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Abstract: The differences in the sulfidization mechanism of cerussite (PbCOs3) and smithsonite (ZnCOs3) were
comparatively studied by the density functional theory (DFT) method. Pb—S/Zn—S layers over PbCO3/ZnCO; surfaces
are constructed to simulate the sulfidization structure. The results of layer distance and Mulliken charge suggest that
Pb—S layer formed over PbCOs is stable but Zn—S layer formed over ZnCOs is unstable. Because of the high covalency
of Pb—S layer and the high ionicity of Zn—S layer, the sulfidization—xanthate method is effective for cerussite but
ineffective for smithsonite flotation. To recover smithsonite, strong ionicity collectors are required, and hence the
sulfidization—amine method is applied more to smithsonite flotation. These differences in the sulfide layer structure and
flotation behavior of PbCO3 and ZnCO; surfaces are mainly attributed to the different polarizabilities of the metal ions
(Pb?" and Zn?") and the ligands (O ligand and S ligand) and the inertness of Zn?*" 3d'? orbital.
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techniques [3]. However, with the depletion of
easy-recovered sulfide minerals, the effective
utilization of lead and zinc oxide minerals has
shown tremendous importance in recent years.

1 Introduction

Lead and zinc metals rank front in world metal

consumption and are widely applied in modern
industry, which is of great importance [1,2]. They
also show similar mineral resource forms, both
consisting mainly of sulfide and oxide minerals.
Lead and zinc metals are commercially produced
from corresponding sulfide minerals by applying
the conventional beneficiation and metallurgical

Oxide minerals such as cerussite (PbCOs) and
smithsonite (ZnCOs3) exhibit much greater surface
solubility and hydrophilicity than corresponding
sulfide minerals, galena (PbS) and sphalerite (ZnS).
Hence, direct flotation by using the traditional
collectors to make mineral surface hydrophobic
is less effective for the recovery of cerussite and
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smithsonite [4,5]. Surface sulfidization treatment is
a common means used in cerussite and smithsonite
flotation by further enhancing their surface
hydrophobicity via the addition of sulfidizing
reagents such as sodium sulfide (Na,S) or sodium
hydrosulfide (NaSH) to allow them to be better
recovered by collectors [6,7]. For PbCOs, xanthates
are the mostly used collectors, whereas for ZnCOs3
amines are used. Therefore, the sulfidization—
xanthate and sulfidization—amine methods are
widely used in industrial and experimental studies
as the most effective methods for cerussite and
smithsonite flotation, respectively.

The sulfidization mechanism of lead and zinc
oxide minerals has been extensively investigated till
now. The results showed that the sulfidization effect
could be affected by many factors, such as the
dosage of sulfidizing reagents [8] and treatment
time [9]. Considerable studies [10—14] also
demonstrated that the flotation performance of
PbCO; and ZnCO; was directly affected by the
dosage of Na,S; excessive concentration could
facilitate sulfidization but might hinder collector
adsorption on the mineral surface. Many scholars
have also done abundant research on sulfidization
products using various surface characterization
methods, including infrared spectroscopy, Auger
electron  spectroscopy, X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD) and
scanning electron microscopy [15—20]. These
studies confirmed the formation of sulfide films on
sulfidized PbCOs; and ZnCO; surfaces, and the
films were mainly composed of monosulfide and
polysulfide [21-23], providing a macro-theoretical
basis for the sulfidization mechanism study of
PbCO3 and ZnCO:s.

Despite the fact that many studies have been
conducted for the investigation of sulfidization
mechanism, few of them consider the atomic level.
In the past decade, the density functional theory
(DFT) has been widely used as an effective tool to
study the mineral surface properties and mineral—
reagent interaction at the atomic level [24—32]. The
present DFT studies on the sulfidization mechanism
of PbCO; and ZnCO; are focused primarily on
the adsorption of the hydrolyze of sulfidizing
reagents, that is HS™ [33—36]. However, extensive
experimental results showed that a layer of Pb/Zn
sulfide film was observed on PbCO3/ZnCOj; surface
after sulfidization, and hence a model reflecting the

formation of the sulfide film is needed to be
established.

Recently, more attention has been paid to
the coordination chemistry of mineral flotation
proposed by CHEN [37,38], and CHEN and
ZHU [39], which could be used to precisely
describe the interaction between mineral surfaces
and reagents/water as the flotation medium. Such
interaction can be affected not only by the
characteristics of the metal itself but also by the
properties of the ligand. Therefore, the above two
aspects need to be discussed to compare different
sulfidization methods of cerussite and smithsonite.

In the present work, the sulfidization
mechanisms of PbCO; and ZnCO; were studied
comparatively using DFT method. The Pb—S and
Zn—S layers were constructed over PbCOs; and
ZnCO; surfaces, respectively, to investigate the
effects of sulfidization on the surface structures,
electronic properties and surface hydrophobicity.
Furthermore, the differences between sulfidization—
xanthate method and sulfidization—amine method to
recover PbCOs; and ZnCOs were discussed. It is
hoped that the results could give the details
about microscopic mechanism of the sulfidization
flotation of lead/zinc oxide minerals at the atomic
level, and provide theoretical guidance for the
molecular design of new and high-efficient
collectors in the flotation of lead/zinc oxide
minerals.

2 Experimental

2.1 Materials

Cerussite and smithsonite used in the
experiments were bought from Yunnan province,
China. The X-ray diffraction (XRD) patterns of
cerussite and smithsonite are shown in Fig. S1 in
Supporting Materials (SM). The bulk mineral was
ground and screened to obtain samples with a
particle size of 38—76 pum for micro-flotation tests.
Reagents used in the experiments were purchased
from commercial sources with analytical purity.

2.2 Contact angle measurements

Bulk samples of cerussite and smithsonite
were cut into a 2cm X 3 cm tablet, respectively.
Then, one of the surfaces was polished to minimize
surface oxidation. To sulfidize the sample, the
polished surface was immersed in 1x1073mol/L
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Na,S solution for 2h. A water droplet with a
volume of 3 uL. was then contacted with the sample.
The contact angle was determined by recording an

image of the prepared sample with the water droplet.

Three tests were run under the same conditions, and
averages were reported.

2.3 Micro-flotation tests

Micro-flotation tests were carried out by an
XFGCII air-filled hanging tank flotation machine
(Changchun Exploring Machinery Factory, China).
The specific flotation process is shown in Fig. S2 in
SM. The concentrates and tailings were filtrated,
dried and weighed for calculating the recovery. The
calculation formula is

m
R=———%x100% (1)

m,+m,

where R is the recovery of minerals, m. is the mass
of the concentrates, and my is the mass of the
tailings.

2.4 Models and computational details

The geometry optimization of both clean and
sulfidized PbCO; and ZnCOs surfaces and the
surface adsorption of water and collectors were
performed through DMol® module in the Materials
Studio Program [40,41]. Generalized gradient
approximation (GGA) with Perdew-Wang’s 1991
(PW91) functional was adopted to approximatively
treat the exchange—correlation energy. The DFT
semicore pseudopots (DSPP) method was employed
to treat the core electrons and the localized double
numerical basis sets with polarization function
(DNP) were used in the calculations. For
self-consistent field (SCF) efficient convergence,
the direct inversion in an iterative subspace (DIIS)
was 6 and thermal smearing of 0.01 was chosen.
The convergence thresholds for the geometry
optimization and energy calculation were set to
(1) maximum energy change of 1x107*Ha,
(2) maximum force of 0.02 Ha/A (1 Ha=27.21 eV),
and (3) maximum displacement of 0.05 A,
respectively.

The PbS (100), ZnS (110) and ZnCOs (101)
surfaces were chosen due to their lowest surface
energy, and the corresponding surfaces were
cleaved based on the optimized bulk structure.
In addition, Fig.1 demonstrated the geometry
configuration of PbS(100) and PbCO;3(001) surface.

As shown, PbS (100) surface presented an inverted
tetragonal pyramid structure with a five-coordinated
Pb atom. Thus, the PbCO; (001) surface with the
same five-coordinated tetragonal pyramid structure
was chosen in this work. And then, the sulfidized
PbCO; and ZnCOs surfaces were established by
replacing the O atoms with S atoms on PbCO3 and
ZnCOs surfaces.

(b)
Fig. 1 Inverted tetragonal pyramid structure of PbS (100)
surface (a) and PbCO; (001) surface (b)

After testing the stability of the slab thickness,
five atomic layers of PbS and PbCOs; slabs and six
atomic layers of ZnS and ZnCOjs slabs were chosen,
respectively. To hinder the mirror effect, all
supercell slabs were separated by 15 A of vacuum.
As shown in Figs. 2(a—d), the supercell of (2x3x1)
PbS (100), (2x3x1) PbCOs (001), (2x3x1) ZnS
(110), and (2x3x1) ZnCOs (101) surfaces were
constructed, and the sulfidized PbCO; (001)
(abbreviated as sul-PbCOs) and sulfidized ZnCOs
(101) (abbreviated as sul-ZnCOs) surfaces were
presented in Figs. 2(e—f).

Collectors, butyl xanthate (BX, CH3(CHa)s-
OCS;H), dodecylamine (DDA, CH3z(CH2)i11NH>),
dodecyl secondary amine (DSA, CH3(CH>)10NHCH3)
and dodecyl tertiary amine (DTA, CH3(CH:)oN(CH3)2)
molecules were optimized ina 15A x 15A x 15 A
cubic cell using the same parameter setting. The
adsorption energy can be expressed by the
following equation:

AEads:E surf+adsorbatc_E surf™ Eadsorbatc (2)

where AF,s denotes the adsorption energy,
Equtradgsorbae 18 the total energy of the surface with
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the adsorbate, Esu.r represents the energy of the
mineral surface, and Fadsobaie 18 the energy of the
adsorbate.
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Fig. 2 Models of PbS (100) surface (a), ZnS (110)
surface (b), clean PbCOs (001) surface (c), clean ZnCO;
(101) surface (d), sul-PbCO; (001) surface (e) and
sul-ZnCOs3 (101) surface (f)

3 Results and discussion

3.1 Surface structures and electronic properties
of PbCO;3; and ZnCOs; surfaces before and
after sulfidization

Figures 3(a—c) show the optimized geometries
of clean PbCO; surface, sulfidized PbCO;

(abbreviated as sul-PbCOj3, representing the Pb—S

layer formed over PbCOj3 surface) surface and PbS

surface, respectively. And the optimized geometries
of clean ZnCO; surface, sulfidized ZnCO;

(abbreviated as sul-ZnCOs, representing the Zn—S

layer formed over ZnCO; surface) surface and

ZnS surface are demonstrated in Figs. 4(a—c),

respectively. The average bonding distance and

coordination number of these six surfaces are listed
in Table 1. As shown in Fig. 3(a), for PbCOs surface,
the surface Pbl atom coordinates with five
neighboring O (O1-05) atoms to form an inverted
tetragonal pyramid structure. The exposed Pbl
atom on sul-PbCO;s surface is located at the center
of the rectangle, and the Pb—O average bonding

—~—t [ —1
\ \
\ \

==
3.02

Fig. 3 Optimized geometries of clean PbCO; (001)
surface (a), sul-PbCO;3 (001) surface (b) and PbS (100)
surface (c) (The distance unit is A)

Fig. 4 Optimized geometries of clean ZnCO; (101)
surface (a), sul-ZnCOs (101) surface (b) and ZnS (110)
surface (c) (The distance unit is A)
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distance is 3.02 A, which is larger than the sum of
the atomic radius of Pb and O atoms (2.41 A). The
cleavage of the surface results in an obvious
relaxation that causes large displacements of the
surface atoms from their bulk positions. The
relaxation results in an unstable PbCOs; surface,
and consequently, the oxide surface is more likely
to be sulfidized by NasS.

After sulfidization, a Pb—S layer is formed on
PbCO; surface as shown in Fig. 3(b). The Pb2—S6
and Pb1—S (S1-S5) bonding distances are 3.01—
3.02 A. Although they are larger than the sum
of Pb—S atomic radius (2.79 A), which are
significantly smaller than the maximum Pb—S
bonding distances (3.21 A) on the surface. In
addition, Pb atom on the first layer of the Pb—S
layer could bond with the second layer C atom of
the substrate PbCOs structure to form a Pb—C bond
with a layer distance of 2.60 A, which is very close
to the sum of Pb—C atomic radius (2.52 A). The
above results suggest that the Pb—S layer formed
over PbCOs surface is stable.

Meanwhile, Pb2 atom on PbCO; surface is
surrounded by C, O1, O2 and O6 atoms, where O6
atom is located right above Pb2 atom, impeding
the adsorption of reagents on Pb2 atom and thus
exhibiting steric hindrance. After sulfidization, Pb2
atom becomes surrounded by C, S1, S2 and S6
atoms, where Pb2 atom has been exposed to
reagents, and thus steric hindrance is eliminated.
Eventually, sul-PbCO; surface turns more active.
Compared with PbS surface shown in Fig. 3(c),
the Pb—S average bonding distance is 3.02 A,
which is almost the same as the Pb—S bonding
distance on sul-PbCOs surface (3.01 A).

As shown in Table 1, the coordination number
of surface Pb atom on both PbS and PbCO; surfaces

Ye CHEN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2328-2341

are the same (five-coordinated). The sulfidization
treatment reduces the Pb coordination number from
five-coordinated to three-coordinated. Compared
with clean surface, the decreased coordination
number can make surface Pb atom more exposed to
reagents and thus reduce the steric hindrance effect,
indicating that collectors could be more easily
adsorbed on the sulfidized PbCO; surface. The
results also suggest that the Pb—S layer can bond
stably on the substrate PbCOj; structure.

As shown in Fig. 4 and Table 1, the surface Zn
atom and five nearby O (O1-05) atoms form an
inverted tetragonal pyramid structure (see Fig. 4(a))
and the coordination number of Zn atom is 5 (see
Table 1). The average Zn—O bonding distance on
7ZnCO; surface is 2.10 A. After sulfidization, Zn
atom bonds with S1, S2 and S5 atoms while
S3 and S4 atoms bond with C atom (see Fig. 4(b)),
resulting in a decrease of surface Zn coordination
number from five-coordinated to three-coordinated
(see Table 1). Zn atom on ZnS surface is also
three-coordinated (see Fig. 4(c) and Table 1). The
distance of Zn—S bond on sul-ZnCOs surface is
2.57 A, close to the Zn—S bonding distance on
7ZnS surface (2.43 A). The results demonstrate the
similar geometric structures between sul-ZnCOs3
surface and ZnS surface.

Furthermore, sulfidization treatment disconnects
the Zn—O bond between the first layer O atom on
the Zn—S layer and the second layer Zn atom on the
substrate ZnCOs3 structure with a layer distance of
2.37 A, which is larger than not only the sum of
Zn—O atomic radius (1.99 A) but also the Zn—O
bonding distance on ZnCO; surface (2.13 A),
demonstrating that the Zn—S layer formed on
ZnCO; surface is relatively unstable.

The above analysis of geometric structure

Table 1 Average bonding distance and coordination number of different surfaces

Average bonding distance/A

Coordination number

Surface
Pb—O Zn—0O Pb—S Zn—S O—C S—C Metal—O Metal—S

Clean PbCO:s 2.62 - - - 1.31 - 5 -
sul-PbCO; 2.55 - 3.01 - 1.29 1.73 - 3
PbS - - 3.02 - - - - 5
Clean ZnCO3 - 2.16 - - 1.31 - 5 -
sul-ZnCO3 - 2.18 - 2.48 1.31 1.74 - 3
ZnS - - - 2.43 - - - 3
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suggests that the Pb—S layer formed over PbCO;
surface is stable, whereas the Zn—S layer formed
over ZnCOs; surface is relatively unstable. This
might pose different impacts on the subsequent
reagent adsorption.

According to the coordination chemistry of
mineral flotation [37-39], Pb*" interacting with
either O ligand or S ligand is in accordance with the
close-packing principle. Since the outer shell
electron distribution of Pb*" is 6s?6p°, which has
at most three unoccupied orbitals, and thus Pb*"
cannot provide sufficient hybrid orbitals for
coordination. Therefore, the charge and radius
effect is dominant in lead complexes. Moreover,
Pb?" is of great polarizability, which enhances the
interaction between Pb?>" and the ligand. The
polarizability of S ligand is greater than that of
O ligand, and hence Pb—S Ilayer formed after
sulfidization exhibits higher polarizability and is
structurally more stable. However, the outer shell
electron distribution of Zn>" is 3d'%4s%4p°. Zn**
presents small polarizability, while S has higher
polarizability and thus shows a strong attraction to
electrons. Hence, the orbital hybridization mode
of Zn—S is sp’d® outer-orbital hybridization,
forming an outer-orbital complex. The outer-orbital
coordination is orientational and covalent, and
the effect is weak, so the Zn—S layer formed
after sulfidization is unstable. Furthermore, the
instability of sul-ZnCOs; surface has also been
demonstrated by BAI et al [15].

To further investigate the effect of sulfidization
on the mineral surface, the electronic property is
investigated. The atom Mulliken charge of those six
different mineral surfaces is listed in Table 2. For
Pb atom, the values of Mulliken charge decrease
from 0.7le on PbCO; surface to 0.36e on
sul-PbCOs surface. The sulfidization leads to charge
transfer from Pb atom to S atom. The Pb atom
Mulliken charge on sul-PbCOs surface is very close
to that on PbS surface (0.38e), indicating that
sul-PbCOs surface exhibits strong covalency.

For smithsonite, the Zn atom Mulliken charge
is 0.75¢ on ZnCO; surface. Unlike sul-PbCO;
surface, the Zn atom Mulliken charge on sul-ZnCOs3
surface (0.38¢) is greater than that on ZnS surface
(0.29¢), suggesting that sul-ZnCO; surface could
bind electrons more strongly, exhibiting stronger
ionicity.

Consequently, xanthates are more readily to

adsorb on the surface with strong covalency, and
thus xanthates are easy to interact with sul-PbCOs
surface but are relatively hard to interact with
sul-ZnCO; surface. Hence, for the sulfidization
flotation of ZnCOs, collectors with strong ionicity
such as amines should be further investigated.

Table 2 Mulliken charge of mineral surface atoms

Mineral Mulliken charge/e

surface Pb 7n 0 N C
Clean PbCO;  0.71 - —044 - 0.65
sul-PbCO; 0.36 - - —0.23  0.22

PbS 0.38 - - —0.40 -
Clean ZnCOs - 0.75 -0.41 - 0.36
sul-ZnCOs - 0.38 - —0.17  0.08

ZnS - 0.29 - -027 -

3.2 Adsorption of water molecules on PbCO; and
ZnCO;s surfaces before and after sulfidization
It is well acknowledged that floatability
depends on the hydrophobicity of mineral surfaces.
PbCO; and ZnCOs; surfaces are hydrophilic. In
order to investigate the effect of sulfidization on the
wettability of PbCOs and ZnCOs, the contact angle
measurements are carried out, as shown in Fig. S3
in SM. The contact angles of clean PbCOs3 surface
and clean ZnCOs; surface are 49.8° and 38.6°,
respectively, suggesting that both surfaces are
hydrophilic and clean ZnCOs surface is slightly
more hydrophilic than clean PbCOs; surface.
However, after sulfidization treatment, the contact
angles of sul-PbCOj; surface and sul-ZnCOj; surface
are changed to 77.2° and 67.1°, respectively,
indicating that both surfaces become more
hydrophobic after sulfidization treatment.
Moreover, the adsorptions of a single water
molecule on clean PbCOs; surface (Fig. 5(a)),
sul-PbCO; surface (Fig. 5(b)), clean ZnCOs surface
(Fig. 5(¢)), and sul-ZnCOs; surface (Fig. 5(d)) are
studied, respectively. Before sulfidization, for
PbCO:;, the interaction distance between surface Pb
atom and water O atom is 2.43 A, which is very
close to the sum of the atomic radius of Pb and O
atom (2.41 A). The calculated adsorption energy is
—80.25 kJ/mol. For ZnCOs, the interaction distance
between surface Zn atom and water O atom is
1.97 A, which is slightly less than the sum of
the atomic radius of Zn and O atom (1.99 A). The
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Fig. 5§ Optimized geometries of single H,O molecule adsorbed on clean PbCOs surface (a), sul-PbCOs3 surface (b), clean
ZnCOs surface (c) and sul-ZnCO; surface (d) (The distance unit is A)

adsorption energy is —100.92 kJ/mol. These results
suggest that the H>O molecule could strongly
adsorb on both PbCOs and ZnCOs surfaces, and
ZnCOs surface might be more hydrophilic than
PbCO; surface. From the perspective of the
coordination chemistry of mineral flotation [37—-39],
the outer shell of Pb** has one pair of lone pair
electrons on the 6s orbital, which would perform
repel effect on the ligand (i.e. water molecules).
This further explains why the surface of ZnCOs is
more hydrophilic than that of PbCOs.

After sulfidization, for PbCOs, the interaction
distance between surface Pb atom and water O
atom increases to 2.92 A, which is far larger than
the Pb—O bonding distance, and the adsorption
energy (—72.96 kJ/mol) is more positive than that
on PbCO; surface (—80.25 kJ/mol), suggesting that
the newly formed Pb—S layer could increase the
hydrophobicity of PbCOs. Similarly, for ZnCOs, the
interaction distance (2.54 A) between surface Zn
atom and water O atom also far exceeds the Zn—O
bonding distance; however, the adsorption energy is
—69.12 kJ/mol, which is significantly less negative
than that on ZnCO; surface (—100.92 kJ/mol),
which indicates that the surface turns to be more
hydrophobic after sulfidization.

The above results demonstrate that the
sulfidization treatment via forming a layer of

sulfide structure over the oxide surface makes
lead/zinc oxide mineral surfaces more hydrophobic.
For both PbCOs and ZnCOs, before sulfidization,
metal ions (i.e. Pb*" and Zn*") coordinate with O
ligand with a relatively high electronegativity of
344 to form ionic bonds. However, after
sulfidization, metal ions come to coordinate with S
ligand which has a lower electronegativity of 2.58.
According to the coordination chemistry of mineral
flotation [37—39], the decreased electronegativity of
the ligand leads to the increase of polarizability, and
thus the enhancement of the nephelauxetic effect of
metal ions. The increased nephelauxetic effect of
metal ions results in stronger covalent bonding
between the metal ion and the ligand, and hence
both PbCOs and ZnCOs become more hydrophobic
after sulfidization treatment.

3.3 Adsorption of xanthate on PbCO; and

ZnCQOs surfaces before and after sulfidization

The sulfidization—xanthate method is most
widely used in industry for oxide mineral
beneficiation and butyl xanthate (BX) is the
commonly used collector. Thus, the adsorption of
BX on clean and sul-PbCOs3/ZnCO; surfaces is
studied. The optimized adsorption geometries of
BX adsorbed on clean and sul-PbCO; surfaces
are shown in Figs. 6(a—b). On PbCO; surface, the
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Fig. 6 Optimized geometry of BX adsorbed on clean PbCO; (001) surface (a) and sul-PbCOs (001) surface (b) (The

distance unit is A)

interaction distance of surface Pb atom and xanthate
S atom is 3.47 A, which is greater than the sum of
Pb—S atomic radius (2.79 A). The adsorption
energy (—78.27 kJ/mol) is comparable to that of
water adsorbed on PbCO; surface (—80.25 kJ/mol),
suggesting weak adsorption between BX and
PbCOs; surface. After sulfidization, the surface Pb
atom bonds to xanthate S atom with a distance of
3.18 A and the adsorption energy decreases to
—112.40 kJ/mol, which is far less negative than the
adsorption energy of water adsorbed on sul-PbCOs
surface (—72.96 kJ/mol). The results demonstrate
that BX could strongly adsorb on sul-PbCO;
surface.

To further study the sulfidization—xanthate
mechanism, the density of states (DOS) of
sulfidized surface Pb atom (Surface-Pb) and
xanthate S atom (Xanthate-S) before and after the
interaction with BX is calculated, and the results are
shown in Fig. 7. Before adsorption, xanthate S 3s
orbital is located at the deeper energy level (from
—14 to —12 eV). Near Fermi level (£F), S 3p, Pb 6p
and partial Pb 6s orbitals occupy the high energy
levels, indicating that these orbitals are more likely
to involve in the interaction. After adsorption, there
exists an obvious electron state overlap between
Pb 6s and S 3p orbitals at the energy range from —6
to 0 eV. The antibonding DOS peaks resonate from

| Xanthate-S before adsorption —S
% S3p e — D
B S 3s
ool N
> 0 -
o 3 | Xanthate-S after adsorption
@ S3p
s 2 3
Q OO,
s 0 -
o5 Surface-Pb before adsorption Pb 6 Pb 6p \
< 1t
7]
Q
=
0
nff Surface-Pb after adsorption Pb 6p
=] 1L Pb 6s
7]
= . AN
3 0
a 3 | PbCO;~S-Xanthate after adsorption S3p
2+ S 3s Pb GS\ \
oL A\ /\
0 VN 1 1
=20 -15 -10 =5 0 5

Energy/eV

Fig. 7 DOS of xanthate S atom and sulfidized surface Pb
atom before and after interaction with BX (EF is set at
Zero energy)

—8 to —6 eV, which is much more localized. The
result confirms a great Pb—S bonding interaction
between xanthate and sul-PbCOs. The sulfide layer
formed over PbCO; surface shows great reactivity
to BX.

Figure 8 presents the optimized geometries of
BX adsorbed on clean ZnCO; and sul-ZnCOs
surfaces. The adsorption energies of BX on clean
and sul-ZnCOs surface are —76.89 and —92.85 kJ/mol,
respectively. However, the interaction distances
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Fig. 8 Optimized geometries of BX adsorbed on clean ZnCOs (101) surface (a) and sul-ZnCOs (101) surface (b) (The

distance unit is A)

between xanthate S atom and -clean/sulfidized
surface Zn atom are 2.63 A/2.62 A, far greater
than the sum of Zn—S atomic radius (2.37 A).
Furthermore, as mentioned above, the Zn—S layer
formed over ZnCO; surface is relatively unstable.
These results indicate that although sulfidization
treatment could enhance the interaction between
BX and ZnCO; to some extent, the sulfidization—
xanthate method is ineffective for smithsonite
flotation.

Figure 9 shows the DOS of xanthate S atom
(Xanthate-S) and sulfidized surface Zn (Surface-Zn)
atom before and after the interaction with BX.
Before the interaction, S 3p orbital occupies high
energy levels near Er. Zn 3d orbital is localized
from —5 to —4 eV, which shows weak reactivity of
surface Zn atom. After the interaction, these DOS
peaks shift to deeper energy levels, indicating
greater stability of these atoms. Zn 3d orbital hardly
overlaps with S 3p orbital, demonstrating that BX
rarely interacts with sul-ZnCOj surface. This further
explains that the sulfidization—xanthate method is
ineffective for ZnCO;.

At pH 9, when using 1x1073 mol/L BX as the
collector, the influence of Na,S dosage on the
flotation of cerussite and smithsonite is shown in
Fig. 10. As shown, the recovery of cerussite
increases significantly from 43.50% to 78.50% as

3 | Xanthate-S before adsorption f E. — S
S3p f —p
2+ S 3 1
\ . —d
ol
|> 0 _ A~ A\
> 3 | Xanthate-S after adsorption
. S3
2 2 S 3s P
2 ) A/\/—/_/
o 0 - !
< 15+ Surface-Zn before adsorption I Zn 4s
g 10+ Zn 3d /
7} L ! _A,_A_
g
- e —
@ - Surface-Zn after adsorpti o
!‘s 15 [ Surface-Zn after adsorption Zn3d : Zn 4s
10}
)
= 5t
g o Nk
8 15 FZnCO;-S-Xanthate after adsorption Z;I.Z;: S 3p
10+ Zn3dy s3p |
5t NG
0 L 1 N e 1
20 -15 -10 -5 0~—"5
Energy/eV

Fig. 9 DOS of xanthate S atom and sulfidized surface Zn
atom before and after interaction with BX (EF is set at
Zero energy)

the Na,S dosage is increased from 1x107° to
1x10mol/L. With the further increase of Na,S
dosage, the recovery of cerussite decreases
gradually. However, for smithsonite, the dosing of
Na,S has little effect on its recovery. These flotation
results further prove that the sulfidization—xanthate
method is effective for cerussite flotation but less
effective for smithsonite flotation.

It is worth noting that the coordination of
xanthates is dominated by m-backbonding. The d
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Fig. 10 Effect of Na,S dosage (C) on flotation of
cerussite and smithsonite when using 1x1073 mol/L BX
as collector (pH=9)

orbital configuration of Zn>" is d'°. Although Zn*
has 7 electrons that can form m-backbonds with
unoccupied m orbitals of xanthates, the d'
configuration is structurally stable with poor orbital
activity and weak bonding ability, the interaction
of Zn** with BX is thus relatively weak. In
addition, different bonds of organic compounds
have different polarizabilities. The higher the
polarizability of the bonds, the more the electron-
cloud overlap between the bonds and metal ions, to
form covalent bonds. This is of great significance
for the adsorption of reagents on mineral surfaces.
The polarization of the C=S double bond in
xanthates is very high (43.7x10%cm?®) [37],
indicating that the C=S double bond in xanthates
has strong covalent ability and is easy to form
coordination bonds with transition metals.
Referring back to Table 2, the Mulliken charges of
Pb atom on sul-PbCOs; surface (0.36e) and PbS
surface (0.38¢) are similar, whereas the Mulliken
charge of Zn atom on sul-ZnCOs; surface (0.38e) is
greater than that on ZnS surface (0.29¢). These
results indicate that sul-ZnCOs surface has a greater
ionicity than sul-PbCO; surface. Hence, to
effectively float smithsonite, collectors with strong
ionicity should be used.

3.4 Adsorption of amine on ZnCQj; surface after
sulfidization
For smithsonite flotation, the sulfidization—
amine method is commonly applied in industry.
As amines are ionic collectors, the differences in
the interaction mechanism between sulfidization—

xanthate and sulfidization—amine to float the
smithsonite should be investigated. Amines with 12
carbon atoms are the most common collectors for
smithsonite flotation, and thus, DDA, DSA and
DTA are discussed. Amine collectors can provide
electrons, while ZnCOj3 accepts electrons. Therefore,
the highest occupied molecular orbitals (HOMO) of
amines are calculated in Fig. 11. As shown, the
electrons are concentrated almost exclusively on the
amino groups of three reagents. The methyl group
is the electron-withdrawing group, and hence
electrons could be prone to transferring from the
amino group to the methyl group. For DSA and
DTA with increasing methyl groups, the energy
values of HOMO orbitals turn more positive, and
consequently, the HOMO orbitals of DDA have the
lowest energy value of —0.19 eV among these three
reagents. It is known that the electron affinity of
reagents (i.e. the ability to donate -electrons)
increases with the decrease of the energy value of
HOMO; therefore, DDA shows the strongest
electron affinity, and hence is more readily to
coordination. Hence, DDA 1is chosen as the most
effective collector in the study of the sulfidization—
amine method. This also agrees with the practical
situation in industry.

=0.19¢V

Fig. 11 HOMO of DDA (a), DSA (b) and DTA (c)
molecules

To compare the different mechanisms of
sulfidization—xanthate and sulfidization—amine
methods, the adsorption of DDA on sul-ZnCOs3
surface is studied. The optimized geometry
configuration is shown in Fig. 12. After the inter-
action, there is a new Zn—N bond formed with a
bonding distance of 1.95 A, which is slightly less
than the sum of Zn—N atomic radius (2.03 A). The
adsorption energy is —233.66 kJ/mol. Compared
with the adsorption energy of xanthate on
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sul-ZnCO; surface (—92.85 kJ/mol), the adsorption
of DDA on sul-ZnCOs surface is much stronger.
The results demonstrate that the sulfidization—
amine method can be used to float smithsonite
effectively.

Figure 13 shows the DOS of DDA N atom
(Dodethyl amine-N) and sulfidized surface Zn atom
(Surface-Zn) before and after DDA adsorption.
Before adsorption, N 2p orbital is located at an
extensive energy range from —17 to 0eV. This
orbital is also observed near Er, indicating that N 2p
orbital is more likely to be involved in the mineral—
reagent interaction. After amine adsorption, the
DOS of N and Zn atoms are changed dramatically.

Fig. 12 Adsorptlon Conﬁguratlon of DDA on sul-ZnCOs
(101) surface
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= d
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Fig. 13 DOS of amine N atom and sulfidized surface Zn
atom before and after interaction with DDA (EF is set at
Zero energy)

The DOS peak of Zn 3d orbital shifts from the
energy range from —5 to —3 eV to a deeper energy
level from =7 to =5 eV. The DOS peak value of
N 2p orbital obviously decreases from 2.7 to 1.9 eV,
demonstrating that DDA N atom is more stable
after amine adsorption. Different from xanthate
adsorption, there exists an obvious electron state
overlap between Zn 3d and N 2p orbitals within the
energy range from —7 to —5 eV. The results suggest
that the interaction between DDA and sul-ZnCOs
surface is stronger, and the sulfidization—amine
method is more effective over smithsonite than the
sulfidization—xanthate method.

At pH 9, when using 1x10°mol/L BX and
DDA as the collector, the influence of Na,S dosage
on the flotation of smithsonite is compared in
Fig. 14. As shown, the recovery of smithsonite
increases gradually from 40.55% to 80.25% as
the DDA dosage is increased from 1x107°¢ to
1x10"*mol/L. With the further increase of DDA
dosage, the recovery of smithsonite begins to
decline. Compared with using 1x107° mol/L BX as
the collector, the recovery of smithsonite raises
significantly from 28.50% to 80.25% when
1x10*mol/L NaS is added. This further proves
that for smithsonite flotation the sulfidization—
amine method is more effective than the
sulfidization—xanthate method.

100
—s—DDA
w0l —e—BX 80.25 78.00
68.50
S ol
E‘ 60
(4
g 40.55
K 40 F 34.00
28.00
22.50 24.00
20
O 1 1 1 1
-6 -5 -4 -3

lg[C/(mol-L™1)]
Fig. 14 Effect of Na,S dosage (C) on flotation of
smithsonite when using 1x10mol/L BX and DDA as
collector (pH=9)

To further investigate the electronic property
of sul-ZnCO; surface, the electron density of DDA
adsorbed on sul-ZnCO; surface is studied. As
shown in Fig. 15, the darker the red color, the
denser the charge. The electron cover area of
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surface S atom is smaller than that of DDA N atom.
The increase in electron density between DDA N
atom and surface Zn atom demonstrates the
strengthening of the polarity of the Zn—N bond.
Hence, the adsorption of amine on sul-ZnCOs is
electrostatic adsorption but along with covalent
interaction to a certain extent. In summary, the
sulfidization—amine mechanism could attribute to
the interaction between strong ionicity amine
collectors and sul-ZnCOs surface, while the
sulfidization—xanthate mechanism is accepted as
strong covalency between sul-PbCOs; surface and
xanthate collectors with weak polarity.

Density/
(C-m?)

1200
H 6.500e-1

1.000e-1

-4.500e-1

Fig. 15 Contour plots of electron density of DDA
adsorbed on sul-ZnCO; (101) surface

4 Conclusions

(1) Pb** has a relatively larger polarizability
than Zn?*. When Pb?* coordinates with S ligand that
has larger polarizability to form the Pb—S Ilayer,
showing greater covalency, the Pb—S layer formed
over PbCO; is structurally stable. However, Zn*
coordinates with S ligand to form an outer-orbital
complex, the Zn—S layer, with a weak effect. Hence,
the Zn—S layer formed over ZnCOjs is structurally
unstable.

(2) Both results of layer distance and Mulliken
charge confirm that Pb—S layer can bond stably
with the substrate PbCOs;, showing strong
covalency, whereas Zn—S layer bonds unstably with
the substrate ZnCOs, presenting strong ionicity.
Thus, the sulfidization—xanthate method is only
applicable to the recovery of cerussite. To float
smithsonite effectively, collectors with strong
ionicity such as amines are required, and hence the
sulfidization—amine method is preferable for the
recovery of smithsonite.

(3) Sulfidization treatment enhances the
hydrophobicity of both PbCO3 and ZnCOs surfaces.

This is attributed to the change in ligand type from
O ligand to S ligand. The coordination of Pb/Zn

with S ligand that has higher polarizability
enhances the covalency of sul-PbCO3/ZnCO;
surfaces.
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