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ARTICLE INFO ABSTRACT

Keywords: The interactions of water, hydroxide and organic collectors with mineral surfaces are the key aspects that define
DFT-D the floatability behaviour of minerals. This study employed the density functional theory with dispersion
Geversite (PtSby) surfaces correction (DFT-D) method to unravel the adsorption capacity and bonding behaviour of H,O, OH", normal-
gzge:;(;rSOH butyl-xanthate (NBX"), butyl-dithiocarbamate (BDTC’), butyl-trithiocarbonate (BTTC) and dibutyl-

dithiophosphate (DBDTP") with the PtSby (100) surface. The adsorption energy of hydration was found less
exothermic than that of hydroxylation, indicating that the OH™ had greater ability to interact with PtSby surface
compared to H20. The collector adsorption energies strength decreased in the order: BDTC > BTTC > NBX >
DBDTP, and clearly the BDTC unveiled the superior exothermic adsorption. It was found that the collectors may
easily displace water and OH™, and attach on the mineral surface during flotation due to their strong binding
than water and OH ™. However, since there was a greater probability of OH™ attaching on the surface, operating
at low pH may be decisive in the flotation of PtSb, mineral. This study has compared the adsorption behaviour of
various collectors with water and hydroxide and established the best conditions that may improve the flotation
performance of PtSby mineral.

Adsorption energies, Electronic properties

1. Introduction

There is a general problem in the floatability of the arsenide plat-
inum group minerals (PGMs) largely found in the Bushveld Complex
such as sperrylite (PtAsy) which possess a pyrite structure [1,2]. Based
on the view that arsenic belongs to the same group as the antimony on
the periodic table, it prompted the desire to investigate the PtSb, min-
eral named “geversite”, which also has a pyrite structure [3] and has not
been given much attention. The unravelling of the surface behaviour of
PtSb, may also provide a platform to unlock the behaviour of the
sperrylite. This also requires investigation of surface interactions with
various collectors in order to improve their recoveries. Identifying a well
performing collector reagent requires testing of different collectors on
their adsorption strength. It is paramount that these be compared to the
most crucial species that are present in the flotation pulp, such as water
and sodium hydroxide (NaOH), which determine the wettability and pH,
which may affect the attachment of collector on mineral surface,
respectively. A previous study has shown that hydroxide bind stronger
than water and xanthate on sperrylite (PtAsy) [4]. However, there is no
much knowledge on the bonding behaviour of H,O, OH™ and collectors

with platinum antimonide (PtSby) mineral. Therefore this study pro-
vides novelty in describing how water, hydroxide and collectors adsorb
on the understudied PtSby, mineral surface that is lacking from both
computational and experimental aspects. The PtSb, mineral has been
reported to occur in association with sequential mineral ore deposit. The
PtSb, mineral was firstly identified in Driekop mine of South Africa in
the critical zone of the Bushveld Complex [3,5]. The dominance of
geversite in the reefs is of vital worth for exploration and might unravel
the recovery of the antimonides and arsenides minerals. The great
abundance of the PtSb, minerals in various mines demands for a ne-
cessity to discover prospects to exploit its recovery by flotation process.
In order to understand the surface behaviour and reactivity with col-
lector of the geversite mineral, computational simulations can produce
results that may give guide prior to experiments. There are fewer studies
on PtSby mineral; the previous work carried out was by Emtage [6],
Damon et al. [7] and Ngoepe et al. [8]. Recently, we used density
functional theory (DFT) to investigate oxidation, hydration, hydroxyl-
ation and xanthate adsorption on the geversite mineral surfaces [9].
However, the dispersion correction were not considered, which are
crucial in describing and including the long-range interaction to the
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total energy for molecule/s adsorption on surfaces.

In the absence of extensive work reported on the PtSb, mineral
study, the related structure of PtAs; was reviewed since it has been
recently given much attention. Previous study of sperrylite using
computational method reported that the ethyl xanthate (EX") binds
stronger than diethyl-dithiocarbamate (DEDTC) and diisobutyl-
dithiophospinate (DTPi). In addition it was also reported that hydrox-
ide had stronger affinity than the collectors. This suggested that at
elevated pH the collectors may experience a barrier of OH™ on the
sperrylite surface [4]. In order to overcome the barrier of hydroxide on
the surface, the flotation must be operated at low pH, where there is less
favourable condition for hydroxide molecules attachment. Furthermore,
there is still a need for novel collectors that have better affinity with high
selectivity on the mineral surface and thus improves floatability. The
selectivity is provided by organic molecules that have ability to bind
stronger on mineral surfaces. Recently a study on design and synthesise
of a novel s-triazine collector and its interaction with sulphide minerals
using density functional theory (DFT) and microflotation was conducted
and showed to perform better than xanthate and dithiocarbamate [10].
This suggested that there is a platform to design collectors to target the
PGMs. Furthermore, it has been reported that for platinum metals, the
organic reagents with O-, S-, and N-bearing components have func-
tionalities and discriminatory to platinoids [11]. A previous study has
investigated the replacement of DTC/DTP by trithiocarbonate (TTC) in
the flotation of the Upper Group (2) (UG2) PGMs ore. It was found that
TTC exhibited significant improvement in the rejection of gangue [12].
Previously, a DFT study showed that DTP binds stronger than ethyl
xanthate and isobutyl xanthate on pentlandite surface [43]; however, it
is not certain if the same behaviour will occur on geversite mineral
surface.

The hydration of surfaces determines the wettability (i.e. hydro-
phobicity and hydrophilicity) of the minerals and significantly in-
fluences the oxidation route that defines the final oxidation product
resulting in the obvious variation in the mineral oxidation process [4].
Recently a study indicated that sperrylite and platarsite oxidise prefer-
entially though the As and S atoms on the surfaces [13]. Previously, the
interactions of water with minerals surfaces have been conducted and
indicated different modes of water orientations and binding energies on
the surfaces. Ntoahae et al. reported a binding energy of —27.1 kJ.
mol~?, for water adsorption onto sperrylite which preferred the parallel
geometry relaxation to the surface [14]. However, Waterson et al. re-
ported that the raised ridged arsenic (As) atoms on sperrylite prevent a
fully parallel geometry of water molecule, which resulted in flipped into
hydrogen-down of water relaxation with adsorption energy of —29.0 kJ.
mol ! [4]. Recently, the water adsorption on PtSby (100) surface, re-
ported an adsorption energy of —-32.19 kJ.mol ! for full surface coverage
[9]. Another study reported the preferential interaction of pentlandite
(Fe4NisSg) surface with water via surface Fe and the O atom [15].

In the current study a computational simulation method was used to
investigate and unravel the adsorption capacity and bonding behaviour
of various collectors (i.e. butyl-xanthate (BX"), butyl-dithiocarbamate
(BDTC"), butyl-trithiocarbonate (BTTC") and dibutyl-dithiophosphate
(DBDTP?)) on the (100) surface of geversite. These collectors adsorp-
tion strength were compared to the full surface coverage adsorption
energies of water and hydroxides. The adsorptions were performed
using density functional theory adopting the dispersion correction (DFT-
D) method. In addition the chemistry of bond formation are analysed
from density of state (DOS) and atomic charges (Mulliken). The out-
comes of this study are important for providing knowledge of enhancing
the efficiency of PGMs minerals separation which may be applicable in
the froth flotation process.
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2. Materials and methodology
2.1. Computational method

The study employed the density functional theory with dispersion
correction (DFT-D) for the bulk, surfaces and surface adsorptions. The
Tkatchenko and Scheffler (TS) [16] dispersion method was adopted. In
addition, the generalized gradient approximation with Perdew-Burke-
Ernzerhof (GGA-PBE) exchange—correlation functional [17] was
employed within the Cambridge Serial Total Energy Package (CASTEP)
code [18]. The ultrasoft pseudopotentials were adopted in the study and
the valence electron configurations considered for the atoms were:
5d%6s?, 5525p3, 3523p4, 2522p4, SSZZpZ, 5522p3, 5522p3 and 1 s! for Pt, Sb,
S, O, C, N, P and H, respectively. The plane wave cut-off energy of 500
eV which demonstrated convergence to within 0.2 meV.atom * and, k-
points sampling of 8 x 8 x 8 and 4 x 4 x 1 as proposed by Monkhorst-
Pack [19] were employed for bulk and surfaces, respectively. The
convergence tolerance of force, ionic displacement and energy were
0.05 eV.A‘l, 0.002 A and 2.0 x 107° eV.atom ?, respectively.

The geversite (PtSby) mineral possess space group symmetry of Pa-3
(205). Previously it was reported that for a system such as PtAs,, in-
clusion of hydrostatic pressure widens the band gap of the material [20].
As such an inclusion of hydrostatic pressure was performed by varying
pressures from 1.0 GPa to 5.0 GPa. However, it was found that the PtSby
does not produce any band gap from the band structures. This suggested
that the PtSb; does not possess any band gap. However, it was noted that
as the pressure increases, the lattice parameters reduced as shown in
Fig. la. The relaxed bulk unit cell structure at 4.0 GPa as shown in
Fig. 1b, possessed lattice vectors of @ = # = y = 90° with cell size of a =
6.431 A, this agreed well with the reported experimental findings of a =
6.428 A [3], a = 6.440 A [7] and calculated a = 6.441 A [8].

The relaxed PtSb,y bulk structure at 4.0 GPa was used to cleave the
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Fig. 1. (a) Effect of hydrostatic pressure on lattice parameters of bulk PtSb, and
(b) relaxed bulk PtSb, model.
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surfaces. Note that for surface studies, the pressure was not included.
The adopted (100) surface slab had 12 layers and of 2 x 2 supercell,
with a vacuum slab separation of 20 A. This resulted in a periodic cell of
12.862 x 12.862 x 31.277 A for (100) surface. During the adsorption
systems, the bottom six layers (6L) were fixed, while the top six layers
(6L) were allowed to relax. All adsorbate molecules were optimized at
gamma point (1 x 1 x 1) and with other precision settings as in
adsorption system. The H,0 and OH™~ were relaxed in a 15 A cubic box,
while the collectors were relaxed in a 40 A cubic box.

2.2. Energy calculations

The negative charge (-1) on OH™ and collectors were considered
during their isolation optimization. The simplified Makov-Payne [21]
was used to correct the total energies of the OH™ and collectors using
equation (1) [4,21]:

qa
Beor = Bo + (14.39952) 7= 'e))

where the uncorrected total energy is denoted by E(, adsorbate molecule
charge by q, Madelung constant (2.8373 for cubic system) given by «
[22] and unit cell vector length defined by L. These settings were also
employed for the electronic properties calculation.

The zero-point energy (AZPE) was added to the computed adsorption
energies in order to correct the computational simulations performed at
0 K. The AZPE was obtained from the difference between the ZPE of the
surface-adsorbate system and ZPE of the isolated adsorbate gas phase,
according to equation (2) [23,24]:

AZPE = i: v - i v 2
T\ 2 2
‘ S+NA i Gas(A)

where h = Planck constant, 1; = vibrational frequencies in three di-
mensions and n = number of atoms in the adsorbate/s. Note that for the
multi molecules adsorptions, the ZPE of one molecule in gas phase (i.e.
N = 1) was multiplied by the number of molecules to give an equivalent
ZPE to the number of adsorbates on the surface. The “One large super-
cell” was used to calculate the vibrational Phonons, where the supercell
was defined by cut-off radius of 5.0 A. A separation of 0.015 A~! was
adopted for the dispersion quality by selecting “Fine”.

The adsorption energies (E,qs) of uncharged (neutral) adsorbate
(H20) to a surface were calculated from equation (3) [24]:

Eue = Egg, 0 — (E[s]n +NEp ) 1 AZPE 3)

where E[s ;4] = energy of adsorbed surface, Es) = energy of clean sur-
face, E{a] = energy of isolated adsorbate and N = number of adsorbates.
Note that the superscript numbers denote either charged or neutral
states. However, the collectors and hydroxide are negatively charged
and therefore these adsorbates carry a formal negative charge. This
suggested that the surface-adsorbate system should also carry a negative
charge. This has been reported to presents a problem [4], and therefore
the work function (WF = ¢) was proposed by Neugebauer and Scheffler
[25], to correct the extra electron in the electronic band structure. This
was carried out by calculating the total energy of the [S + A]° system
instead of [S + A]™ system. The full details are shown in the Supporting
Information (Section SI 1.2). Finally the adsorption energies for the
charged OH™ and collectors adsorbates to a neutral surface were
computed from equation (4) [24]:

Eu, = (E[M]o —bsnp ) - (E[s]o + NEjy- ) + AZPE )

A negative value in both equations (3) and (4) depict spontaneous
exothermic reaction, whereas a positive value will divulge endothermic.
In this study, the surface energies (Egyrface) Of the relaxed surfaces of
the pristine symmetric and stoichiometric slabs were computed using

Computational Materials Science 224 (2023) 112174

equation (5) [26-29]:

Es — Hsia E u
Esurface _ lab (212[7)( bi lk) (5)
where E(ya1) = energy of the surface slab, Eui) = energy of the bulk per
total number of atoms in the bulk and ng.,) = number of atoms in the
surface slab model and A = surface area.

3. Results and discussion
3.1. Surface model, morphology and electronic structures

The PtSby mineral surface cleaves perfectly along the (100) surface
as the most stable surface similar to the pyrite [30] and sperrylite [4]
minerals. In order to understand the mineral reactivity, it was para-
mount to investigate the chemical behaviour of the (100) surface prior
to adsorptions. All possible terminations for low index (100), (110),
(111) surfaces were explored as shown in the Supporting Information
(Section SI 1.1). As explained by Tasker [31], the termination slab
without perpendicular dipole moment were considered, i.e. Term
(100)-B, Term (110)-B and Term (111)-C (see Fig. S1). All surfaces
were constructed in (2 x 2) supercell having 96 atoms as shown in
Table 1. The lowest relaxed surface energies of all slab surface termi-
nation are shown in Table 1, which were computed from equation (4).
The PtSby (100) surface exhibits lowest surface energy amongst the
three surfaces and the surface stability decreases in the order: (100) >
(111) > (110). These surface energies were lower than those reported
by Ngoepe et al. [8] and the order of stability is different. However, the
(100) surface energy is larger than our recently reported surface energy
using DFT [9], as shown in Table 1.

The use of surface energies to calculate crystal morphologies pro-
vided good agreement with experiment as the difference in entropy
between bulk and surface was small [32,33]. The Wulff [34] crystal
morphology of geversite particle was constructed and produced under
conditions of perfect thermodynamic equilibrium, vacuum and at 0 K
from the surface energies in Table 1 as proposed by Gibbs method [35].
Recently, computational method was used to predict the morphology of
cooperite [36], which produced irregular shape similar to those
observed experimentally [37]. The calculated equilibrium morphology
of geversite is expressed as a cubic shape with truncated corners and
edges as shown in Fig. 2¢, which was similar to sperrylite [13]. As ex-
pected, the (100) plane dominated the morphology, followed by the
(111) surface that truncated the corners, while the (110) plane trun-
cated the edges of the cube. The calculated ratios of the surfaces indi-
cated that the (111) and (110) surfaces were expressed in the Wulff
construction due to the surface energies ratio being less than v/2 = 1.41,
that is Esurf.(111) / Esurt.100) = 1.09 < v2, and Egyri.(110) / Esurt-(100) =
1.29 < /2. As such the (100) surface was the most preferred surface as
shown on the Wulff equilibrium constructed morphology (Fig. 2c). In
Fig. 2a and 2b, the unrelaxed and relaxed (1 00) surfaces are displayed.
It was clear that the (100) surface was composed of Sb atoms on the
‘Ridge’ and Pt atoms in the ‘Cleft’, which is similar to sperrylite (100)
surface model [38].

The density of states for the PtSb, bulk and (100) surface were

Table 1
Relaxed surface energies (J .m~2) and atoms coordination of bulk and surfaces of
PtSb, model.

Number of atoms Coordination Surface energies
Model Pt Sb DFT-D DFT [9]
Bulk 12 6 4 N/A N/A
(100)-2 x 2 96 5 4 1.03 0.81
(110)-2 x 2 96 4 3,4 1.32 1.08
(111)2x2 96 5,6 2,3 1.12 1.07
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Fig. 2. The PtSb, (100) surface models: (a) unrelaxed surface, (b) relaxed surface, and (c) Wulff equilibrium surface morphology displaying the appearance of the

(100), (110) and (111) surfaces.

computed and are shown in Fig. 3, which depict a metallic behaviour
from the total density of states (TDOS). It was observed that the fermi
energy (Ep) fell into the pseudo-gap for both bulk and surface density of
states (DOS) suggesting stability. However, the pseudo-gap on the sur-
face was not deep as compared to that on the bulk, thus the bulk had less
states than the surface at Ep, which suggested bulk stability. Examina-
tions of the PDOS it was found that the 5p-orbitals of Sb atoms
contributed significantly at the Eg, while the 5d-orbitals and 6p-orbitals
states of Pt atoms were almost at zero for both bulk and (1 00) surface
(Fig. 3). Moreover, this showed that the Sb atoms are more active on the
surface compared to the Pt atoms. The change of the pseudo-gap at the
Er on the surface compared to the bulk was due to the electrons deple-
tion from valence band (VB) to conduction band (CB) predominantly
occurring in the Sb 5s-orbitals and 5p-orbitals as shown in the partial
density of states (PDOS). It was clear that the Sb atoms 5s-orbitals were
raised at the CB, while the 5p-orbitals were lowered on the (100) sur-
face, which indicated that surface cleavage resulted in change in coor-
dination and therefore electron depletion (see Fig. 3b). The examination
of the PDOS of the Pt atoms showed that the 5d-orbitals highest states
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split sharp peak on the bulk changed to almost smooth peak on the
(100) surface. Importantly, it was noted that from the zoomed image at
around 0.0 eV, the Ep cuts directly where the Pt 6p-orbitals and 5d-or-
bitals states intersect for the bulk PDOS (see Fig. 3a). However, on the
(100) surface the Pt 6p-orbital had higher states than the 5d-orbitals at
the Ep. This suggested that the 6p-orbitals contributed largely and
therefore active orbitals on the Pt atoms. This indicated that there was
electronic transition of electrons from the 6p-orbitals to the 5d-orbitals
in the Pt atoms.

Table 2

Display the Mulliken atomic charges (|e”|) for PtSb, bulk and (100) surface
models.

Models Atoms s p d Total Charges
Bulk Pt 6s = 1.00 6p = 1.32 5d =9.00 11.32 —-1.32
Sb 55 =1.45 5p = 2.90 5d = 0.00 4.34 +0.66
(100) Pt 6s = 0.98 6p = 0.94 5d =9.06 10.98 —0.98
Sb 55 =1.82 5p = 2.98 5d = 0.00 4.80 +0.20
(b) 150 A [ —— TDOS
| —== ER
100 1 I
S { PtSby - (100) Surface
L 50 - ,
g I
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Fig. 3. The total and partial density of states (TDOS and PDOS) of PtSb, models: (a) bulk and (b) (100) surface model.
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These effects are also depicted from the Mulliken atomic charges as
displayed in Table 2, where the Pt atoms are less negative, while the Sb
atoms are less positive at the (100) surface compared to the bulk. This
indicated that surface cleaving results in loss of charges on the Pt atoms,
while the Sb atoms gains charges, which was evident from the change at
the Ep in the PDOS. This behaviour resulted in lone-pair of electrons on
the Sb atoms at the ‘Ridge’, which was similar to the behaviour reported
for PtAs, (100) surface by Waterson et al. [38]. Analysis of the orbitals
charges revealed a slight change on the 6s-orbitals states of the Pt atoms,
which suggested orbitals hybridisation between 6p-orbitals and 5d-or-
bitals of Pt atoms, and 5s-orbitals and 5p-orbitals of Sb atoms. A 0.37|
e"| charges gain was noted in the 5s-orbitals, with only 0.08|e”| charges
gained in the 5p-orbitals of Sb atoms on the surface. There was a greater
charge loss on the 6p-orbitals (0.38|e”|) which were almost equal to the
charges gained on 5s-orbital of Sb, with only 0.06|e”| charges gained in
the 5d-orbitals of the Pt atoms on the surface (see Table 2). This showed
that the mixing of the orbitals transferred electrons largely from the Pt
6p-orbitals to the Sb 5s-orbitals and 5p-orbitals during surface cleavage.
This was also evident from the PDOS of Sb atoms, where the 5s-orbitals
peaks were raised and shifted down in energy at the CB. Moreover, in
this mixing, the 6p-orbitals also transferred charges to the 5d-orbitals
within the Pt atoms.

3.2. Single and full monolayer surface coverage adsorption of water and
hydroxide on PtSb, (100) surface

The water interaction with mineral surface depicts the hydropho-
bicity and hydrophilicity (i.e. wettability) in the wet-grinding and
flotation process. On the other hand the hydroxylation of mineral sur-
face depicts the pH effects in the flotation process, where the OH™
determine the interaction of NaOH with the mineral surface, after the
sodium (Na™) dissociate into solution. In order to understand the hy-
dration and hydroxylation of surfaces, it requires a defined large number
of water molecules to fill the vacuum slab for computation to accurately
give these effects. However, for computational such as DFT this may
require an extensive computing time requiring a large number of core,
considering the degree of freedom of the water molecule to optimize and
therefore large number of electrons in the system. In order to have a
view of how water and hydroxide interacts with the surface, the single
water and hydroxide molecule, and full monolayer surface coverage
adsorption were explored. Note that the (2 x 2) supercell of PtSb, (100)
surface is composed of exposed eight Pt sites and eight Sb sites available
for adsorption; as such the full monolayer coverage consisted of 16
water/hydroxide molecules. The surface with number of molecules (V)
is optimized separately and the water and hydroxide molecule/s ad-
sorptions behaviour is examined in terms of adsorption energies
(Table 3). The water and hydroxide molecule/s adsorptions were
initially positioned on the (1 00) surface with the oxygen bonded to the
Pt and Sb atoms at a distance of around 2.00 A. The isolated water (H,0)
molecule relaxed to bond length of O,,—H = 0.977 A and bond angle of
H-Oy—H = 104.64°, while the isolated hydroxide (OH™) molecule

Table 3
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relaxed to bond length of O—H = 0.982 A.

The results showed that, for single HoO molecule adsorption on Pt
and Sb atoms, the H>O molecule adopts parallel and flipped-hydrogen-
down to the surface, respectively. In both cases, it was found that
water preferred to adsorb on the surface via the H atom and the HyO
molecule did not chemisorb on the surface, but adsorb through Van der
Waals interaction (physisorption). A non-bonding distance of Pt1—O,,
=2.897 A was noted. It was also noted that the water H atoms interacted
with surface Sb for H;O adsorption on Pt atom, where a Sb—H non-
bonded distances of 2.832 A and 3.211 A were depicted (Fig. 4a). In
the case of Hy0 adsorption on Sb atom, the water molecule moved away
leaving a non-bonded distance between Sb1—O,, of about 5.258 A
indicating a weak interaction due to flipped hydrogen down on the
surface. Furthermore, a shorter Sb—H distance of 2.970 Aand 3.120 A
was depicted, suggesting strong interaction of the hydrogens with the Sb
on the surface (Fig. 4b). The calculated adsorption energies of —1.12 kJ.
mol™! and —3.32 kJ.mol ! were obtained for Pt and Sb adsorptions,
respectively. This indicated a weak interaction of single water molecule
with Sb and Pt atoms (Table 3).

The full monolayer coverage of HoO molecules adsorption resulted in
relaxation and position of water molecules parallel to the surface, while
other HyO molecules were positioned with flipped-hydrogen-down to
the surface (see Fig. 5a). Concurrently, the O, atoms interacted with H
of the nearest HoO molecule (HoO—H-OH) as shown from the top view
Fig. 5c, which also display the distances between the HoO—H-OH in the
packing geometries. Fig. 5¢ showed that the Pt and Sb atoms interacted
with water molecules through H atoms, where only three Pt atoms
interacted with water via O atoms (Pt—O,,) giving distances of 3.851 10\,
2.885 A and 2.475 A. The bond distance of 2.475 A was similar to the
reported Pt—O,, = 2.48 A for H,O adsorption on sperrylite surface [4].
The large Pt—O,, distances of 3.851 A and 2.885 A could be related to
the reported distances (Pb—O,, = 2.950 10\, and 3.085 A and 3.260 1°\),
found on hydrophobic galena surface, which was larger than the Fe—
Ow = 2.253 A found on hydrophilic pyrite surface [39], this suggested
that geversite is hydrophobic. These findings indicated that water
molecules adsorb on hydrophobic surface at above 3.0 A distance of
metal to oxygen distances. Due to dominant flipped-hydrogen-down
water molecules, it was therefore evident that geversite mineral in-
teracts with water mainly through H atoms.

The full monolayer coverage average adsorption energy was found
as —42.66 kJ.mol~!, which was larger than our previous reported
binding energy of water on PtSby (100) surface of —38.19 kJ.mol ™!
using DFT [9]. The strong binding energy was attributed to the inclusive
of dispersion correction in the current study which accounts for the long-
range interactions of molecules on the surface, which were not included
in the previous study. In addition, comparison to the reported adsorp-
tion energies of water on sperrylite of —27.1 kJ.mol ! [14] and —29.0
kJ.mol ™! [4], the current adsorption energy was much stronger. This
suggested that geversite (100) surface was more hydrophilic but had
similar hydrophilicity to the sperrylite.

The bonding geometries of OH™ resulted in bent and the H atoms

The adsorption energies of single and full monolayer coverage adsorption of HoO and OH™ on PtSb, (1 00) surface, calculated according to equation (3) for H,O and

equation (4) for OH".

Adsorptions Total energies (eV) WF and ZPE (eV) Adsorption energies (kJ.mol ™)
Site Adsorbate N Ejspap N Eyp Egp Prsap AZPE Eads Eags. /N

Pt H,0 1 —33183.975 —468.803 —32715.062 N/A 0.099 —-1.12 —-1.12
Sb H>0 1 —33183.989 —468.803 —32715.062 N/A 0.090 -3.32 —-3.32
Pt OH™ 1 —33167.013 —451.817 —32715.062 4.393 0.118 —425.42 —425.42
Sb OH™ 1 —33167.887 —451.817 —32715.062 4.363 0.114 —507.23 —507.23
Full H>0 16 —40224.752 —7500.847 —32715.062 N/A 1.769 —682.60 —42.66
Full OH™ 16 —39958.340 —7229.077 —32715.062 4.975 2.183 —1637.65 —102.35

Value of x is defined as: x = 0 for H,O (E[A]n) and x = — 1 for OH™ (E[Arl), and N = number of adsorbates.
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103.73

Fig. 4. Relaxed geometries for single adsorption of water and hydroxide on PtSb, (100) surface: (a) H,O adsorption on Pt, (b) H,O adsorption on Sb, (c) OH

adsorption on Pt and (d) OH adsorption on Sb.

Fig. 5. Relaxed geometries for full monolayer surface coverage adsorption of water and hydroxide on PtSb, (1 00) surface: (a) side view of H,O full monolayer, (b)
side view of OH full monolayer, (c) top view of H,O full monolayer and (d) top view of OH full monolayer adsorptions.

orientate parallel or at an angle to the surface. For single OH™ adsorp-
tion on Pt and Sb, this resulted in an angle of 108.30° and 110.29°,
respectively (Fig. 4c and 4d). It was evident that the H atoms of OH™ had
weaker interaction with the surface Pt and Sb atoms. The obtained
adsorption energy for OH  adsorption on Sb atom was —507.23 kJ.
mol~! which was more exothermic than for Pt atom adsorption with
Eads. = —425.43 kJ.mol ! (Table 3). This was attributed to the Sb atoms
being more active on the surface than the Pt atoms as depicted from the
density of states of the clean (1 00) surface. In comparison with previous

study of charged OH™ adsorption on Pt on sperrylite, where adsorption
energy of —473.8 kJ.mol ! was reported [4], there was some consis-
tency with our findings for OH™ adsorption on Pt atom. A bond length of
Sb—OH = 2.024 f\, which was shorter than that of Pt—OH = 2.229 A was
depicted, which correlated with the adsorption energies (see Fig. 4c and
4d).

The full monolayer coverage adsorption of OH™ on Pt and Sb atoms
are presented in Fig. 5b and top view in Fig. 5d. It was clear that the OH™
remained bonded to the surface Pt and Sb atoms (see Fig. 5b). Looking at
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Fig. 5d, the hydroxide oxygen atom interacted with the nearest H atoms
of the OH™, which also displayed the distances between the hydroxide O
atoms and hydroxide H atoms (OH--—OH) in the packing geometries.
The average adsorption energy of —102.35 kJ.mol ™! was obtained for
OH™ monolayer adsorption (Table 3). This current adsorption energy is
less exothermic than our previous reported adsorption energy of
—576.65 kJ.mol ! for full monolayer coverage on PtSby (100) surface
using DFT [9]. From these results it was deduced that the OH™ had
strong affinity with the PtSby (1 00) surface through chemisorption than
the HoO molecules which were through physisorption.

3.3. Molecular geometry and electronic properties of collectors

The relaxed bond lengths for charged NBX", BDTC", BTTC™ and
DBDTP™ models in their minimum energy geometries are shown in
Fig. 6, with their relaxed bond distance shown in Table 4. Note that the
main focus was on the two active sulphur atoms (i.e. S1 and S2) of the
collectors. The sulphur atom (S1) possessed a double bond (C1=S1),
while sulphur atom (S2) was single bonded and negatively charged
(C1-S27). The C1-S bond lengths for BTTC were shorter amongst the
collectors, which suggested that they were more stable, while those of
BDTC were larger amongst the three collectors (NBX, BTTC and BDTC),
suggesting that BDTC had high probability to be more reactive on the
surface. The DBDTP possessed equal P—S bond lengths, which were
larger compared to the C1-S bonds. It is shown in Table 4 that the bond
angle (S1-C1/P-S2) of BTTC was larger, while that of DBDTP was
smallest. Table 4 also display the selected torsion/dihedral bond angles
of NBX, BDTC and BTTC molecules. Based on frontier molecular orbital
(FMO) [40], it was suggested that the (O-C1(=S1)-S2") group lie almost
in the same plane. This planar configuration favours formation of con-
jugated pie bonding (z-) or antibonding (z#*-). However, for DBDTP the
torsion angles were around 129.14 and —129.14, which suggested dif-
ficulty in formation of conjugated z— or z*-bond.

In this study, it was proposed that the adsorption strength of thiol
collectors can be derived from the electron density of the S atoms, which
are the centre of reactivity. As such the greater the negative charge on S
atoms the stronger adsorption power. It was found that the S atoms of
DBDTP possessed greater negative charges as depicted from Table 5, and
the order of adsorption power therefore decreased in the order: DBDTP
> BDTC > NBX > BTTC. However, the DBDTP may withhold its electron
density due to the positively charged phosphorus atom, thus it may be
weaker amongst the collectors and the adsorption power was therefore
based on the order of BDTC > NBX > BTTC. Furthermore, the reactivity
of these collectors was determined based on the calculated band struc-
tures band gaps. It was reported that a molecule with the lowest H-L gap
or small band gap has the highest probability to have strong reactivity
than the molecule with a larger gap [40]. It is shown in Table 5 that the
BDTC had the smallest band gap, therefore it was proposes to possess a

H O

S2
S1
- S3
(©) S2
Cl
S1

(b)

(d)
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Table 4

Display the relaxed bond lengths (R, in 10\), bond angles (6, in deg.®) and torsion/
dihedral angle (@, in deg.°) for NBX", BDTC", BTTC™ and DBDTP™ isolated
collectors.

Bonds NBX™ BDTC™ BTTC™ BDTP™
R(C1/P=81) 1.691 1.703 1.682 1.970
R(C1/P-S27) 1.683 1.710 1.686 1.972
R(C1/P—O/N/S3) 1.402 1.381 1.791 1.630
6(S1=C1-S2) 128.31 126.93 129.15 119.22
®(S1=C1-S2-O/N/S3) 179.81 179.85 179.62 129.14
P(S2-C1= S1-0/N/S3) —179.79 —179.85 —179.58 -129.14

Table 5
The calculated band gaps (eV) and atomic population (Mulliken) charges (|e7])
for NBX", BDTC", BTTC and DBDTP" isolated collectors.

Collector Band gap S1 S2 C1/p 0/S3/N
NBX™ 1.268 —0.36 —0.33 -0.11 —-0.43
BDTC™ 1.159 —0.41 —0.43 —-0.16 +0.55
BTTC™ 1.623 —0.30 —-0.30 —0.46 +0.15
DBDTP™ 1.831 —-0.75 —-0.75 +1.48 —-0.73

stronger reactive character and the reactivity order decreased as: BDTC
> NBX > BTTC > DBDTP. These clearly suggested that the DBDTP may
have weaker affinity with the surface amongst the collectors, while the
BDTC exhibit stronger affinity.

In Figs. 7 and 8 the total density of states (TDOS) and partials density
of states (PDOS) for the collectors head group (i.e. -O/S3/N-C1/PS,) are
displayed, which are the polar group and possess the greatest influence
in the reactivity of the collector on the mineral surface. The PDOS
clearly showed that the fermi energy (Eg) cuts the sulphur 3p-orbitals
peak, which suggested that they were not fully occupied, similar
behaviour have been reported [29,41]. It was noted that the band gap on
the S atoms is located at the conduction band (CB) just above the Ep,
suggesting indirect band gap. From the PDOS, it was evident that the 3p-
orbitals of S atoms contributed significantly at the Eg, thus the centre of
reactivity. The S 3p-orbitals for NBX, BDTC and DBDTP are charac-
terised by a broad peak which split into two peaks at its highest point
(see Fig. 7a, 7b and 8b). The BTTC displayed a 3p-orbital broad sharp
peak, which was cut by the Eg (Fig. 8a). The sharp peak at the CB on C1
and P shows that the LUMO or ability to accept electrons are largely
localised on these atoms. Interestingly, the LUMO peaks on C1 and P
atoms were of s,p-orbitals hybridisation character. Furthermore, the O
and C1 of NBX, BDTC and BTTC possess a band gap at the Er, which
demonstrated that they were less reactive. Moreover, C1 and S1 atoms
are characterised by an s,p-orbital hybridisation at around 6.5 eV which
suggests an overlap of orbitals at this energy for these atoms as displayed
on Figs. 7 and 8a. These findings suggested that the collectors S atoms

S2
Cl

S1

Fig. 6. Relaxed geometries of isolated collectors: (a) NBX", (b) BDTC", (c) BTTC and (d) DBDTP".



S.S. Mangwejane et al.

10 |
(a) 'Y 7 nBx i —— TDOS
| |---- Ef
1
5 1 i
L MM L
0 ;
0 I —
21 i P
.
1 I | \\ t
‘) | [| 1
> " I \‘“J\“‘ |
Z 0 A JAVAY /‘V\i
£ cl T p—
2 1.0 (- :
) I .4
g T | i
5 057 Mo |t }\ :
& ’\ /J I A\ b AN
5 A) A Yt N
= 0.0 N
‘3 S2 )Ja s
= 2 |
8 (\tl EF
[ S
|
a J\/\ \ \} i\ A
AV L
o A AL AN ‘k oA
{ S ﬂi s
(1 —
} i --—— EF
14 ‘ "\
1k
0 AA JLM‘}UU i\ ”\V’ﬁ“\/\
20 <15 -0 -5 0 510

Computational Materials Science 224 (2023) 112174

81 T
(b) BDTC " i T oS
°] || N
’F\ (\' J‘ | "l (ﬁ,“‘[ F
S0 AR
LA
2900 A .
0 1L\ JJUY TV \
|
2 P N i .
‘ || P
| —————
> 17 | Ep
2 H |
E [11
g } l' A Vo
£ o+ AN o
2 21 r l
i “ \“ } S
|
P ! »
g 1 | P S
z I bl
E | 1
N ‘ !
> N | al -
z 0 A A )»\9“ AL AR i J
é, 34 S2 N S
2 ” —>
‘ }l T tF
J v
| {“ﬁ\ || U\
A AL I A
0 J 1 _
5 1 SI ‘C\‘} S
) /T —
N b
14 Vo ‘x‘ -——- EF
]
Il ‘ﬂ\ A ‘A\ 1 \“_ | i‘ i
ol AW i A
20 <15 -0 5 0 5 0

Fig. 7. The density of states (TDOS and PDOS) for the isolated collectors: (a) NBX™ and (b) BDTC™ collectors.

have ability to form covalent bonds on surface of PtSby mineral by of-
fering their HOMO electrons to Pt atoms and concurrently the Sb atoms
offer electrons from the 5p-orbital to the LUMO of the collectors S atoms.

3.4. Adsorption of NBX, BDTC, BTTC  And DBDTP" Collectors onto
PtSb, (100) surface.

In the microcalorimetry experiment tests, the collector reagents are
titrated on the mineral surfaces to measure the heats of adsorption and
therefore affinity of collector with the mineral surface. Usually this gives
the highest heats of adsorption at first collector addition and reduces as
more collector molecules are added signifying saturation of the mineral
surface. The highest heat of adsorption shows that the collector mole-
cule binds on the most exothermic preferred site on the mineral surface
[42]. This also predicts the performance of collectors during flotation.
Similar behaviour can be extrapolated from computational calculation
by testing different adsorption sites in order to predict and describe the
most desired site for collector molecule on the surface. In this study, ten
models for the collector adsorption on geversite (100) surface were
obtained; all in their relaxed geometries as shown in the Supporting
Information (Section SI 1.3). The relaxed most stable exothermic models
are shown in Fig. 9. Out of the ten adsorption modes, six bridging-
bidentate adsorptions of collectors were performed: [Pt1-S1, Pt2-S2];
[Sb1-S1, Pt1-S2 (F)]; [Sb1-S2, Pt1-S1 (F)]; [Sb1-S1, Pt1-S2 (N)];
[Sb1-S2, Pt1-S1 (N)] and [Sb1-S1, Sb2-S2]. Note that the Sb1-S1,
Pt1-S2 (F) bridging was between Pt and Sb atoms that are far from each
other, while the Sb1-S1, Pt1-S2 (N) bridging was between Pt and Sb
atoms that are near and bonded to each other (see Fig. S7). Furthermore,
two monodentate were explored, where only the negatively charged S2
atom of the collector anion attached to a surface Pt or Sb atoms (Sb1-S2
or Pt1-S2). In addition, the chelating-monodentate, in which both

collector S atoms were attached on the same Pt or Sb atom on the sur-
face, were investigated (S1-Sb1-S2 and S1-Pt1-S2). The adsorptions of
the collectors were initially positioned at a distance of around 2.00 A on
Pt and Sb atoms.

Table 6 shows the computed adsorption energies for the most
exothermic adsorption for each collector, while the adsorption energies
of less exothermic adsorption sites are given in the Supporting Infor-
mation (Table S2, S3, S4 and S5 of Section SI 1.3). It is shown in Fig. 9
that the bridging-bidentate on Pt and Sb was more exothermic and thus
the most preferred site for the collectors’ adsorption. The NBX was found
to give preferred stable exothermic adsorption when positioned on
Sb1-S1, Pt1-S2 (F) bridging-bidentate (see Fig. 9a). The BDTC was more
exothermic when initially adsorbed on Sb1-S2 monodentate, which
resulted in bridging-bidentate on Pt and Sb atoms (see Fig. 9b). The
BTTC and DBDTP collectors also gave an exothermic stable adsorption
when initially attached on Pt1-S2 monodentate, which also resulted in
bridging-bidentate on Pt and Sb atoms as shown in Fig. 9¢ and 9d,
respectively. Interestingly, only the DBDTP collector relaxed to Sb1-S1,
Pt1-S2 (N) bridging-bidentate, while the NBX, BDTC and BTTC collector
relaxed to Sb1-S1, Pt1-S2 (F) bridging-bidentate. It was observed that
although the NBX, BDTC and BTTC collectors were initially positioned
vertical on the surface, they relaxed to a flat position on the surface. This
indicated that they prefer a flat adsorption mode and showed strong
interaction of the hydrocarbon chain with the surface. Similar prefer-
ential flat adsorption of collectors has been recently reported on pyrite
surface [10]. Therefore, for all collectors’ adsorptions the dispersion
long-range interaction of the hydrocarbon chain with surface largely
contributed significantly to the adsorption energies.

Table 7 shows the bond lengths and angles for the collectors ad-
sorptions on the PtSb, (1 00) surface. It was noted that for all collectors
adsorption the S1 atom interacting with Sbl atom (Sb1-S1) formed a
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Fig. 8. The density of states (TDOS and PDOS) for the isolated collectors: (a) BTTC™ and (b) DBDTP" collectors.

Fig. 9. Relaxed geometries for collectors adsorption on PtSb, (100) surface: (a) NBX ™, (b) BDTC™, (c) BTTC™ and (d) DBDTP™ adsorptions.
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Table 6

Computational Materials Science 224 (2023) 112174

The adsorption energies of NBX", BDTC", BITC™ and DBDTP™ collectors adsorption on PtSb, (1 00) Surface, calculated according to equation (4).

Collector Binding Mode Egiap€V) Eja,, (eV) Ego(eV) PsapEeV) AZPE (eV) Eags. (kJ.mol ™)
NBX™ Bridging-bidentate —34628.010 -1913.526 —32715.062 4.224 -0.177 —368.82
BDTC™ Bridging-bidentate —34479.642 —1764.635 —32715.062 4.184 —0.082 —406.38
BTTC™ Bridging-bidentate —34469.811 —1755.295 —32715.062 4.264 —0.131 —371.49
DBDTP™ Bridging-bidentate —35857.495 —3143.214 —32715.062 4.137 —0.464 —362.51
which is ascribed to inclusion of dispersion correction.
Table 7

The relaxed bond length (R, in A) and bond angles (6, in deg.®) for NBX", BDTC",
BTTC™ and DBDTP™ collectors adsorption on PtSb, (100) surface.

Bond lengths and angles

Bonds NBX™ BDTC™ BTTC™ DBDTP~
R(Pt1-S2) 2.496 2.519 2.524 2.510
R(Sb1-S1) 2.772 2.634 2.688 2.584
R(C1/P-S1) 1.700 1.724 1.708 2.049
R(C1/P-S2) 1.715 1.731 1.711 2.011
6(S1-C1/P-S2) 119.34 119.44 119.72 117.77

larger bond length than the S2 atom interacting with Pt1 atom (Pt1-S2).
The C1/P—S bonds increased compared to the isolated collector models,
suggesting weaker bonds. The bond angles (S1-C1/P-S2) of the NBX,
BDTC and BTTC collector after adsorption reduced from 128.31°,
126.93° and 129.15° (isolated collectors) to 119.34°, 119.44° and
119.72° (after adsorption), which was owed to the bridging mode and
flat orientation on the surface. However, the DBDTP changed from
119.22° (isolated collectors) to 117.77° (after adsorption).

The obtained most exothermic adsorption energies follow the order:
BDTC > BTTC > NBX > DBDTP as shown Table 6 and depicted in
Fig. 10. This showed that the N-bearing BDTC collector was more
exothermic amongst the collectors. This indicated that BDTC was more
reactive and had greater ability to donate electrons to the mineral sur-
face. It was clear that the BTTC had strong binding to the surface
compared to DBDTP and therefore may replace the DBDTP in the floa-
tation of PGMs as previously reported [12]. Although the band gaps
predicted the reactivity order as (i.e. BDTC > NBX > BTTC > DBDTP),
there was a flip between NBX and BTTC, where the BTTC gave slight
stronger adsorption than NBX. This suggested that the S-bearing col-
lector (BTTC) had strong adsorption than the O-bearing collector (NBX).
This was attributed to the S-linking atom being an electron donor, while
the O-linking atom was an electron acceptor. However, it is proposed
that in the presence of water the adsorption order may be different. The
current adsorption energy of NBX (—368.82 kJ.mol ) was found more
exothermic than our previously reported adsorption energy of —324.52
kJ.mol~! for nBX adsorption on PtSby (100) surface using DFT [9],
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Fig. 10. Display the bar graph for the most exothermic adsorption energies
trend for collectors adsorption on PtSb, (100) surface.
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In comparing the adsorption energies of the full monolayer cover-
ages of HyO to that of OH", the results showed that hydroxide had
stronger adsorption than water by more than half, which suggested a
strong interaction of hydroxide on the mineral surface. In addition, this
suggested a strong probability of hydroxylation of the surface at
elevated pH. This behaviour articulate a probable barrier for adsorption
of collector on mineral surface to render hydrophobicity during flota-
tion, thus a strong collector would be required to displace these OH™
molecules. Alternatively, adjusting the pulp to lower pH would be
beneficial to reduce the probability of surface hydroxylation. However,
the comparison of the adsorption energies of the collectors to those of
full monolayer coverages of HoO and OH, it was found that the col-
lectors had stronger adsorption, which suggested a strong interaction
and ability of the collectors to overcome the barrier of the water and
hydroxide on the mineral surface during flotation. As such the compe-
tition between hydroxylation and collectors can be overcome by
adjusting the pH to acidic or neutral to favour the collector attachment
on the surface during flotation. The optimal favourable pH condition
requires experimental tests, thus this work only predict the possible
condition and reduces the extensive flotation tests.

3.5. Electronic properties of collectors and PtSby (100) surface
adsorptions.

The PDOS and Mulliken atomic charges for the adsorptions of NBX",
BDTC", BTTC and DBDTP™ collectors on the (1 00) surface are presented
and analysed. Fig. 11 shows the PDOS of the surface Pt and Sb atoms
before and after adsorption with collectors and in Fig. 12 and Fig. 13, the
PDOS of before and after adsorption of the collectors’ S atoms are pre-
sented. These properties gave detailed insights in the collector anions
adsorption electronic behaviour on the surface and therefore their
chemistry of adsorption. In Fig. 11a the Pt atoms 5d-orbital broad peak
changed at the valence band (VB), where it split largely after interacting
with DBDTP, while after interacting with NBX, BTTC and BDTC the peak
split was minimal and almost the same as before adsorption. Interest-
ingly, at the Ep, the Pt 6p-orbitals were lowered in states and the
behaviour was similar to that of the bulk Pt atoms, which was due to
formation of the six-membered group. However, due to the S atoms
being less electron donor compared to the Sb atoms, the states could not
behave exactly as the bulk model. Examination of the Sb atoms as shown
in Fig. 11b, a clear reduction in the 5p-orbitals p1 peak states was noted
at the VB. Furthermore, it was observed that the p2 peak increased in
states at the CB for DBDTP collector adsorption; while for the other
collectors there were slightly changed. It was observed that the p3 peak
slightly increased in states for NBX, BTTC and BDTC and increased more
for DBDTP (see Fig. 11b). These observations indicated that the Sb atoms
lost electrons to the collectors S atoms. Interestingly, the Er moved to-
wards the pseudo-gap at the CB suggesting stability of the adsorptions.
The collectors PDOS changes were examined as shown in Figs. 12 and
13. A clear shift of the 3p-orbitals peaks to the VB was observed and the
Er fell into the pseudo-gap, suggesting a stable adsorption. In addition,
the 3p-orbitals peaks at the Er reduced states, and concurrently shifted
down in energy towards the VB. This indicated stability bonding, and
since their states were reduced, it was suggested that they lost electrons.

The analysis of the electron gain and loss was depicted from the
atomic charges displayed in Table 8. It was shown that both Sb and
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Fig. 12. The partial density of states (PDOS) of collector S atoms before and after adsorption on PtSb, (100) surface: (a) NBX™ and (b) BDTC .

collector S atoms lost charges, while Pt atoms gained charges. The that Pt atoms gained more charges after interacting with NBX, BDTC and
charge gained on Pt atoms were 0.04|e”| after adsorption with NBX, BTTC. Further examination of the magnitude of charges lost on the Sb
BDTC and BTTC and 0.01|e”| after adsorption with DBDTP. This showed atoms, revealed that 0.14|e7|, 0.15|e7|, 0.13|e”| and 0.20|e”| charges

11



S.S. Mangwejane et al.

(@ 5 TBTIC-S20mPtl
1.0 After adsorption /)‘ ‘\‘ :
| | - Ep
0.5 N
[N \ - /’f\ﬂ
—_ 02 N A~ A —
2 BTTC - S2 I S
& Before adsorption I
g I\ p
E 2 I - FF
9
ol v
) M\ [
% 0 I\ NN N
2151 | BTTC-S1onSbl ; 5
@ After adsorption , |
G [\ p
o 1.0 1 ;‘ \ ———— Ep
2 A
Z0.5 1 NN
5 | (aV, \ AN A
Q 00 N\M —
3 |BTTC-SI \ s
Before adsorption “ p
2 I\ ok
| )
A f ‘\ N\
obhall AN ) HEACSSS= N,
-15 -10 -5 0 5 10

E-EF (eV)

Computational Materials Science 224 (2023) 112174

(b) 15 DBDTP-S2onPtl | | s
1.0 After adsorption “,“)‘w‘ \ i p
—~ [V 1 --—- Ef
> ‘/\ [7 )
205 A /J‘ Vo N
v I \
= N/ N W
0.0 Wit : e
o DBDTP - S1 on Sbl ||
L 1.5 After adsorption /| S
L [ — P
@ 1.0 | {‘ ——— Ep
s |\
= 0.5 NV N\
b PN\ S S~ M
©0.0 - ——
Z 3 DBDTP-SlandS2 | s
a Before adsorption Il o
5 5 ‘\“ P
: T —
1 o
-15 -10 -5 0 5 10
E-EF (eV)

Fig. 13. The partial density of states (PDOS) of collector S atoms before and after adsorption on PtSb, (100) surface: (a) BTTC™ and (b) DBDTP".

were lost after adsorption with NBX, BDTC, BTTC and DBDTP, respec-
tively. This indicated that the Sb atoms lost more charges after inter-
acting with DBDTP, and therefore the DBDTP was the greatest electron
acceptor. This clearly showed that the Pt atoms were electron acceptors,
while the Sb atoms were electron donors.

Table 8, also shows that there was a greater charge loss on the S2
atoms interacting with Ptl atoms than on S1 atoms interacting with Sb1
atoms. This behaviour was due to Pt atom being an electron acceptor,
while the Sb atom was an electron donor. The charges lost on the col-
lectors S1 atoms were 0.31|e7|, 0.34|e7|, 0.29|e”| and 0.33|e”| for NBX,
BDTC, BTTC and DBDTP, respectively. The charges lost on the S2 atoms
were 0.35|e7|, 0.40|e7|, 0.32|e"| and 0.41|e”| for NBX, BDTC, BTTC and
DBDTP, respectively. The computed charge sums (S1 + S2 charges) of
the electrons lost on the S atoms were 0.66|e7|, 0.74|e”|, 0.61|e”| and
0.74|e”| for NBX, BDTC, BTTC and DBDTP, respectively. This clearly
showed that BDTC and DBDTP lost more charges and the order of charge
lost decreased as: BDTC = DBDTP > NBX > BTTC. These results indi-
cated that the collectors S atoms offer their HOMO electrons to the Pt
atoms LUMO orbitals, while the Sb atoms donate their 5p-orbital elec-
trons to form a back donation covalent bond with the collectors S atoms.
It was suggested that the charge loss on the S atoms occurred in order to
form normal covalent stable bonds and some charges were localised on
the bond.

4. Conclusions

This study compared the adsorption capacity of HoO, OH", with
NBX", BDTC", BTTC™ and DBDTP™ on platinum antimonide (geversite)
(100) surface from bonding behaviour and adsorption energies using
the density functional theory with dispersion correction method. The
(100) surface was the most stable due to the lowest surface energy,
which was also complemented by Wulff morphology for the PtSb,
mineral. The partial density of states for the (1 00) surface indicated that
the Sb atoms were more active than the Pt atoms. The full monolayer
surface coverage adsorption of HyO (—42.60 kJ .mol™ 1) was found
weaker than that of OH™ (—102.35 kJ .mol’l), indicating that the OH™
had greater ability to bind on the geversite (1 00) surface. In addition the
hydroxylation adsorbed through chemisorption, while hydration was
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though physisorption on the surface. The adsorption of collectors on the
PtSb, (100) surface preferred bridging on the surface Pt and Sb atoms.
The order of adsorption energies decreased as: BDTC (—406.38 kJ.
mol™!) > BTTC (-371.49 kJ.mol™!) > NBX (—368.82 kJ.mol 1) >
DBDTP (—362.51 kJ.rnol’l), which showed that the BCTC exhibited the
strongest exothermic adsorption. Significantly, it was found that the
collectors bind stronger than water and OH™, thus the collectors may
easily displace water and OH ™, and attach on the mineral surface during
flotation. The PDOS and atomic charges after adsorption showed that
the Pt atoms gained charges, while the Sb atoms lost charges. Interest-
ingly both collectors S atoms lost charges, with the S atoms interacting
with Pt atoms losing greater charges. These results suggested that the
collectors S atoms offered their HOMO electrons to the Pt atoms LUMO
orbitals, while the Sb atoms donated their 5p-orbitals electrons to the
collector S atoms to form normal covalent bonds and back donation
covalent bonds on surface.

These results showed that the BDTC and BTTC are better collectors
for flotation of geversite mineral. Moreover, the effect of N-bearing
collector was found to improve the ability of the collector to bind onto
geversite. Significantly, the study proposed that pH must be controlled
to acidic or neutral in order to avoid strong effects of hydroxylation on
the mineral surface, and therefore favour the interaction of collectors
with mineral surface to render the platinum antimonide (geversite)
mineral hydrophobic during the froth flotation process.
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Table 8
Display the Mulliken atomic charges (|e”|) of NBX", BDTC", BITC™ and DBDTP~
collectors adsorptions on PtSb, (100) surface.

Atomic Population Charges

Collector

Atom  Adsorptions s p d Total Charge
State
NBX™ Ptl Before 098 094 9.06 10.98 —0.98
adsorption
Ptl After 0.95 1.09 8.99 11.02 —1.02
adsorption
Sbl Before 1.82 298 0.00 4.80 +0.20
adsorption
Sbl After 1.81 2.85 0.00 4.66 +0.34
adsorption
S1 Before 1.83 4.53 0.00 6.36 —0.36
adsorption
S1 After 1.85 420 0.00 6.05 —0.05
adsorption
S2 Before 1.82 451 0.00 6.33 -0.33
adsorption
S2 After 1.82 416 0.00 5.98 +0.02
adsorption
BDTC™ Ptl Before 098 094 9.06 10.98 —0.98
adsorption
Ptl After 0.95 1.09 8.98 11.02 —-1.02
adsorption
Sbl Before 1.82 2.98 0.00 4.80 +0.20
adsorption
Sbl After 1.80 2.84  0.00 4.65 +0.35
adsorption
S1 Before 1.83 457 0.00 6.41 —0.41
adsorption
S1 After 1.85 4.22 0.00 6.07 —0.07
adsorption
S2 Before 1.84 4.60 0.00 6.43 —0.43
adsorption
S2 After 1.82 420 0.00 6.03 —0.03
adsorption
BTTC™ Ptl Before 098 094 9.06 10.98 —0.98
adsorption
Ptl After 0.95 1.08 8.99 11.02 —1.02
adsorption
Sbl Before 1.82 2.98 0.00 4.80 +0.20
adsorption
Sbl After 1.81 2.86 0.00 4.67 +0.33
adsorption
S1 Before 1.83 4.47 0.00 6.30 —0.30
adsorption
S1 After 1.85 4.17 0.00 6.01 -0.01
adsorption
S2 Before 1.83 4.47 0.00 6.30 —0.30
adsorption
S2 After 1.82 415 0.00 5.98 +0.02
adsorption
DBDTP~ Ptl Before 0.98 094 9.06 10.98 —0.98
adsorption
Ptl After 0.92 1.06  9.01 10.99 —-0.99
adsorption
Sbl Before 1.82 2.98 0.00 4.80 +0.20
adsorption
Sbl After 1.78 2.83  0.00 4.60 +0.40
adsorption
S1 Before 1.88 4.87 0.00 6.75 —0.75
adsorption
S1 After 1.89 452 0.00 6.42 —0.42
adsorption
S2 Before 1.88 4.87 0.00 6.75 -0.75
adsorption
S2 After 1.86 4.48 0.00 6.34 —0.34
adsorption
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