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Abstract: The ion coordination affinities of the commonly found metal ions were evaluated using DFT calculations.
The results indicate that the lowest unoccupied molecular orbital (LUMO) energy of metal ions correlates positively
with their binding energies with O(S) ligands, and some metal ions with various valence states also present different
affinities. Besides, due to the steric hindrance effects, the mono- and hexa-coordinated metal ions may exhibit different
affinities, and the majority of the studied hexa-coordinated metal ions exhibit oxophilicity. These affinity differences
perfectly illustrate the activation flotation practice in which the oxyphilic ions are applied to activating oxide minerals,

while thiophilic ions are applied to activating sulfide minerals.
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1 Introduction

Geochemical element affinity is a geological
concept that describes the tendency of cations to
selectively combine with specific anions in natural
systems. GOLDSCHMIDT [1,2], through the
analysis of extensive experimental data, classifies
the geochemical affinity of elements into five
categories: oxyphilic elements (lithophilic elements),
thiophilic ~ elements  (cuprophilic  elements),
siderophile element, gas affine elements and
biological affine elements. This classification is
based on elements, but in nature, various elements
exist in different valence states, which imposes
limitations on its application.
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The periodic table of elements and their ions,
proposed by RAILBACK [3] in 2003 and grounded
in the hard and soft acids and bases (HSAB) theory
[4,5], categorizes elemental ions into six categories
based on their valence state difference: noble gases
(noble gases with no ionization), hard cations
(cations with all electrons removed from outer
shell), intermediate cations (cations with some
electrons remaining in the outer shell), soft cations
(cations with many electrons remaining in the outer
shell), element forms (elemental forms with zero
valence) and anions (anions that commonly
coordinate with H). Furthermore, this table also
illustrates the affinity of certain anions and cations
for binding with one another. For instance, the
order of binding capacity of common anions to hard
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cations is F > O > N = Cl > Br > > S, while the
order for soft cationsisI>Br>S>Cl=N>0O>F.
Additionally, RAILBACK also noted the cations
capable of forming simple sulfide and oxide
minerals in the table, which serves as a significant
reference.

Mineral processing is a discipline focused on
the recovery of valuable elements, aiming to
separate valuable minerals from gangue. Essentially,
it is inseparable from the properties of various
elemental ions. In froth flotation, the separation
and purification of minerals strongly depend on
the affinity or sparsity relationship between the
flotation reagents and minerals [6], in which the
reagents act directionally on the target mineral
surface to achieve separation from other minerals.
Consequently, understanding the affinities of
various elemental ions is crucial for effective
mineral flotation. Minerals in nature are primarily
categorized into oxide minerals and sulfide
minerals, with the elements present in these
minerals exhibiting distinct affinity properties. For
instance, Si is mainly found in silicate minerals,
while Ca, Mg, Al, and Ba are primarily present in
oxide minerals or oxygen-containing salt minerals
in nature. Conversely, Mo is predominantly found
in sulfide minerals such as molybdenite (MoS.) [7].

The oxyphilic and thiophilic nature of
elemental ions significantly influences the flotation
separation of minerals. Normally, the oxyphilic
oxide minerals are recovered by oxygen-terminated
collectors, and the thiophilic sulfide minerals by
sulfur-terminated collectors [8]. However, for
strongly hydrophilic minerals, exogenous activator
metal ions are often necessary [9]. For instance,
quartz is collected by oleate (OL") with the help
of Ca®" ions [10], and sphalerite is collected by
xanthate with the assistance of Cu?" ions [11,12].
The mineral paragenesis is also related to ion
affinity. For example, galena is frequently found in
association with sphalerite in sulfide deposits [13].
Investigating ion affinity can yield new insights
into mineral separation and smelting purification
processes. A typical example is the separation of W
and Mo based on their different thiophilicity. By
introducing S* or HS™ as sulfidation reagents into
the W solution, MoO; can be transformed into
MoO,S{, ,, or even MoS;". The subsequent
addition of Fe?*, Cu®" or Co?" leads to the formation
of precipitates with the thiomolybdates, which can

then be removed [14].

Although element affinity is widely used in
flotation practice, the systematic study of ion
coordination affinity is still poorly reported. The
previous research system mainly focused on simple
M—S and M—O diatomics [15,16]. Flotation
processes are complex and cannot be simplified to
simple diatomic systems due to the various factors
involved, such as solution environments, reagent
types, mineral properties, and solid—liquid interface
reactions. Thus, it is essential to consider the state
of metal ions in minerals, solution environment, and
solid-liquid interface to accurately determine their
affinity in mineral flotation. In recent years, there
have been reports of research on the coordination
chemistry characteristics of reagents on minerals
in academic literature [17]. Based on this fact,
the investigation of the metal ion coordination
affinity in the flotation process holds significant
value in mineral processing. Thus, this study
focuses on M—O(S)H> and M—6[O(S)H>] cluster
systems, representing monocoordinated and hexa-
coordinated forms of metal ions, respectively. The
selection of this system is based on the prevalence
of hexa-coordinated structures among metal ions,
either within mineral crystals or in solution
environments.

The purpose of this work is to study the
microscopic nature and general law of the ion
coordination affinity through the first-principles
calculation method and discuss its application in
mineral flotation, so as to offer new lights for
mineral separation and reagent development.

2 Computational details

2.1 Cluster model

Cluster models were performed with the
Gaussian 16 quantum chemistry package, based on
the WB97XD method [18]. The def2-TZVP (3-zeta
basis set) [19], an all-electron basis set, was used in
calculation for various cluster systems. The default
convergence parameters in the Gaussian 16
software were retained to optimize the structure. All
calculations were successfully converged, without
virtual frequencies in the vibration analysis. The
Mayer bond order was obtained by using Multiwfm
program [20]. The binding energy (AG) between
ligands and central metal ion can be calculated as
follows [8]:
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Gan~Ligand - (GM tn- GLigand)

n

AG =

(M

where Gum-nLigand 1S the Gibbs free energy of the
central metal ion with ligand coordinated, and Gw,
and Grigama are the Gibbs free energies of central
metal ion and ligand, respectively.

2.2 Periodic model

The DFT periodic models were conducted
using the CASTEP program in Materials Studio
2020 [21]. The exchange—correlation potential
was approximated within the GGA [22] using
the PBESOL functional [23]. The correction
for dispersion interaction was realized using the
Grimme method [24]. The valence electron
configurations for various atoms in this DFT
calculation were S 3s23p*, Cu 3d'%s!, C 2s%2p?,
O 2s?2p*, Na 3s'3p” and H 1s'. The cutoff energy
for the unit cell and slab model was set to be 500
and 400 eV with k-point sampling density of 6xX6x6
and 1x1x1, respectively. In the calculations, charge
compensation is performed for the charged system
using counterions. The Dmol® program [25] is used
for the calculation of frontier molecular orbital.

In this work, the quartz unit cell with the
P3 121 spatial group and sphalerite unit cell with
F43M spatial group were cited from Ref. [26] and
Ref. [27] respectively. Quartz (101) [28] and
sphalerite (110) [29] surfaces were selected as
the test surfaces. The adsorption energy (FEauss) of
adsorbate on mineral surface is given in the
following definition:

Eads:Etot_Esurface_Eadsorbate (2)

where Ei: is the total energy of the adsorption
system, and FEguface and FEagsovate refer to the
energies of the mineral surface and adsorbate,
respectively.

3 Results and discussion

3.1 Energy evaluation

Energy is an important indicator for evaluating
the ion coordination affinity. Table 1 lists the
binding energies of M—O(S)H: clusters. Generally
speaking, hard cations are more oxyphilic, while
soft cations are more thiophilic, with intermediate
cations exhibiting comparable tendencies towards
both oxygen and sulfur. Based on the data presented
in Table 1, it can be observed that a significant

proportion of intermediate cations and soft cations
demonstrates a higher affinity towards H.S in
comparison to H;O, as indicated by their more
negative binding energies. The reason behind these
results lies in the fact that the coordination atom S
exhibits a lower electronegativity compared to O
atom. Consequently, the disparity in electro-
negativity between the coordination atom S and the
metal ions is smaller, resulting in a lower binding
energy.

Table 1 Binding energies of different elements with
single H>O and H,S

Binding energy/(kJ-mol™")

Cation Classification

M—OH; M—SH»
Ti* Inter -1659.9 -
Mo** Inter -1379.8 -1816.2
W4 Inter —1359.3 —-1645.2
Co** Inter -1078.0 -
Mn3* Inter -1015.7 -1258.2
Fe’* Inter -972.7 —1442.1
Cr¥* Inter —789.2 -1109.8
AP Inter —786.3 —940.9
Sc3* Inter —615.7 —654.6
Sb3* Soft —606.9 —687.2
Ni?* Inter —462.3 —619.1
Zn* Inter —-389.6 —463.1
Mn2* Inter -367.8 -331.9
Cu** Soft —362.4 —553.9
Co*" Inter —338.2 —403.8
Cd** Soft —304.3 —376.2
Mg* Hard —297.6 -273.0
Sn?* Soft —256.4 —224.3
Fe?* Inter -236.2 -285.1
Pb>* Soft —222.4 —215.7
Ca? Hard —209.4 -137.1
Ba?* Hard -151.3 -97.8
Ag" Soft —103.2 -137.1

The classification type of hard (hard cations), inter (intermediate
cations) and soft (soft cations) were defined by RAILSBACK in
2003 [3]

W+ and Mo*, classified as intermediate
cations in Group VIB of the periodic table, are
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chemically very similar and both show strong
thiophilicity, with Mo*" being stronger than W*,
However, there is no significant difference in their
oxophilicity. Mn*", Mg?, Sn**, Ca?" and Ba®" are
more suitable to bond with O ligand than S ligand
according to the binding energy, showing the
oxophilicity. The cations, Mg?’, Ba** and Ca®',
which are classified as hard cations situated in
Group IIA, exhibit binding energies to the ligand
oxygen that align with the trend of ionic potential
as defined by RAILSBACK [3], specifically Mg*">
Ca*™>Ba’". For Pb*", classified as a soft cation,
appears to have thiophilicity that is comparable to
its oxophilicity, albeit with a slight preference
for oxophilicity. This characteristic may account
for the ease with which surface-exposed galena is
transformed into a series of secondary oxide
minerals, such as anglesite and cerussite.

AI**, classified as a hard cation, demonstrates
thiophilicity according to binding energy results.
However, in reality, aluminum exhibits a strong
affinity for oxygen [30]. Aluminum sulfide is
almost non-existent in nature, which can be
attributed to its instability and tendency to
hydrolyze upon contact with water, resulting in
the formation of Al(OH); and the water-insoluble
H,S [31]. In addition, ion coordination affinity is
significantly influenced by the valence state of ions.
Generally, cations with a higher valence state
demonstrate a stronger binding ability to ligands.
Moreover, ions of the same element but with
different valence states can exhibit varying
affinities. For example, Mn*" shows a preference
for binding with S ligands, while Mn*" displays a
greater affinity for O ligands.

3.2 Bond order information

The chemical bond nature is crucial in
determining ion coordination affinities. Table 2
presents the Mayer bond orders of M—O(S) in
M — O(S)H» clusters. The Mayer bond order
essentially reflects the number of electron pairs
shared between two atoms [32]. According to Table
2, it is evident that the Mayer bond order of the
bond formed between the metal ion and the S ligand
is greater than that with the O ligand. This indicates
that the metal ion shares more electron pairs with
the S ligand, resulting in a stronger covalent
character of the M —S bond. In coordination

compounds, the strength of covalent bonds can
reflect the stability of coordination compounds
to some extent. This result aligns with the
Nephelauxetic effect [33], which characterizes
covalency; specifically, the smaller the electro-
negativity of the corresponding ligand, the greater
the Nephelauxetic effect of the metal ions and the
stronger the covalence of the coordination bond.

Table 2 Mayer bond order of center metal ions and
ligand O and S atoms in M—O(S)H, clusters

Cluster M—O M—S
Ti* 1.2 -
Mo** 1.48 1.57
W 1.55 1.81
Co’ 1.47 -
Mn?* 1.3 1.67
Fe’* 1.25 1.45
Cr** 0.73 1.62
AT 1.22 1.17
Sc¥ 0.89 1.18
Sb** 0.92 1.41
Ni%* 0.98 1.13
Zn* 0.7 1.03
Mn?* 0.68 1.14
Cu* 0.66 0.67
Co* 0.81 1.48
Cd* 0.5 0.94
Mg?* 0.3 0.76
Sn?* 0.49 0.84
Fe?* 0.73 1.48
Pb?* 0.41 0.77
Ca** 0.24 0.4
Ba?* 0.11 0.3
Ag* 0.28 0.69

3.3 Hexa-coordinated M—6[O(S)H:] cluster

The results of mono-coordination indicate that
ion coordination affinity is universal and adheres
to specific rules. Given that the metal ions are
constrained by the crystal field, the hexa-
coordinated M — 6[O(S)H:] clusters of metal
cations are subsequently constructed based on the
findings from the mono-coordinated clusters. The
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average binding energies, which are utilized to
assess ion coordination affinity, are presented in
Table 3.

Table 3 Average binding energies of elements with six
H,0 and H>S (kJ/mol)

Cation M—6(OH>) M—6(SH>)
Mo®* -1613.9 —1748.7
Wé* —1505.0 —1713.6
Mn** —897.6 -
Ti* —=720.2 —703.5
Mo* —678.8 —696.0
Sn** —673.8 —694.7
W —673.0 —675.5
Zr* —557.6 —523.3
Co’ -519.6 —521.2
Fe3* —491.2 —483.6
Mn?* —462.3 —443.5
A" —439.7 —386.7
Cr** —437.6 -410.9
S —345.3 —296.4
Sb** -312.1 -303.9
Fe?* —228.2 —202.3
Cu? -213.2 —189.8
Zn* —204.0 -173.1
Mg?* —205.9 —128.7
Ca? —-135.0 -90.3
Sn?* —-130.8 —102.4
Pb?* —122.5 —98.2
Ba* —104.1 —60.6

Mo and W, as transition metal elements, are
traditionally categorized as oxyphilic and thiophilic
elements, respectively. This classification is
supported by the average binding energies of
W* and Mo*" with S ligands, which confirms
that Mo exhibits greater thiophilicity than W.
Furthermore, SUN and ZHAO [34] believed that
Mo, both tetravalent and hexavalent, has a stronger
thiophilicity than W.

The tetravalent Ti ion is classified as a hard
cation with strong oxophilicity, consistent with its
natural occurrence in the form of TiO,. Within the
category of trivalent ions, elements such as Fe, Mn,

Al, Cr, and Sc exhibit oxyphilic properties,
demonstrating a greater affinity for O ligands
compared to S ligands, as evidenced by their
more negative average binding energies. As shown
in Table 1, Sc displays different affinities in
mono- and hexa-coordinated clusters, with mono-
coordination being thiophilic and hexa-coordination
being oxyphilic. Sb is categorized as a thiophilic
element, whereas Sb*" is classified as a hard cation.
According to the HSAB theory, Sb*" is considered
a boundary acid, with no apparent bonding affinity
to sulfur or oxygen ligands. This supports the
finding that the average binding energies of
the hexa-coordinated M—6[O(S)Hz] clusters are
closely aligned. Furthermore, this explains that in
nature, Sb is not only found in the sulfide mineral
form of stibnite (Sb.S;) but also in the oxide form
of valentinite (Sb,Os). The divalent ions, Mg**, Ca?*,
and Ba?", are recognized as hard cations, exhibiting
oxophilicity. In contrast, the divalent ions, Fe*',
Cu?, Sn*", Pb*, and Zn*", are categorized as
boundary acids, displaying similar binding
strengths to the ligands S and O in the
hexa-coordinated M—6[O(S)H»] clusters that are
similar.

3.4 Ligand field effect

Figure 1 shows the hexa-coordinated clusters
of several common metal ions. From the
perspective of coordination chemistry, transition
metal ions exhibit different electron configurations
following the splitting of d orbitals, which is
influenced by the type of ligands involved, as
determined by the splitting energy and electron
pairing energy. For Cu®*" with d° electronic
configuration, the electron arrangement after d
orbital splitting is (t2¢)°(e¢)’. This arrangement leads
to an uneven distribution of electrons between the
d» and d..-» orbitals, resulting in the Jahn—Teller
effect and the formation of a stretched octahedron
configuration. A similar phenomenon can also be
observed in transition metal ions with d* electronic
configurations. When Cu?" forms hexa-coordinated
clusters with H,O and H,S, as shown in Fig. 1, a
pronounced Jahn—Taylor effect occurs, leading to
the elongation of the axial bonds. A pertinent
example is the Cu atom in malachite [35].

Metal ions typically form hexa-coordinated
structures with O ligands and four-coordinated
structures with S ligands, depending on the radius
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[Ca(SH,)e)*

[Mg(SHy)q]*
Fig. 1 Hexa-coordinated clusters of some common metal ions

of the central atom. Larger-radius S ligands appear
to be less able to accumulate in large numbers
around small-radius metal ions due to spatial
hindrance effects. As illustrated in Fig. 2, derived
from the data in Fig. 1 (the average bond length in
the XY plane), the average distances between
Cu—0O and Cu—S in the XY plane are observed to
be 2.02 and 2.44 A, respectively. The calculated
distance between adjacent O atoms in Fig. 2(a) is
2.86 A, which is slightly larger than the sum of the
radii of two O atoms (2.8 A). This finding indicates
that there is no spatial hindrance between adjacent
O atoms in the Cu—O interaction within the XY
plane, suggesting that Cu can form a six-coordinate
structure with O ligands without spatial hindrance.
In contrast, the calculated distance between
adjacent S atoms in Fig. 2(b) is 3.45 A, which is
smaller than the sum of the radii of two S atoms
(3.68 A). This suggests that spatial hindrance exists
between adjacent S atoms in the Cu—S interaction
in XY plane, negatively impacting the formation of

Fig.2 Cu—O (a) and Cu—S (b) in XY plane during
hexa-coordination

[Cu(H,0)]*

L p | 2926A

[Cu(SH,)P*

[Pb(H,0)6]**

0
T P

[Pb(SH,)e]** [Zn(SH,)e)*

a hexa-coordinated structure with Cu and S ligands.
Furthermore, the average binding energy of the
hexa-coordinated clusters presented in Table 3
reinforces this conclusion. Thus, the tendency of
most metal ions in this study to form hexa-
coordinated clusters with H,O can be attributed to
the influence of steric hindrance.

3.5 Orbital properties

Frontier molecular orbitals serve as frontline
positions for the interaction between the central
atom and the ligand atoms, and can be utilized to
predict molecular reaction activity [36]. When H,O
and H,S coordinate with cations, the central cation
primarily provides an empty orbital, and the ligand
contributes lone pair electrons, resulting in the
formation of a coordinate covalent bond. This process
predominantly involves the lowest unoccupied
molecular orbital (LUMO) of the ions and the
highest occupied molecular orbital (HOMO) of the
ligands. In this study, the ligands are H>O and H-S,
making the LUMO of the central ion a critical
factor influencing reactivity. As illustrated in Fig. 3,
the relationship between the average binding energies
of the hexa-coordinated M—6[O(S)H>] clusters and
the LUMO energy of the central ion is depicted.
The data indicate a strong correlation between the
binding energies and the LUMO energy of the
central cations, specifically, a lower LUMO energy
corresponds to a more negative binding energy.
This suggests that the LUMO of the central cation
is a significant factor affecting the binding energy.
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3.6 Application in quartz activation flotation

A typical flotation case based on ion
coordination affinity is the activated flotation of
quartz in oleate system. This is attributed to the
strong hydroxylation behavior of the quartz surface,
where the hydroxylated quartz surface forms a layer
of oxygen-terminated structures that are oxyphobic
but hydrophilic [37], which can prevent the
interface reaction of the oxygen-terminated
collectors (normally oleate). Given the strong
hydroxylation behavior of the quartz surface, it is
not possible to achieve flotation of quartz using
oleate alone. In essence, the presence of interfacial
hydration structure causes the collector OL™ losing
action sites, and OL™ can only be adsorbed on the
quartz surface via hydrogen bonding, as shown in
Fig. 4(a). The hydrated surface structure presented
in Fig. 4 is consistent with previous studies [38],
with the difference that both the top and bottom
surfaces of quartz are subjected to hydration
treatment. In this adsorption mode, the two O atoms
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at the end of oleate form two hydrogen bonds
with bond lengths of 1.59 and 1.74 A on the
hydroxylated quartz surface, yielding an adsorption
energy of —61.2 kJ/mol, which suggests that OL~
cannot form an effective adsorption on the hydrated
quartz surface from a thermodynamic perspective.
Therefore, a viable flotation scheme involves
bridging the two oxygen-terminated substances,
quartz and oleate. This requires the presence of
an oxyphilic bridge, which is fundamental to the
Ca?" activation of quartz. In Fig. 4(b), the Ca?" ion
adsorbs onto the hydroxylated quartz surface,
forming three Ca—O bonds, namely Ca—Om
(2.37 A), Ca—0n; (2.38 A), and Ca—On, (2.44 A),
with an adsorption energy of —197.1 kJ/mol.
Additionally, the Mulliken bond populations for
Ca—Op1, Ca—On;, and Ca—On,; bonds are —0.09,
—0.03, and —0.02, respectively, indicating that
the Ca—O bonds formed by the adsorption of Ca®"
are ionic bonds. The modification of the quartz
surface by the oxyphilic Ca?" ion creates an optimal

0.5r 1o 10
0r 1-200 5 _
1-400 § T, 1500 &~
> —0.5 = o o
2 1-600 o € 5 g
8 1.0/ £ ®
5 17800 "2 E 1710008 <
[ B=i o
S -5} 1-1000s 3 o
p= g & ©
2 20 1712008 = Jys00 5 £
- = e LUMO energy of metal ions | Z E gz
= Average binding energy with 60H, ~1400 <
257 + Average binding energy with 6SH, 1-1600
30 v v vy ey 11800 172000
S T N T T T S T D S D TS D TSI
S$2E2828ENSC<3RE]TELES S

Fig. 3 Relationship between binding energy of metal ions with ligands in hexa-coordinated M—6[O(S)Hz] clusters, and

LUMO energy of metal ions

Fig. 4 Adsorption configuration of reagents: (a) OL™ on quartz (101) hydroxylated surface; (b) Ca?" cation on quartz

(101) hydroxylated surface; (c) OL™ adsorbed on Ca?" activated quartz surface
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adsorption site for the subsequent interfacial
adsorption of OL~, as illustrated in Fig. 4(c).
At the adsorption interface, Ca>" adopts a five-
coordinated structure with adsorption energy of
—521.2 kJ/mol, which significantly exceeds that of
the direct adsorption (—61.2 kJ/mol) of OL". The
Mulliken bond populations for Ca—0; and Ca—0,
formed by the adsorption of OL™ at the surface
Ca site are 0.10 and 0.11, respectively, indicating
that these bonds are slightly stronger than the
ionic bonds formed by the Ca ions on the quartz
surface.

Table 4 presents the parameters of adsorption
energy, Mulliken bond population, and bond type
throughout the quartz flotation process. The direct
adsorption of OL™ on the hydration surface of
quartz is weak hydrogen-bonding adsorption
process, whereas the bridging adsorption mode
of OL™ on the quartz surface mediated by the
oxyphilic activation Ca?" ion is a strong chemi-
sorption process. It can be seen that the oxyphilic
Ca’" ion serving as a bridge between the two
oxygen-terminated substances (collector OL and
hydroxylated quartz) is the key to realize quartz
flotation.

3.7 Application in sphalerite activation flotation
Another typical example of flotation based on
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elemental ion affinity is the activated flotation of
sphalerite in the xanthate (BX") system, which
utilizes the thiophilicity of the activator Cu?** ion. In
flotation, it is difficult to achieve sphalerite flotation
using xanthate alone, although the exposed Zn sites
on the sphalerite surface can be adsorbed by the
xanthate, forming two Zn—S bonds with bond
length of 2.34 and 2.37 A, respectively, as shown in
Fig. 5(a). However, this mode of direct adsorption
is relatively weak, with an adsorption energy of
only —85.3 kJ/mol, making it difficult to achieve
effective collection of sphalerite. It is interpreted
that the 3d'° electronic configuration of Zn** on
the sphalerite surface is very stable, rendering it
difficult for Zn>* ions to form m-back-donation
bonds with collector BX™ [17]. In addition, it is also
not in accordance with valence-bond theory as
demonstrated in Fig. 5(b), where the symmetry of
the HOMO of BX and that of the LUMO of
sphalerite do not match each other. Although the
energy gap between the two is very small, only
0.006 eV, similar results have also been reported by
CHEN and LI [39]. Another contributing factor
may be the steric hindrance effect associated with
the direct adsorption of xanthate on the sphalerite
surface [40]. Consequently, effective sphalerite
flotation cannot be achieved without the
introduction of activator metal ions.

Table 4 Changes of relevant parameters in process of Ca?" activating quartz

Adsorption

Average Mulliken bond population of

Adsorpti del Bonding f
SOTPHON mode energy/(kJ-mol™") bonds generated by adsorption onaing form
OL™ on quartz (101) surface —61.2 - Hydrogen bond
Ca?" on quartz (101) surface -197.1 -0.05 Tonic bond
OL™ on Ca*"-activated surface =521.2 0.07 Ionic bond
@ & ®)
2374 ~234 A
o -¢-<,> -@
HOMO: -0.136 eV
Gap: 0.006 eV

LOMO: -0.130 eV

~

Symmetry
mismatch
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Figure 6(a) depicts adsorption configuration of
Cu?* on the sphalerite surface, which is consistent
with the most stable adsorption configuration of
Pb’" on the surface of sphalerite, as reported by
SARVARAMINI et al [41]. The Cu?* ion forms
bonds with three S atoms on the sphalerite surface,
specifically Cu—Sm (2.43 A), Cu—Sm (2.44 A),
and Cu — Sms (240 A), with corresponding
Mulliken bond populations of 0.26, 0.26, and 0.09,
respectively. Additionally, Cu®* shares electrons
with the adjacent Zn; atom. The adsorption energy
of activator Cu®" ion on the sphalerite surface is
—210.7 kJ/mol. Figure 6(b) presents the adsorption
configuration of BX  on the Cu*-activated
sphalerite surface, where Cu?" significantly relaxes
upward, ultimately aligning with the Zn and S
atoms in the first surface layer. The position of Cu?*
resembles the stacking position of the Zn atom in
the crystal structure. Cu*" detaches from the Sms
atom and moves further away from the surface Zn,
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atom. Furthermore, the Cu®" ion bonds with two S
atoms of xanthate after breaking the Cu—=Su; bond,
resulting in a planar triangular coordination
structure. The adsorption energy of BX™ on the
Cu?*-activated sphalerite surface is —413.2 kJ/mol,
which is stronger than the direct adsorption of BX™
on the surface Zn site. Therefore, the introduction
of thiophilic Cu?" ions is the preferred option to

recover sphalerite with xanthate in flotation
practices.
Figure 7 illustrates the electron density

difference during the activation process of Cu®". It
is evident that electrons accumulate between Cu
and S atoms, suggesting that these atoms share
electrons and form covalent bonds. Figures 7(a, b)
demonstrate that the Cu?' ion adsorbed on the
sphalerite surface gains electrons, resulting in a
decrease in the Hirshfeld charge. Subsequently,
during the adsorption of BX", the Cu?' ion loses
some electrons, causing the Hirshfeld charge to

(@)

(®)

Fig. 6 Cu’’-mediated bridging adsorption mode: (a) Cu?>" adsorbed on sphalerite surface; (b) BX adsorbed on

Cu?'-activated sphalerite surface

(2)

2.00e

Fig. 7 Electron density difference: (a) Cu?*; (b) Cu®>" adsorbed on sphalerite surface; (c) BX ™ adsorbed on Cu?'-activated

sphalerite surface
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increase from 0.14 to 0.16. This charge increase
occurs because the Cu site loses electrons as it
disconnects from the Sp and Smy atoms during the
upward relaxation. Furthermore, the relaxed Cu site
no longer shares electrons with the Zn; atom, which
also significantly contributes to the elevated charge.
Indeed, this is supported by the Hirshfeld charges of
Su1 and Sy, in BX™, which decrease from —0.15 and
—0.17 to —0.07 and —0.10, respectively, after the
adsorption of BX™ onto the surface Cu site, as given
in Table 5. In summary, the Cu?*" ion serves as
an effective activator for sphalerite flotation in
the xanthate system, attributed to its stronger
thiophilicity compared to the Zn>" ion.

Table 5 Hirshfeld charge before and after adsorption of
BX™ on Cu®*-activated sphalerite surface (e)
Status Cu Zni Smi Sm2 Sm3 Soi Swm
Before BX™
adsorption
After BX™
adsorption

0.14 0.21 -0.25-0.25 0.21 -0.15-0.17

0.16 0.22 —0.26 -0.24 —0.22 -0.07 —0.10

4 Conclusions

(I) The ion coordination affinity is
significantly influenced by the valence state of ions.
The higher the valence state of cations, the stronger
the binding ability to the ligands. Even, ions of the
same element with different valence states may
show different affinities.

(2) Since the S ligand with larger radius is
difficult to accumulate in large numbers around
small-radius metal ions due to spatial hindrance
effects. The divalent ions, Cu?* and Zn?>', show
thiophilicity in the mono-coordinated clusters, and
oxophilicity in the hexa-coordinated clusters.

(3) The binding energy of the metal ion with
the ligands of S and O is found to correlate
positively with the LUMO energy of the metal ion,
in that the lower the LUMO energy, the more
negative the binding energy.

(4) Oxyphilic ions and thiophilic ions can be
used for interfacial activation of refractory oxide
minerals in oxygen-terminated collector systems
and activation flotation of sulfide minerals under
the sulfur-terminated collector system, respectively.

(5) In the subject (mineral processing)
dominated by colloids and interfaces, ion affinity is
expected to provide new lights on the development

of mineral-specific flotation reagents, and to be a
topical concern in the subject.
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