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Abstract: Sulfuration flotation is the most widely used technology in malachite beneficiation. How-
ever, the inhomogeneity of malachite surfaces usually results in a non-uniform sulfuration surface.
The motivation of this work is attempt to adopt different functional combination collectors to en-
hance the sulfuration flotation of malachite. Accordingly, the flotation behaviors and adsorption
mechanisms of benzohydroxamic acid (BHA) and sodium butyl-xanthate (SBX) on the surface
of malachite were systematically investigated using flotation tests, zeta-potential measurements,
Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, and first-principle calculations.
The test results of vulcanization flotation showed that the combined collectors of SBX with BHA
possessed a higher recovery than only using SBH by 20%, indicating that there may be a synergistic
effect between BHA and SBX. The IR and Raman spectroscopy demonstrated that both BHA and SBX
could chemically adsorb onto the malachite surface. The density functional theory (DFT) calculation
results further indicated that the combined adsorption energy of BHA and SBX was much lower than
that of only BHA or SBX, which confirmed the synergistic effects of BHA and SBX on the malachite
surface. This work may shed new light on the design and development of more efficient combined
flotation reagents.

Keywords: malachite; flotation; combined collectors; synergistic effect; DFT calculations

1. Introduction

As an important non-ferrous metal, copper mainly exists in the form of sulfide [1–4].
With the decrease of copper sulfide resources, the utilization of oxidized copper ore has
been paid more and more attention. Malachite is the most representative of oxidized copper
minerals [5,6]. It belongs to the category of monoclinic systems [7]. Its crystal structure is
columnar and needle-like, and it is a mineral possessing a layered pore structure, concentric
layer structure, and radial fiber shape. Malachite occurs in the oxidation zone of copper
sulfide ore. It is a secondary mineral produced by weathering, possessing the characteristics
of high hydrophilicity and complex structure [8–10].

Flotation is one of the most important methods for the beneficiation of oxidized
copper minerals [11–13]. The flotation of copper oxide ore can mainly be divided into
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direct flotation and sulfuration flotation. Advanced xanthate, fatty acids, and hydroximic
acids are usually used as collectors in the direct flotation [14]. However, these collectors
have not been widely used in industrial applications due to their inferior selectivity and
high cost. Currently, sulfuration flotation is the most extensively used method for flotation
of copper oxide ore in the industry [15–21]. The sulfuration flotation method is a method
in which initially oxidized minerals are pre-vulcanized by a soluble vulcanizing agent, and
subsequently, flotation is performed using a collector of the vulcanized ore [22]. However,
there are still some problems in sulfurization flotation, including large dosage of reagents,
incomplete vulcanization, and instability of sulfide film.

In order to avoid these problems, researchers usually used activators to strengthen
sulfuration and improve the flotation efficiency. For example, Liu et al. used sodium
chloride to enhance the sulfidation flotation of cerussite and found that sodium chloride
can make the surface of the cerussite form more lead sulfide species and improve the
sulfidization flotation performance [23]. Feng et al. [6] used ethylenediamine to modify
the surface of malachite to improve the sulfuration flotation. The results showed that
ethylenediamine-modified malachite not only increases the contents of copper sulfide
species on the malachite surface, but also enhances the reactivity of the vulcanized product,
thus improving malachite recovery. Alternatively, the use of mixed reagents as collec-
tors could also possibly improve the flotation efficiency based on the synergistic effects
between the agents. In fact, the combined collectors have been widely used in flotation
and have achieved good results. For example, Gao et al. [24] found that the mixed use of
C12-16COONa and MES (sodium fatty acid methyl ester sulfonate) has high selectivity for
the flotation of scheelite in calcite and fluorite. The mixed cationic collector dodecyl ammo-
nium chloride (DTAC) and anionic collector sodium oleate (NaOL) have high selectivity
for the flotation of spodumene from feldspar [25]. Recently, Sun et al. also reported the syn-
ergistic enhancement effect of sodium butyl xanthate (NaBX) and dodecylamine (DDA) as
a combined collector on the sulfidizing flotation of copper oxide [26]. As is well known, the
inhomogeneity of malachite surfaces usually results in non-uniform sulfuration surfaces in
sulfuration flotation, which could be approximately divided into a sulfurized zone and
an unsulfurized zone. Thus, the motivation of this work is an attempt to adopt different
functional combination collectors to enhance the sulfuration flotation of malachite based
on the basic assumption that the sulfide mineral collector (sodium butyl-xanthate) could
interact well with the sulfurized zone and the oxide mineral collector (benzohydroxamic
acid) could interact well with the unsulfurized zone.

However, traditional experimental characterizations are not sufficient to accurately
describe the involved micro-processes. Owing to the rapid developments in theoretical
and computational chemistry, more effective tools, such as quantum chemistry calculations,
can be used to better understand the adsorption mechanisms of flotation reagents on target
minerals. For example, Lebernegg et al. selected the surface of malachite (201) to conduct
related studies using quantum chemical calculations and demonstrated that this surface is
the dissociation surface of a malachite crystal with a complete structure [9]. Wu et al. [10]
studied the activation mechanism of ammonium ion on malachite sulfuration using density
functional theory (DFT) calculations. It was found that after the ammonium ion activated
sulfidation, the Cu 3d orbital peak was closer to the Fermi level and was characterized by a
stronger peak value, thus enhancing the sulfuration of malachite.

Accordingly, the synergistic collection mechanism of malachite by BHA and SBX was
examined using a combination of theory and experiments in this work. The optimal dosage
ratio of BHA and SBX was obtained with flotation experiments. The flotation behaviors
and micro-mechanisms of both reagents on the surface of malachite were investigated
by zeta-potential measurements, Fourier-transform infrared (FTIR) spectroscopy, Raman
spectroscopy, and first-principle calculations. This work might shed new light on the design
and development of more efficient combined flotation reagents based on the consideration
of the surface micro-structures.
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2. Materials and Methods
2.1. Materials and Reagents

For the experiment, before crushing by a jaw crusher, the larger malachite was smashed
into small pieces of about 1.5 cm, and was then put into the pure mineral jaw crusher to
crush the small particles to about 2 mm. The 2 mm particles were put into a pure mineral
ceramic ball grinding tank for grinding. The ore samples were successively sifted through
a 200-mesh and 400-mesh standard sieve; then, a mineral sample with a particle size of
38–74 µm was obtained. The X-ray diffraction (XRD) analysis results of the pure mineral of
malachite used in the experiment were as displayed in Figure 1; the malachite sample had
over 98% of malachite, so the sample was pure enough for the following research.

Figure 1. X-ray diffraction (XRD) pattern of the malachite sample.

Analytical grade sodium sulfide (Na2S), sodium chemical pure butyl xanthate (SBX),
benzohydroxamic acid (BHA), terpenic oil (foaming agent), sodium hydrate (NaOH),
hydrochloric acid (HCl), and deionized water were used in this study. It is worth noting that
the collector, SBX, and sodium sulfide hydrate used in the experiment must be stringently
prepared and used immediately to ensure the accuracy of the experimental results. BHA
is an O-O type chelate collector. As an oxide mineral collector, it has the advantages of
high selectivity, low toxicity, and high efficiency. SBX is the most commonly used flotation
collector of sulfide minerals [27]. It typically exists as light yellow particles or powder with
a pungent odor.

2.2. Methodology
2.2.1. Micro-Flotation

The mineral flotation experiment of malachite was conducted on an XFGII-type
hanging-tank flotation machine. The volume of the flotation tank was 40 mL, and the
spindle speed was 1500 rpm. Each time, 2 g of the mineral was weighed (the error was
controlled within 0.001 g) and mixed with 35 mL of deionized water, and the pH was
adjusted to 9.5 in 2 min by NaOH and HCL (it should be mentioned that a typical pH value
of 9.5 was chosen in this study, considering that the separation of malachite minerals are
often in an alkaline pulp environment in most plants [26]). Subsequently, the vulcanizing
agent, collector, and foaming agent (the dosage of terpineol oil was 40 mg/L [17]) were
added in order, and the specific flotation process is illustrated in Figure 2. Following the
completion of the flotation, the foam product and the product in the tank were filtered and
dried to determine the flotation recovery. To obtain accurate and reliable results, each set
of experiments was conducted thrice and the average values were taken.
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2.2.2. Zeta-Potential Measurements

Zeta potential is the electric potential in the interfacial double layer at the location
of the slipping plane relative to a point in the bulk fluid away from the interface [28].
A Malvern Zeta-sizer Nano machine (Malvern Panalytical, Malvern, UK) was used to
measure the zeta potential at 20 ◦C. A supernatant of malachite particles was prepared for
the zeta-potential measurement. KNO3 was used as an ordinary background electrolyte [3].
The mineral was added into the electrolyte solution and placed on a magnetic stirrer for
stirring, and the pH value was adjusted using 0.1 mol/L HCl or 0.1 mol/L NaOH solution.
Then, the flotation reagent was added according to the flotation process under the deter-
mined pH value, and the reagent dosage was the reagent dosage for the optimal recovery.
The suspension was placed in a magnetic agitator for 5 min to disperse the suspended
particles adequately, and was then precipitated for 5 min. Subsequently, to prevent the
formation of bubbles, the supernatant was slowly injected into a test cell with a syringe for
conducting the tests.

2.2.3. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) adsorption spectroscopy has been used as a quanti-
tative analysis method for some minerals [29]. The FTIR spectra of a batch of malachite
samples were measured by a Germany Fourier-Transform Infrared Spectroscopy (FTIR)
Vertex 80v (Germany Bruker, Karlsruhe, Germany) following the flotation test processing
procedures. The samples were ground to less than 5 microns to obtain the test samples.
Then, 2 g of malachite were added to 40 mL deionized water and the pH was adjusted
to 9.5. According to the flotation process, the flotation reagents were added in sequence,
and then the samples were filtered and washed with deionized water three times before
drying. The transmission spectrum of malachite used 10% malachite samples and 90%
potassium bromide in a vacuum cell so that one could see more details from the spectrum.
The infrared spectra of the samples were recorded with an FTIR spectrometer at room
temperature (25 ± 1 ◦C) in a range from 400 to 4000 cm−1.

2.2.4. Raman Spectroscopy

Unlike FTIR, Raman spectroscopy probes the vibrational spectrum by using inelastic
scattering. In many cases, Raman spectroscopy and FTIR spectroscopy are complemen-
tary [30]. Raman spectroscopy can reflect the structure and composition of molecules [31],
the reactions of symmetric structures (such as C–C), and the skeletons of the molecules.
A Raman spectroscopy test does not require pre-treatment of the sample, and a mineral
can be directly tested. Micro-analysis of minerals with micro-scale resolution and ultra-
high sensitivity can be performed with trace minerals, even with trace impurities [32].
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The Renishaw inVia confocal Raman spectrometer (Renishaw, Gloucestershire, UK) was
used in the experiment with a 532 nm laser emitter. The room temperature was maintained
at 25 ◦C and the humidity was 30%. The samples were ground to less than 5 microns to
obtain the test samples. Then, 2 g of malachite were added to 40 mL deionized water,
and the pH was adjusted to 9.5. According to the flotation process, the flotation reagents
were added in sequence, and then the samples were filtered and washed with deionized
water three times before drying. Before each start-up experiment, the silicon wafer was
calibrated to ensure that the built-in silicon peak was in the range of 520–520.5 cm−1. Before
the beginning of each experiment, the percentage of laser power output was measured,
and then the resolution and signal-to-noise ratio were adjusted to obtain accurate and
repeatable experimental spectral results. A small amount of sample was placed on the
slide, and then the surface of the sample was flattened. The slides were placed under a
50× objective lens, and the Raman spectroscopy tests were performed.

2.2.5. Computational Details

A periodic model of bulk phase was built from the XRD crystal structure obtained from
the American Mineralogist Crystal Structure Database [33]. All the periodic calculations
were performed by the CASTEP [34] module in Materials Studio 2017 (MS 2017). A previous
study by Wu et al. [10] indicated that generalized gradient approximation (GGA)-PW91
could be used to obtain reasonable lattice constants of the malachite unit cell that are
relatively close to the experimental ones. Hence, the electronic exchange–correlation
energy was treated within the generalized gradient approximation (GGA) by using the
PW91 gradient correction functional with an appropriate cut-off energy of 351 eV [35].
The ultrasoft pseudopotential (Ultrosoft) of the PW91 base group was used to describe the
interaction between the ionic core and the valence electron [36].

All the periodic optimization calculations were performed, allowing atomic positions,
lattice vectors, and angles to relax within a constrained total volume based on a plane–wave
basis set. A fine k-point mesh with Monkhorst-Pack k-point grids (2 × 2 × 1) was used to
provide a precise estimation of the crystal structure of malachite. In the self-consistent field
calculation, the Pulay density mixing method was used, and the convergence precision
was set as 1 × 10−6 eV/atom. In all the optimization calculations, using BFGS algorithm,
the convergence criteria of the energy, the maximum force, the maximum stress, and the
maximum atomic displacement were set as 2 × 10−5 eV/atom, 0.05 eV/Å, 0.1 GPa, and
0.002 Å, respectively.

The quantum chemistry calculations of BHA and SBX were performed with the
Gaussian 09 (version D.01) software based on the B3LYP method with the cc-pVDZ basis
set [37]. The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) were rendered to demonstrate the reactivity of the studied
molecule.

3. Results and Discussion
3.1. Micro-Flotation Tests

Figure 3a,b shows the malachite recovery as a function with respect to the dosage of
Na2S and collectors. In the absence of Na2S, the recovery of malachite is not over 20% using
SBX as collector with a dosage of 220 mg/L. The recovery increases as the dosage increases
in the range of 0 to 220 mg/L. When the dosage is more than 220 mg/L, the recovery begins
to decline. This phenomenon is consistent with previous research findings [38]. According
to the research findings of R. Liu et al., the corresponding sulfidization mechanism is that
higher Na2S concentration results in more sulfidization products on malachite to form a
Cu2(OH)2CO3/copper sulfide core-shell structure. However, when the Na2S is excessive,
the copper sulfide grown on malachite can block the further sulfidization of the unreacted
core so that excess sulfide species could adsorb onto the surface of core-shell structure and
depress the flotation of malachite by hindering the adsorption of the collector [39].
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Figure 3. (a) Effect of Na2S dosage on the recovery of malachite. The dosage of sodium butyl-xanthate (SBX) is 220 mg/L,
pH = 9.5, the dosage of foaming agent is 40 mg/L. (b) Effect of dosage of SBX/ benzohydroxamic acid (BHA) on the recovery
of malachite in the presence/absence of Na2S. In the absence of Na2S, pH is 9.5, and the dosage of terpenic oil is 40 mg/L.
In the presence of Na2S, pH is 9.5, the Na2S dosage is 220 mg/L, and the dosage of terpenic oil is 40 mg/L. Terpenic oil is
used as a foaming agent.

In the presence of Na2S, the recovery of malachite increases from 50% to 63% as the
dosage of BHA increases from 15 to 160 mg/L. In the absence of Na2S, the recovery of
malachite increases from 40% to 50% in the same range as that of the BHA dosage. This
indicates that the addition of Na2S increases the recovery of malachite by about 12% when
using BHA as a collector. More significantly, in the same range as that of the SBX dosage,
the addition of Na2S increases the recovery of malachite by over 30% when using SBX as a
collector. These phenomena should be attributed to the fact that the adsorption of sulfur
ions improves the hydrophobicity of the malachite surface.

It should be mentioned that the recovery of malachite is over 60% when using BHA as
a collector with a dosage of 220 mg/L in the absence of Na2S, but the recovery is below 20%
when using SBX as collector with the same dosage. This suggests that SBX could not adsorb
well onto the unsulfurized surface, but BHA could adsorb well onto the unsulfurized
surface. Particularly, after adding Na2S, the recovery of malachite is over 65% when using
SBX as a collector with the same dosage; it is increased by over 45% compared to without
Na2S. This suggests that SBX could adsorb well onto the sulfurized surface. Based on
the above analysis, the proposed basic assumption was that the sulfide mineral collector
(sodium butyl-xanthate) could interact well with the sulfurized zone and the oxide mineral
collector (benzohydroxamic acid) could interact well with unsulfurized zone. Accordingly,
malachite flotation tests using SBX and BHA as a combined collector were performed
under the same conditions. Table 1 summarizes the flotation recovery of malachite using
the combined collector with different molar ratios. As shown in Table 1, the recovery of
malachite by using the combined BHA and SBX is significantly higher than that when they
are used alone. Particularly, as shown in Figure 4, when the molar ratio of SBX and BHA is
3:1, the recovery of malachite reaches the maximum of about 90%. It is increased by over
30% compared to when they are used alone. Therefore, BHA and SBX have an obvious
synergistic effect on the sulfidization flotation process [26].

3.2. Zeta-Potential Measurements

It is well known that the change in the charge on a mineral surface is closely related to
the adsorption of the flotation reagents. The results of the zeta-potential measurements for
malachite as a function of pH, in the presence and absence of flotation reagents, are pre-
sented in Figure 5. One can see that the isoelectric point (IEP) of the studied malachite
surface has a pH value of 8.5, which is consistent with the reported IEP of malachite, i.e.,
8–8.5 [17,40]. After adding the flotation reagents, the zeta potential of the malachite surface
becomes more negative in the tested pH range, which is consistent with the phenomenon
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observed by Feng [3]. When SBX and BHA are used as a combined collector, the zeta
potential is more negative than that when SBX and BHA are used alone. This suggests
that the anionic collectors of BHA and SBX are synergistically adsorbed on the surface of
malachite, resulting in a significant decrease of the zeta potential of the malachite surface.

Table 1. The flotation recovery of malachite by using SBX, BHA, and their mixture (the total dosage
of SBX + BHA is 180 mg/L).

BHA (mg/L) Recovery/% SBX (mg/L) Recovery/% SBX: BHA Recovery/%

0 36.9 360 24.4 180:0 58.7
90 53.5 270 56.4 135:45 87.2

120 55.0 240 57.8 120:60 82.2
180 54.9 180 58.7 90:90 75.6
240 60.2 120 67.1 60:120 70.0
270 51.0 90 53.0 45:135 67.8
360 42.6 0 36.9 0:180 54.9
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3.3. FTIR Tests

As shown in Figure 6, the band around 1509 cm−1 should be ascribed to the stretching
vibration of the C=O bond of the -CO3 group on the malachite surface, the band around
1409 cm−1 should correspond to the stretching vibration peak of the C-O bond of the
-CO3 group on the malachite surface, and the band around 3400 cm−1 should be ascribed
to the stretching vibration of -OH. The adsorption band around 2973 cm−1 in the FTIR
spectrum of SBX should be ascribed to the stretching vibration peak of the C-H bond.
The characteristic band around 1060 cm−1 is the stretching vibration of the C=S bond of
SBX, and the band around 1109 cm−1 corresponds to the stretching vibration of C-O-C
of SBX [26]. The 3393 cm−1 in the FTIR spectrum of SBX should be attributed to the
characteristic peak of the stretching vibration of O-H of the water molecules adsorbed
onto SBX. In the spectral line of BHA, the 1165 cm−1 should be ascribed to the stretching
vibration peak of the C-O bond in the isomer of BHA. The 1489 cm−1 is the characteristic
peak of the benzene ring skeleton of BHA, and the peak at 1653 cm−1 is the characteristic
peak of the C-N bond of BHA [41]. Compared with the spectrum of the pure malachite
mineral, there are new peaks in the spectrum of malachite treated with the mixed collector
and Na2S. It is very interesting to find that the peaks around 2973 cm−1 should be the
corresponding characteristic absorption peaks of the C-H bond stretching vibration of SBX,
the peak at 1623 cm−1 should be the C-N bond stretching vibration peak of BHA, and the
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new peak at 1186 cm−1 should be ascribed to the combined effect of the C-O-C stretching
vibration of SBX and the C-O stretching vibration of BHA [42]. The characteristic peaks of
BHA and SBX in the FTIR spectrum of malachite treated by the mixed collector of BHA and
SBX confirm that the two collectors can chemically adsorb onto the surface of malachite
simultaneously.

Figure 5. Zeta potential of malachite before and after the treatment with BHA, SBX, and their
mixtures.
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3.4. Raman Spectroscopy Tests

The Raman spectra of BHA, SBX, and malachite before and after the treatment with
Na2S and the mixed collectors are shown in Figure 7. It is obvious that the Raman peaks
of malachite change dramatically before and after the collector treatment. As shown in
Figure 7a, the peaks at 253 cm−1and 327 cm−1 should be ascribed to the Raman character-
istic peaks of the bond of Cu-O in the Raman spectrum of the pure malachite mineral [43].
After treatment by Na2S, a new peak appears at 472 cm−1, which should be ascribed to
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the Raman characteristic peak of the bond of Cu-S. These results suggest that the chemical
adsorption of Na2S onto the surface could lead to the formation of a Cu-S bond on the
surface of the malachite.

Figure 7. Raman spectra of BHA, SBX, and malachite before and after the treatment with Na2S and mixed collectors. (a) The
range of Raman spectra is from 40 to 3250 cm−1. (b) The range of raman spectra is from 40 to 1600 cm−1.

After treatment by Na2S and the mixed collectors, the peaks at 472 cm−1 and 431 cm−1

appear in the Raman spectrum; the peak at 472 cm−1 should be attributed to the Raman
characteristic peak of the Cu-S bond resulting from the reaction of Na2S with the surface of
malachite, and the peak at 431 cm−1 should be ascribed to the Raman characteristic peak
of the Cu-S bond resulting from the reaction of SBX with the surface of malachite.

The peak around 1493 cm−1 should be ascribed to the characteristic Raman peak of
the -CH3 anti-symmetrical deformation of SBX. The peak at 1034 cm−1 could be assigned
to the characteristic peak of the benzene ring. In addition, affected by the surface, the char-
acteristic peak of the benzene ring at 1034 cm−1 could move in the direction of a higher
wavenumber; thus, the peak at 1056 cm−1 should be ascribed to the characteristic peak of
the benzene ring in the green line (the Raman spectrum line of malachite treated by Na2S
and the mixed collectors) [44]. The Raman characteristic peak of the -CH out-of-plane bend
of BHA is located at 885 cm−1 [44], which shifts from the original 885 cm−1 to 867 cm−1

after adsorption onto the malachite surface, owing to the surface restriction. The above
discussions indicate that SBX and BHA chemically adsorb onto the surface of malachite at
the same time.

3.5. Computational Results
3.5.1. Surface Geometry Structure of Malachite

As shown in Figure 8, malachite is a monoclinic system with a layered structure. There
is no bond between two adjacent layers, indicating that their interaction is weak. The crystal
structure of each layer is symmetrical, possessing two types of copper atoms (denoted
Cu1 and Cu2, respectively). The Mulliken population is a good representation of the
distribution of charge between atoms. It can be utilized to analyze the charge distribution,
charge transfer, and chemical bond properties of a given system [45]. The average Mulliken
populations of the Cu, O, C, and H atoms in the crystal structure of the malachite surface
are listed in Table 2. Obviously, copper atoms possess more positive charge, suggesting
that copper atoms could potentially become the active sites for the adsorption of an anion
reagent.

According to the previous literature [10] and the XRD results, the (−201) surface is a
crystal dissociation surface with a complete structure, and its surface energy is relatively
low. Accordingly, the optimized primitive cell of malachite was initially cleaved crossing
the (−201) crystal plane at the top position of −0.68 with 3.0 thickness in the fractional
coordination. Then, a slab with a vacuum region of at least 20 Å was built to construct a
surface slab model of malachite. The optimized (−201) surface of malachite is shown in
Figure 9.
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Figure 8. Malachite unit cell of the optimized structural model: (a) top view; (b) lateral view.

Table 2. Mulliken populations of various atoms on malachite’s surface.

Atom
Atomic Orbital Layout

Total(e) Electric Charge(e)
s p d

C 0.86 2.38 0.00 3.24 0.76
O 1.83 4.85 0.00 6.68 −0.68

Cu 0.44 0.16 9.43 10.03 0.97
H 0.63 0.00 0.00 0.63 0.37

Figure 9. Optimized (−201) surface of malachite: (left) top view; (right) lateral view. The balls
in orange, red, gray, and white colors represent copper atoms, oxygen atoms, carbon atoms, and
hydrogen atoms, respectively.

3.5.2. Molecular Geometry Structures of Flotation Reagents

The relevant chemical reactivity of a given molecule can be well interpreted by using
the frontier molecular orbitals (HOMO and LUMO) [46]. HOMO determines the capacity
of a molecule to donate electrons and the spatial distribution of valence electrons, which
mainly participate in the formation of chemical bonds, and LUMO is closely correlated
with the capacity of a molecule to accept electrons.

Figure 10 presents the HOMO and LUMO of (a) SBX and (b) BHA. It is demonstrated
that the HOMO and LUMO of SBX are mainly distributed in the dithiocarbonate group
(-OCS2), and the HOMO of BHA is mostly located at the chelation group (-CO-NH-O-).
According to the electron distribution of the frontier molecular orbitals of BHA and SBX, it
can be expected that the dithiocarbonate group (-OCS2) in the SBX molecule could become
the active site for possible reactions, and the chelation group (-CO-NH-O-) in the BHA
molecule could offer the possible active sites.
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Figure 10. Optimized structural models of (a) SBX and (b) BHA with their frontier molecular orbitals: highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The molecular models and molecular orbitals
of SBX and BHA were rendered by using Gaussview 5.0 software. The balls in gray, red, yellow, blue, and white colors
represent carbon atoms, oxygen atoms, sulfur atoms, nitrogen atoms, and hydrogen atoms, respectively.

3.5.3. Adsorption of Flotation Reagents onto the (−201) Surface of Malachite

In order to further study the synergistic mechanism, a series of mineral surface models
were constructed to demonstrate the adsorption configuration of pharmaceutical molecules
on malachite’s surface. The adsorption energies of the adsorbates on the mineral surface
were calculated with the following equation:

∆Eads = Esurface+adsorbates − Esurface − Eadsorbates, (1)

where ∆Eads represents the adsorption energy, Esurface+adsorbates refers to the total energy
adsorbed onto the mineral surface of the following structural optimization, Esurface repre-
sents the total energy of the malachite surface without the adsorbate, and Eadsorbate is the
adsorbate energy. The adsorption energies of adsorbates on the surface of malachite are
given in Table 3.

Table 3. Adsorption energies of adsorbates on the surface of malachite.

Systems Adsorption Energy of Various Reagents (kcal/mol)

SBX −8.9
BHA −8.7

BHA + SBX after sulfuration −72.8
SBX after sulfuration −51.9
BHA after sulfuration −39.0

S2− −49.3
H2O −5.9
SH− −19.9
OH− −28.7

As shown in Figure 11, for malachite, the active sites in the surface are mainly Cu
atoms, which is consistent with the Mulliken population analysis. In addition, S2−, SH−,
OH−, and H2O can be adsorbed onto the surface of minerals. According to the solution
chemistry, there are mainly S2− and SH− in the pulp during the vulcanization process.
The optimized surface structure shows that the bond length of the Cu-S bond by SH− is
longer than that on the surface of malachite, and the adsorption energy of S2− on the surface
of malachite is significantly lower than that of SH−, which indicates that the adsorption of
S2− onto the surface is more favorable in thermodynamics. Therefore, S2− is used as the
main active component in the subsequent calculations. The adsorption energy of OH− is
more negative than that of H2O, which indicates that in an alkaline environment, OH−
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could be easily adsorbed onto the surface of malachite, enhancing the hydrophilicity of the
malachite surface and hindering the adsorption of the collector. The adsorption energies of
S2− and OH− are −49.3 kcal/mol and −28.7 kcal/mol, respectively. This suggests that S2−

possesses a strong driving force to replace OH− and then to be adsorbed onto the malachite
surface in thermodynamics. As shown in Figure 11i–l, the adsorption configuration of
SBX onto the malachite surface before and after sulfurization is significantly different.
Before sulfurization, the sulfur atoms of SBX are respectively bonded to Cu atoms on the
malachite surface, resulting in the formation of two Cu-S bonds in the surface with bond
lengths of 2.46 Å and 2.48 Å. After sulfurization, SBX and Cu are connected by an S atom
to form a ‘(S-S-Cu)1 layer-O2 layer’ adsorption configuration with a S-S bond length of 2.05 Å.
Interestingly, one Cu-O bond in the first layer of the malachite surface model is broken, and
the Cu atom forms a new Cu-O bond with the oxygen atom in the second layer, resulting
in a new quaternary coordination structure of the Cu ion with a Cu-S bond length of
2.26 Å. Obviously, the adsorption of xanthate on the vulcanized surface of malachite causes
surface reconstruction and promotes the interaction between surface layers. The calculated
results also indicate that the adsorption energy of xanthate on the vulcanized surface is
−51.9 kcal/mol, which is much lower than that on the unvulcanized surface, with a value
of −8.9 kcal/mol.

In addition, as shown in Figure 11m–p, BHA is mainly adsorbed onto the unvulcanized
site of the malachite surface after sulfurization. The bond length (1.99 Å) formed by BHA
on the vulcanized surface is shorter than that (2.88 Å) formed by BHA on the unvulcanized
surface. The adsorption energy of −39.0 kcal/mol is also much more negative than that
before sulfurization, with a value of −8.7 kcal/mol. These results consistently demonstrate
that BHA could be more strongly adsorbed onto the vulcanized surface.

In particular, as shown in Figure 11s,t, the synergistic adsorption of SBX and BHA onto
the vulcanized surface promotes the interlayer interaction of the malachite surface with the
formation of a Cu-O bond between surface layers. When the two reagents are adsorbed
onto the surface of malachite, it can be seen that BHA is adsorbed on the unvulcanized
copper active site, while SBX is adsorbed onto the vulcanized active site with S2− as the
bridge. The adsorption energy of SBX and BHA on the malachite surface is −72.8 kcal/mol,
which is much lower than that by SBX (−8.9 kcal/mol) or BHA (−8.7 kcal/mol) alone.
In addition, it was found that an intermolecular hydrogen bond formed between BHA and
SBX. Accordingly, the synergistic effect from the co-adsorption, hydrogen bonds, and Van
der Waals interactions of SBX and BHA on the malachite greatly promotes the flotation
recovery of malachite.

It should be mentioned that the simplified surface model in vacuum was just used
in this work to qualitatively explain the synergistic adsorption mechanism of SBX and
BHA on the malachite surface owing to the complexity of the flotation interface structure.
The effects of water molecules were ignored here based on the fact that the adsorption
of water molecules onto the surface is relatively weak (only −5.9 kcal/mol) and almost
cannot change the adsorption behavior of the flotation reagent. At the same time, a large
amount of computational cost could be saved, and the calculation of the model became
more efficient.

It should be emphasized that this work was focused on the better performance of
the combined collectors of BHA and SBX than the collectors BHA or SBX alone, and the
electrochemical properties of vulcanized malachite surfaces were not considered in all
flotation tests in this study. The effects of the electrochemical potential environment on
the adsorption of collector are indeed important. They are worth further investigating in
future.



Minerals 2021, 11, 59 13 of 16

Minerals 2021, 11, x 13 of 17 
 

 

OH- −28.7 
 

 
Figure 11. The adsorption model of the malachite surface in the absence of water molecules; (a) 
and (b) are the side and top views of the S2- adsorbed malachite surface, respectively; (c) and (d) 
are the side and top views of the adsorption of SH- onto the malachite surface; (e) and (f) are the 
side and top views of the adsorption of OH- onto the malachite surface; (g) and (h) are the side 
and top views of the adsorption of water molecules onto the malachite surface; (i) and (j) are the 
side and top views of the adsorption of SBX onto the malachite surface; (k) and (l) are the side and 
top views of the adsorption of SBX onto the S2- adsorbed malachite surface; (m) and (n) are the 
side and top views of the adsorption of BHA onto the surface of malachite; (o) and (p) are the side 
and top views of the adsorption of BHA onto the S2- adsorbed malachite surface; (q) and (r) are the 
optimized (−201) surface of malachite; (s) and (t) are the side and top views of the co-adsorption of 
BHA and SBX onto the malachite surface (the balls in orange, red, gray, white, yellow, and blue 
colors represent copper atoms, oxygen atoms, carbon atoms, hydrogen atoms, sulfur atoms, and 
nitrogen atoms, respectively). 

Figure 11. The adsorption model of the malachite surface in the absence of water molecules; (a) and
(b) are the side and top views of the S2− adsorbed malachite surface, respectively; (c) and (d) are
the side and top views of the adsorption of SH− onto the malachite surface; (e) and (f) are the side
and top views of the adsorption of OH− onto the malachite surface; (g) and (h) are the side and
top views of the adsorption of water molecules onto the malachite surface; (i) and (j) are the side
and top views of the adsorption of SBX onto the malachite surface; (k) and (l) are the side and top
views of the adsorption of SBX onto the S2− adsorbed malachite surface; (m) and (n) are the side
and top views of the adsorption of BHA onto the surface of malachite; (o) and (p) are the side and
top views of the adsorption of BHA onto the S2− adsorbed malachite surface; (q) and (r) are the
optimized (−201) surface of malachite; (s) and (t) are the side and top views of the co-adsorption
of BHA and SBX onto the malachite surface (the balls in orange, red, gray, white, yellow, and blue
colors represent copper atoms, oxygen atoms, carbon atoms, hydrogen atoms, sulfur atoms, and
nitrogen atoms, respectively).
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4. Conclusions

In this work, when SBX and BHA were mixed with a molar ratio of 3:1, the recovery
of malachite reached 90%, possessing a much higher recovery—by about 20%—than only
using SBX. The zeta-potential test results showed that the surface potential of malachite
decreased due to the adsorption of collector ions onto the surface in the studied pH
range. At the same time, the characteristic adsorption peaks of SBX and BHA appeared
in FTIR and Raman spectra, indicating that SBX and BHA ions were chemically adsorbed
onto the malachite surface. The DFT calculation results further indicated that the co-
adsorption energy (−72.8 kcal/mol) of SBX with BHA was much lower than that of only
BHA (−8.7 kcal/mol) or SBX (−8.9 kcal/mol), confirming the synergistic adsorption of
SBX and BHA onto the surface. Finally, a synergistic adsorption model was proposed on
the vulcanized surface of malachite. This work shed some new light on the design and
development of more efficient combined flotation reagents.
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