was used for all calculations. The adsorption energy of
flotation reagents on the malachite surface was calculated according to Eq. (2):

AE = E-E+E. (Lietal, 2012) 2
where AE represents the adsorption energy, E, represents the total energy of the malachite surface with

reagents adsorbed, E; represents the total energy of the malachite surface, and E. represents the total

energy of reagents before adsorption onto the mineral surface. A more negative value of AE indicated
stronger adsorption of reagents on mineral surface.

3. Results and discussion

3.1. Flotation experiments

The flotation recoveries of malachite as a function of Na>S and NaBX concentration, and pH are shown
in Figs. 2, 3, and 4, respectively.

The flotation recovery of malachite at 80 mg/dm? of NaBX as a function of NasS concentration is
shown in Fig. 2. When NaS was added prior to NaBX, the flotation recovery of malachite sharply
increased from 17.30% to 78.20% by the addition of 80 mg/dm? NasS. Then, the flotation recovery
dropped down with further increasing NasS. An appropriate amount of NayS facilitated malachite
floatability, and the malachite was depressed during sulphidization flotation when excess Na,S was
added, as reported in the previous study (Castro et al., 1974; Feng et al., 2017; Shen et al., 2019).

The flotation recovery of malachite at 80 mg/dm? of NasS as a function of NaBX concentration is
shown in Fig. 3. It was found that when the concentration of NaBX was 80 mg/dm?, the maximum
recovery reached.
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Fig. 2. Effect of NasS concentration on malachite flotation
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Fig. 3. Effect of NaBX concentration on malachite flotation
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Fig. 4. Effect of pH values on malachite flotation

The flotation of malachite as a function of pH values at 80 mg/dm? of NaBX and 80 mg/dm? of NaxS
is presented in Fig. 4. Malachite recovery increased from pH 6-7, and then decreased steadily until at
pH=11. Then, the flotation recovery dropped down to a low value with further increasing pH to 12,
which was similar to the results in the literature (Liu et al., 2018; Yin et al., 2019).

The flotation of malachite as a function of Cu2* concentration at 80 mg/dm3 of NasS, 80 mg/dm? of
NaBX is shown in Fig. 5(a), Cu?* were added in the form of CuSO,;. When CuSO, was added prior to
NasS, the flotation recovery of malachite sharply decreased from 78.20% to 26.90% by the addition of
150 mg/dm?3 CuSO,. This indicated that the addition of CuSO, depressed the malachite sulfidization
flotation.

The flotation of malachite as a function of pH using 80 mg/dm? of NaS, 80 mg/dm?3 of NaBX in the
absence and presence of 150 mg/dm?3 CuSO; is shown in Fig. 5(b). The flotation recovery of malachite
decreased after the addition of CuSO, over the whole tests pH range. When the pH 6-8, CuSO,had a
stronger inhibition for the sulfidization flotation of malachite.
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Fig. 5. Effect of Cu2* on malachite flotation

3.2. Depression mechanism of copper ions on malachite sulfidization flotation
3.2.1. Solution chemistry of copper ions

By solution chemical calculation (Powell et al., 2007), the concentrations of each copper species as a
function of pH at a total copper concentration of 150 mg/dm? is shown in Fig. 6. A similar calculation
involving Cu species distribution has been studied and reported in previous studies (Feng et al., 2018;
Huang et al., 2019). At pH below 7, Cu?* was the predominant species. At pH above 7, Cu(OH)x(s)
produced and became predominant species. Cu(OH)2(s) may adhere to the surface of malachite, and
decrease adsorption quantity of flotation reagents. When the pH 6-8, the Cu2?* accounted for a large
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proportion, the results of the flotation tests showed that at the pH 6-8, CuSO, had a stronger inhibition
for the malachite sulfidization flotation, Cu?* in the pulp may form competitive adsorption with copper
ions on the malachite surface for reagents, and depress the sulfidization flotation of malachite.

3.2.2. Zeta-potential measurements

The adsorption of sulfide ion and xanthate species onto the malachite surface may influence the zeta
potential of the malachite particles. The zeta potential measurements were performed to estimate the
interaction between malachite particles and reagents in the flotation experiments, and study the
influence of Cu?* for the adsorption of sulfide ion and xanthate species onto the malachite surface.
Figure 7 shows the zeta potentials of malachite particles under different conditions as a function of pH.
As shown in Fig. 7, the zeta potential of malachite became more negative with the increasing pH values
regardless of the addition of flotation reagents.

The isoelectric point (IEP) of malachite without the addition of flotation reagents was located at
approximately pH 8.6, which was near to the value in previous study (Li et al., 2015; Choi et al., 2016;
Liu etal., 2016; Wu et al., 2017; Feng et al., 2018; Liu et al., 2018; Huang et al., 2018; Yin et al., 2019). After
the addition of NaS, the zeta potential of malachite was more negative than that of bare malachite,
sulfide ion species with negative charges were adsorbed onto the malachite surface (Park et al., 2016;
Feng et al., 2018; Yin et al., 2019). At the same concentration of NaS, the addition of Cu2* made the zeta
potential of malachite more positive, this result indicated that less amounts of sulfide ion species were
adsorbed onto the malachite surface in the presence of Cu2*than in the absence of it. The Cu?* in pulp
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weakened the sulfuration of malachite surfaces, which was not beneficial to the sulfuration flotation of
malachite. After the mineral surface was treated with Na>S and NaBX in the absence and presence of
Cu?*, the zeta potential became more negative, and this attributed to the adsorption of sulfide ion and
xanthate species onto the malachite surface (Wu et al., 2017; Feng et al., 2018; Yin et al., 2019). The
addition of Cu?* led to the increase of the zeta potentials of malachite at the same concentration of Na»S
and NaBX, this may indicate that the decrease of adsorption amount of the Na;S and NaBX on the
malachite surface, and the flotation of malachite was depressed.

3.2.3. Elemental compositions and chemical states on malachite surfaces

The relative contents of C, O, Cu, and S elements on the malachite surface under different conditions,
are presented in Table 2. Similar to the previous literature (Feng et al., 2017), the relative contents of S
and Cu elements on the mineral surface increased after malachite was modified with NasS, facilitating
the attachment of collectors, according to the study (Feng et al., 2017), the simultaneous reduction in the
relative contents of C and O elements on the modified mineral surface further demonstrated that the
hydrophobicity of malachite surface increased, and improving the floatability of malachite minerals.
When CuSO; was added prior to NasS, the relative contents of S on the malachite surface decreased to
4.06%, thus, the addition of CuSO4 before NasS could depress the formation of copper sulfide species
on the malachite surface, the sulfidization of malachite surface weakened, which decreased the
adsorption of collectors, this indicated that the addition of CuSO, depressed the malachite sulfidization
flotation.

Table 2. Relative contents of elements on malachite surfaces under different conditions

Samples Elements Atomic concentrations (%)
H=8 C 30.53
P 45.70

1 Na5S =0 mg/dm3

NaBX = 80 mg/dm? Cu 278

S 1.00

PH=8 C 28.38

2 NazS = 80 mg/dm3 Su Zii
NaBX = 80 mg/dm3 ’

S 9.40

pH=38 C 26.56

3 Nay5S = 80 mg/dm3 @) 40.00

NaBX = 80 mg/dm3 Cu 29.38

Cu2*=150 mg/dm?3 S 4.06

The S2p spectra of malachite samples under different conditions are given in Fig. 8. According to
previous study (Harvey et al., 1984; Boulton et al., 2003; Khmeleva et al., 2005), the malachite samples
sulfidized with NasS, the S peaks located at the binding energy values around of 163 eV were attributed
to the S,(n>2) species, the binding energy values around of 161 eV were attributed to the S* species.
The presence of S*, indicated that a slight oxidation occurred in the sulfidization product of malachite
and HS species in the pulp solution, the oxidation of sulfide is advantageous to the hydrophobicity of
minerals (Boulton et al., 2003; Chen et al., 2014; Feng et al., 2017), improving the floatability of malachite.
The addition of Cu?* prior to Na;S weakened the peak of S, and S%, the area inside the curve of S,
(n=2) species in the presence of Cu?* was obviously declined. Combining the data in Table 2, at the same
NasS concentration, the sulfidization products in the presence of Cu2+ decreased. This result further
confirmed that the Cu2?* in pulp weakened the sulfidization of malachite surface, thereby decreasing the
malachite floatability. These results were consistent with the results of the flotation experiments.

Figure 9 shows the Cu2p XPS spectra of malachite samples under different conditions. The binding
energies shift of Cu indicated the differences in the electronic environment among different conditions.
Both Cu(ll) (cupric) and Cu(I) (cuprous) species were observed based on their distinct binding energies
around of 934 eV and 931.5 eV for Cu2p3/2 (Li et al., 2015; Liu et al., 2016; Lotter et al., 2016). As shown
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Fig. 8. S2p spectra of malachite samples treated with the following: a: Malachite+NayS+NaBX,
b: Malachite+Cu2++Na)S+NaBX
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Fig. 9. Cu2p XPS spectra of malachite samples treated with the following: a: Malachite+NaBX,
b: Malachite+Na,S+NaBX, c: Malachite+Cu2*+NaxS+NaBX

in Fig. 9(a) and (b), the area inside the curve of Cu(l) species in the presence of Na>S was obviously
larger than that in the absence of NayS, which was consistent with the Feng’s work (Feng et al., 2017;
Feng et al., 2018). This observation implied that the polysulfide of Cu(I) formed on the mineral surface.
In addition, relative amounts of Cu(Il) species were reduced to Cu(l) species after malachite was treated
with NasS, and the area inside the satellite peak decreased because the contents of Cu(ll) species in
malachite samples were related to satellite peaks (Feng et al., 2017; Feng et al., 2018). The formation of
copper sulfide layer was beneficial for the attachment of xanthate species, facilitating the flotation of
malachite. As shown in Fig. 9(b) and (c), the area inside the curve of Cu(I) species in the presence of
Cu?* was obviously smaller than that in the absence of Cu?*. This observation indicated that the addition
of Cu?* decreased the amounts of copper sulfide species formed on the malachite surface at the same
NasS concentration. Which was detrimental for the attachment of xanthate species on malachite
surfaces. This result provided evidence for the depression of Cu2* to the sulfidization flotation of
malachite. These results were consistent with the results of the flotation experiments.

3.2.4. Adsorption amounts of NaBX onto malachite surfaces

The XPS analysis demonstrated that sulfide ion species in the pulp suspension were transferred onto
the mineral surface, the effect was weakened in the presence of Cu?*, and less collector may be adsorbed
on the malachite surface, to directly illustrate the effect of Cu2* on the collector adsorption on malachite
surface, adsorption tests of NaBX onto malachite surfaces was employed in this study. As shown in
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Table 3, the addition of Cu2* prior to NaxS decreased the adsorption amounts of NaBX onto malachite
surfaces, depressed the sulfuration flotation of malachite, which was consistent with the XPS analysis.

Table 3. Adsorbed amounts of NaBX onto the malachite surfaces in the absence and presence of Cu2* (80 mg/dm?
of NaS, 80 mg/dm3 of NaBX, pH = 8.0)

Residual NaBX  Initial NaBX NaBX
Recovery . . .
Samples (%) concentration C; concentration adsorption
(mg/ dm3) C, (mg/dm3) quantity
In the ab
1 e ahsence 75.00 18.525 80 1,537
of Cu2+ions
In th
NG PIESERCE 3420 51.520 80 0.712

of Cu2+ions

3.2.5. Adsorption of C;HyOCSS- and HS- on the malachite surface

A model of malachite was constructed based on the crystal data received from the American
mineralogist crystal structure database, and the cell parameters of malachite are a=0.9502 nm, b=1.1974
nm, ¢=0.3240 nm, 3=98°45', the space group is P21/A. According to the previous study (Susse 1966;
Zhou 2007; Mao 2016), the optimized malachite crystal structure is shown in Fig. 10. The Mulliken
population and the length of the bond in malachite are presented in Table 4. As shown in Table 4, the
length order of the bond was Cu-O>C-O>H-O, the Mulliken population of the Cu-O smaller than C-
O and H-O, the covalent bond strength order in malachite was C-O>H-O > Cu-O, which were
consistent with the Wu's and Mao’s work (Mao 2016; Wu et al., 2017), Cu and O in malachite have
higher reactivity (Mulliken, 2004). The flotation reagents mainly react with Cu on the malachite surface
(Mao 2016; Wu et al., 2017).

Fig. 10. Malachite crystal structure (C4HsO20Cus)

Table 4. Mulliken population and the length of the bond in malachite

Bonds Mulliken population Length (A)
c-O 0.90 1.30
H-O 0.59 1.03

Cu-O 0.22 2.01

The dissociation of minerals tends to the surface with the weakest atomic interaction, that is, the
surface with the lowest energy (Wen et al., 2013). Integrated existing research data (Htay et al., 2014;
Stenlid et al., 2016; Sun and Ceder, 2018), (-201), (01 0), and (1 1 0) surfaces were calculated, the surface
energy of malachite surfaces are shown in Table 5.
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Table 5. Surface energy of malachite mineral surfaces/ (kJ/mol)

Surfaces (-2 01) surface (01 0) surface (11 0) surface
Surface energy -34195.62 -34006.32 -34109.53

As shown in Table 5, (-2 0 1) surface in malachite with the lowest energy, which agreed with the
previous work (Mao 2016, Wu et al., 2017), the (-2 0 1) surface was chosen as a surface model for
adsorption calculations, the (-2 0 1) surface was cleaved from the optimized malachite crystal structure,
based on the previous study (Mao, 2016; Wu et al., 2017), k-point sampling density of 2x2x1 was used
for all adsorption calculations, a vacuum thickness of 20 A was placed between the slabs, and the (-2 0
1) surface configuration was optimized to conduct the reagents adsorption simulation. According to the
study (Deng, 2015; Wu, 2017), the simulation was conducted in a vacuum, thus, the adsorption energy
was calculated differently because the calculation systems vary, the results did not represent the actual
energy but provided a qualitative basis. The research aimed to obtain change trend of the interaction
energy between malachite surface and reagents, and explained experimental phenomena. Studying the
adsorption energy of reagents on (-2 0 1) surface of malachite, the calculation results shown in Table 6
suggested that the addition of HS- decreased the adsorption energy of CsHyOCSS- on malachite (-2 0 1)
surface, the changing trend of interaction energy was consistent with the previous report (Mao, 2016;
Wu, 2017), the addition of NaS prior to NaBX improving the adsorption of NaBX on malachite surface,
facilitating the flotation of malachite. Cu?* increased the adsorption energy of HS, decreased the
sulfuration of the malachite surface. In addition, Cu?* increased the adsorption energy of C;HyOCSS
under sulfuration condition, reduced the adsorption of NaBX on malachite surface, depressed the
sulfuration flotation of malachite.

Table 6. Adsorption energy of reagents on malachite (-2 0 1) surface /(kJ/mol)

Adsorption models E. E E. AE
Malachite + HS- -34938.92 -34195.62 -316.65 -426.65
Malachite + Cu2++ HS- -34897.75 -34195.62 -400.91 -301.22
Malachite + C4HysOCSS- -34843.12 -34195.62 -197.27 -450.23
Malachite + HS+ C4HsOCSS- -35702.81 -34195.62 -513.92 -993.27
Malachite + Cu2++ HS+ C4HyOCSS- -35375.50 -34195.62 -703.69 -476.19

Figure 11 shows the possible adsorption configuration of HS- on malachite (-2 0 1) surface in the
absence and presence Cu?*, and the values shown in the figure indicate the atomic distance in
angstroms. As shown in Fig. 11(a), HS interacted with Cu on the (-2 0 1) surface of malachite mainly by
S atom. The length and the Mulliken population of the Cu-S bond was 0.2382 nm, 0.23, separately. The
length of the bond between the valence radius and the ionic radius, there was the chemical adsorption
when HS- on the malachite surface. As shown in Fig. 11(b), after the addition of Cu?*, the length and the
Mulliken population of the Cu-S bond was 0.2213 nm, 0.30, separately, but the Cu were from pulp, not
the malachite surface. The competitive adsorption for NasS between the Cu in pulp and Cu on the
malachite surface depressed the sulfuration of malachite surface, inhibit the sulfuration flotation of
malachite.

Figure 12 shows the possible adsorption configuration of C;HyOCSS- on malachite (-2 0 1) surface
under sulfuration condition in the absence and presence of Cu?*. As shown in Fig. 12(a), C;HyOCSS
interacted with Cu2?* on the (-2 0 1) surface of malachite mainly by S atoms. For the S of single bond in
C4HyOCSS;, the length and the Mulliken population of Cu-S bond were 0.218 nm, 0.33, separately. For
the S of a double bond in C;HyOCSS;, the length and the Mulliken population of Cu-S bond were 0.229
nm, 0.30, separately. There was the chemical adsorption when CsHyOCSS- on the malachite surface
under sulfuration condition. After the addition of Cu?*, C4HyOCSS away from the malachite surface
and close to the Cu?* in the pulp. The competitive adsorption for NaBX between the Cu?* in pulp and
Cu?* on the malachite surface depressed the sulfuration flotation of malachite. These results were
consistent with the results of the flotation and adsorption experiments.
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Fig. 11. Adsorption configuration of HS- on malachite (-2 0 1) surface (a) in the absence (b) in the presence of Cu2*

(a) [ (b)

Fig. 12. Adsorption configuration of HS;, C4HyOCSS- on malachite (-2 0 1) surface (a) in the absence (b) in the
presence of Cu2+

4. Conclusions

In this study, the effects of copper ions on the sulfidization flotation of malachite was studied, the results
showed that the addition of Cu?* ions depressed the malachite sulfidization flotation, the recovery of
malachite decreased from 78.20% to 26.90% when the 150 mg/dm? of CuSO; was added prior to NasS.
The zeta-potential and the adsorption measurements, and XPS analysis indicated that the depression
mechanism of Cu2* ions included that the sulfidization of malachite was weakened, and the adsorption
amount of collector on malachite surface decreased after the addition of Cu?* ions. The calculation by
Materials Studio revealed that adsorption energy of HS- and C4HyOCSS: ions on the malachite surface
increased after the adding of Cu?* ions, competitive adsorption for HS- and C4HyOCSS- made Cu?* ions
depress the sulfidization flotation of malachite. Overall,reducing the solubility of malachite mineral
seems to be of great significance for improving its floatability, which will be benefial for the adsorption
of sulfidizing agents and collectors on malachite surface.
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