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In this study the green (environmentally friendly) novel di-sodium 2,6-dithio-4-butyl-amino-1,3,5-Triazine
(SDTBAT) collector also known as s-triazine molecule was designed and synthesised for use in sulphide min-
erals separation. The SDTBAT adsorption was investigated on pyrite mineral surface using computational density
functional theory with dispersion correction and U-parameter (DFT-D3+U) as well as experimental methods. The
chemical adsorption behaviour of SDTBAT collector was compared with the sodium normal butyl xanthate
(SNBX) and sodium normal butyl dithiocarbamate (SNBDTC). Computationally, it was observed that the SDTBAT
adsorbed through the S and N atoms, while SNBX and SBDTC adsorbed through S atoms onto pyrite Fe atoms.
The adsorption energies followed the decreasing adsorption strength as: SDTBAT > SNBX > SNBDTC, which
suggested that the SDTBAT had strong exothermic adsorption than xanthate and DTC. The experimental micro-
flotation tests showed fast floating and higher recoveries of pyrite when using the SDTBAT collector compared to
xanthate and DTC. The XPS and FTIR analysis of pyrite-SDTBAT revealed that the SDTBAT adsorbed through S
and N atoms on Fe atoms. This clearly demonstrated that the SDTBAT was a potential collector to replace the

xanthate collector due to its high flotation power for separation of sulphide minerals.

1. Introduction

Design of collectors for sulphide minerals separations is still one of
the major challenges in the field of mineral processing and requires
fundamental understanding to attain a well performing collector that
can recover minerals efficiently. One major challenge is to design and
synthesise an environmentally friendly collector that can perform better
than the well-known xanthate collectors, which have high collecting
power but low selectivity [1]. In recent years, the search for new
chemical reagents having strong affinity and better selectivity for certain
metal ions has received attention [2]. However, this had its own chal-
lenges of running a large number of time-consuming and expensive tests.
Molecular modelling has the ability to screen potential collector mole-
cules using minimal time and resources prior to beginning full labora-
tory testing [3]. However, the flotation process is extremely complex,
with many contributing factors that are not easily probed using
computational methods. These factors have led to comparison of
computational outputs against experimental outputs.

* Corresponding authors.

Previously a study on comparisons of xanthate, dithiocarbamate and
thiophosphate on pyrite and galena has been conducted using computer
modelling and microcalorimetry method [4]. Recently, the density
functional theory (DFT) method adsorption energies has been compared
with the experimental flotation recoveries using oxycarbonyl thio-
carbamate for chalcopyrite and demonstrated good correlation between
the two methods [5]. In addition a comparison of computational with
microcalorimetry method on interaction of xanthate of increasing chain
length on dry and hydrated pyrite surface has shown that the adsorption
energies increase as the hydrocarbon chain increases, in particular for
neutral xanthate [3]. Furthermore, the DFT and experimental flotation
recoveries methods were used to investigate the separation of chalco-
pyrite and pyrite using O-isopropyl-N-ethyl thiocarbamate (IPETC),
O-isopropyl-N-diethyl-thionocarbamate (IPDETC) and S-allyl-N-die-
thyl-dithiocarbamate (ADEDTC) and also described their adsorption
mechanisms [6]. It is therefore clear that measuring computational
outputs against experimental outputs is the best method to screen
different reagents. Other collectors such as 2-mercaptobenzoxazole
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Table 1

Pyrite minerals key element contents (wt %).
Element Cu Fe S Zn Ca Mg Al
Pyrite <0.05 46.15 51.77 0.12 0.06 <0.05 0.07
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Fig. 1. . Possible tautomerization of the SDTBAT.
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Fig. 2. The pyrite X-ray diffraction (XRD) patterns.

(MBO) for chalcocite (CusS), 2-mercaptobenzothiazole (MBT) for galena
(PbS) and 2-aminothiophenol (ATP) for sphalerite (ZnS) have been
studied and have advantages since their selectivity is best at neutral pH
[7]. It has been reported that the heterocyclic compounds can form
hydrophobic complexes with many metals such as iron, copper, cobalt
and nickel [8]. This suggested that the presence of a benzene ring or
mercapto ring in collector reagents produces a highly selective collector.

The 1,3,5-triazine molecules, also called s-triazine compounds which
are a class of nitrogen-containing heterocycles with a molecular formula
of CsHsNs have not been given much attention and are potential col-
lector molecules for sulphide minerals. The available literature that
explored these type of molecules was on investigation of crosslinking of
poly(vinyl chloride) fibers with 2-dibutylamino-4,6-dimercapto-1,3,5-
triazine in the presence of sodium hydroxide and tetra-n-
butylammonium bromide (TBAB) in water [9]. Investigation of sorp-
tion and adsorption of 2,4,6-tri(20-pyridyl)-s-triazine (TPTZ) complexes
with iron(II) and ruthenium(III) on silica gel [10]. Another study used
DFT+U to investigate the mechanical, structural, electronic and
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magnetic properties of s-triazine sheet (C¢Ng) with embedded Mn atom
(Mn-CgNg) under the influence of external environment (symmetric
deformation and perpendicular electric field) and found that the
Mn-CgNg system is structurally and mechanically stable and can serve as
potential candidates for future spintronics and catalysis applications
[11]. Furthermore, a DFT study was conducted on adsorption of CO,
03, NO and CO on s-triazine-based g-C3Ny4 surface which demonstrated
that the adsorption affinity of these gas molecules followed the order of
CO2 > Oy > NO > CO [12]. A theoretical study of di-amino-triazine
(DAT, Cg4HegN1p), 1,4-bis(4-(2,4-diaminotriazine)phenyl)-2,3,5,6-tet-
rakis(4-tert-butyl phenyl) benzene adsorption on Cu(110) and Au(111)
surfaces was also previously performed [13]. It is clear that the s-triazine
compound have not been applied in mineral processing studies.

In the current research work, the computational density functional
theory with dispersion correction and U-parameter (DFT-D3+U) was
used to design the environmentally friendly di-sodium 2,6-dithio-4-
butyl-amino-1,3,5-triazine (SDTBAT) collector for separation of sul-
phide minerals and investigated its adsorption on pyrite (100) surface.
Thereafter the SDTBAT collector was synthesized and tested on pyrite
minerals through experimental micro-flotation. The SDTBAT collector
was compared to the performance of sodium normal butyl xanthate
(SNBX) and sodium normal butyl dithiocarbamate (SNBDTC). The
computed binding energies determined the affinity of the collectors with
the mineral surface. The chemical reactivity of the collectors with pyrite
surfaces was analysed from the spin-polarised local density of states and
Bader analysis charges. These properties were accompanied by X-ray
photoelectron spectroscopy (XPS) and Fourier-transform infrared spec-
troscopy (FTIR) analysis.

2. Materials and methodology
2.1. Computational methods

2.1.1. Density functional theory with dispersion correction

The density functional theory with dispersion correction and U-
parameter (DFT-D3+-U) study was carried out to investigate the pyrite
bulk and (100) surface in interaction with SNBX, SNBDTC and SDTBAT.
All calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) code [14,15]. The ion-electron interactions were rep-
resented by the projector augmented wave (PAW) method [16]. The
electron-exchange correlations were represented by the generalized
gradient approximation (GGA) with the Perdew-Wang functional
(PW91) [17]. In all calculations the spin interpolation formula of Vosko
et al. [18] was employed. All the calculations included the long-range
dispersion correction approach by Grimme [19], with Becke-Jonson
damping. The valence states were expanded in a plane-wave basis set
with a cut-off at 450 eV for the kinetic energy, which was sufficient to
converge the total energies during relaxations. The initial magnetic
moments were described with low-spin distributions in Fe on both pyrite
bulk and (100) surface. The Monkhorst-Pack grids of 8 x 8 x 8 k-points
for bulk model and 3 x 3 x 1 k-points for (100) surface were employed,
which ensured electronic and ionic convergence [20]. In order to
improve the description of localized Fe d-orbitals states in the pyrite
system, the Hubbard-U approximation was employed an approach used
by Dudarev et al. [21]. Different values of the U-parameter (i.e. 1.5-1.8
eV) were varied on pyrite bulk Fe atoms based on previous reported

SH
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Scheme 1. Synthetic route for the 2,6-dithio-4-butylamino-1,3,5-triazine (SDTBAT) collector.
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Fig. 3. Relaxed models and local density of states (LDOS): (a) FeS, bulk model, (b) FeS, bulk Fe PDOS and LDOS and (c) 2 x 2 (100) surface model.

Table 2
The surface coordination and surface energies for pyrite (100) surface.

Surfaces Surface coordination Surface energies
Fe S Jm~2

Bulk 6 4 N/A

(100) Surface 5 3 1.17

U-parameters (see Table S1) [22-24]. The resulting band gap and lattice
parameters were compared to the experimental values. It was found that
the U = 1.7 eV produced a band gap of 0.96 eV (0.95 eV) [24-26] as
determined from band structures (see Fig. S1) and a lattice vector of a =
5.406 A (5.417 10\) [27], which were in agreement with the experimental
values in parenthesis. The geometry optimizations were obtained with
the conjugate-gradient algorithm and considered converged when the
force on each ion dropped below 0.02 eV.A™!, with the self-consistency
of the electron density set to 10~° eV. In order to improve the conver-
gence of the Brillouin-zone integrations, the partial occupancies were
determined using the Methfessel-Paxton smearing with a set width for
all calculations of 0.2 eV. In order to obtain accurate electronic struc-
tures the tetrahedron method with Blochl correction smearing, with a set
width of 0.02 eV for bulk, surface and adsorbed surface calculations
were employed.

Now, in order to calculate reaction energies, the optimization of
SDTBAT, SNBX and SNBDTC models were performed in a cubic cell of
40 A, which was enough to minimize spurious mirror-image interactions
between collector molecules in adjacent supercells. The PAW pseudo-
potential, cut-off energy at gamma point and other precision parameters
as in the surface calculations were employed. Note that the sodium ions
(Na™) were included in the simulation of the collector to neutralise the
negatively charged sulphur (S7) atom/s of the collector polar site. It has
been reported that there was greater association of the Na' with S~ of
collectors such as MBT™ [28]. Furthermore, it has been recently reported
that neutral xanthate of increasing chain length adsorption on pyrite
surface using computational method gave good correlation with

microcalorimetry experiments compared to charged xanthates [3].

2.1.2. Electronic properties and energy calculations

The density of states for the isolated collectors were computed using
Gaussian smearing with a set width of 0.03 eV, since tetrahedron
method with Blochl correction smearing could not be performed at
gamma point. The charge states of the ions at the bulk, (100) surface and
adsorbed (100) surface were discussed on the basis of a Bader analysis,
an algorithm and a program developed for this purpose by Henkelman
etal. [29,30]. In this case the tetrahedron method with Blochl correction
smearing was also employed. This algorithm consists of integrating the
electron density in a region defined for each atom in such a way that the
density gradient flux through the dividing surfaces is zero [31]. The
charge density difference upon adsorption was determined by calcu-
lating the charge density for the adsorbed system (surface-collector) first
and then for the unadsorbed pyrite (100) surface and finally for the
collector molecules alone, each in the optimized geometry obtained for
the adsorbed system. The difference between the charge density distri-
bution of the adsorption system and the sum of the distribution for the
(100) surface and the collector adsorbate are based on Eq. [1] [32]:

p(Surface + Collector) — p(Surface) — p(Collector) 1)

which reveals the distribution of charge upon adsorption. The VESTA
software [33] was used to visualize the charge density difference be-
tween the collector adsorbed surface system and the unadsorbed surface
plus the collector molecule.

The relaxed surface energy was computed using Eq. [2] [34-36]:

R
ESlab - (ns]ab ) EBulk/amm

Egurf. = 2A

(2
where the total energy of the surface is given by Eg,p, the total energy of
the bulk per total number of atoms in the bulk given by Epx/atom, the
number of atoms of the surface is denoted by ng,p and the surface area is
denoted as A.

The adsorption energies (E,qs) of the collector molecules on the
surface were calculated using Eq. [3]:
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Fig. 4. The local density of states (LDOS) of pyrite (100) surface ((a) Fe1>* atoms, (b) Fe2>* atoms) and (c) Fe?* atoms molecular orbitals of bulk and (100) surface.

Table 4
The selected polar sites bond lengths (.

Table 3
Calculated Bader analysis charges (|e7|) for the pyrite bulk and (100) surface.

A) and angles (deg.”) on relaxed geometry

of isolated SNBX, SNBDTC and SDTBAT collectors.

Atoms Bulk (100) Surface

Fe 10.62 10.66 Bonds SNBX SDBDTC SDTBAT

S1 -0.32 -0.35 C4-S1 1.710 1.721 N/A

S2 -0.30 C4-S2 1.705 1.727 N/A
C2-S2 N/A N/A 1.726
C6-S1 N/A N/A 1.725

Eus. = Esiq) — (Eis) + Eiy) 3) C4-0/N 1.352 1.349 1.376

S1-C4-S2 127.25 126.09 N/A

where a negative value shows an exothermic favourable reaction be-
tween the collector molecule and the surface, whereas a positive value
reveals the opposite. The contribution of dispersion energy in all the
adsorption energy was calculated in a similar way.

2.2. Experimental methods

2.2.1. Materials and reagents

Pyrite was purchased from Hubei Province in China and its purity
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Fig. 5. The relaxed molecular geometries of the collectors: (a) SNBX, (b) SNBDTC and (c) SDTBAT.

Table 5
Calculated band gaps (eV) and Bader charges (|e"|) for the SNBX, SNBDTC and
SDTBAT collectors.

Collector Band gap S1 S2 N1
SNBX 2.696 -0.32 -0.28 N/A
SDBDTC 2.703 -0.41 -0.44 N/A
SDTBAT 2.247 -0.36 -0.41 -1.02

was characterized from X-ray diffraction (XRD) to confirm the single
phase samples. The pure minerals were handpicked then pulverised in a
ceramic ball mill, there after crushed in a porcelain mortar and dry
sieved to get particle sizes between 38 and 74 um fractions prior to the
micro-flotation. The purities of pyrite was found to be approximately

(@

4 |SNBX -1 [ .
p-PDOS l' (: S
2 H I
[
I M ! ’|
—_ O N J, “ll M‘l[ -\ J|
% 8 |SNBX-SI | l ox
Z 6 {1p-LDOS I —— py
E i [—
E 4 | pz
| =
= L0l I
8 0 Ao } L \l A
3 10 {SNBX - $2 | o
Z  |pPDOS ': kg
o s |1
E |
S’ | '1| |”| Ll |
O JUL L AW Ui AL
10 { SNBX - S2 N p—
5 T T
=
0 A M ,“.,I ‘ i A

4 -3 -2 -1 0 1 2 3 4

E-Ef (eV)

97.10% as calculated using the chemical assays of S as shown in Table 1
and the theoretical grade of S (53.33) according to Eq. (4) and also on
the basis of XRD (Fig. 2). The pyrite samples were stored at approxi-
mately 5°C in a vacuum desiccator in a refrigerator.

Chemical assay

——x 1
Theoretical grade X 100% &

Mineral purity =

The green (environmentally friendly) sodium 2,6-dithio-4-butyla-
mino-1,3,5-triazine (SDTBAT) collector reagent was synthesized in
BGRIMM Technology Group lab by adding equivalent of n-butylamine to
the dispersion of 2,4,6-trichloro-1,3,5-triazine in crushed ice at 0~5°C
with strong agitation for 1~2h; then 2 times of NaSH was added in
batches at 25~30°C for 2h and at 85°C for 3h and then acidified the
reaction mixture to precipitate the product, which yielded purity of
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Fig. 6. The partial and local density of states: (a) SNBX and (b) SNBDTC collectors.
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Fig. 7. The partial and local density of states of SDTBAT collector.

95.3% as illustrated in Scheme 1. Fig. 1 displays the possible tautome-
rization of the SDTBAT. The methyl isobutyl carbinol (MIBC) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China and was used
as the frother. The distilled water was used in the experiments.

2.2.2. Micro-flotation

The flotation performance of the SNBX, SNBDTC and SDTBAT on
pyrite mineral using micro-flotation experiments are described in this
section. In this experiment the pH for flotation process was adjusted to

Surfaces and Interfaces 38 (2023) 102820

approximately 9.0 with dilute NaOH solutions, and the frother (MIBC)
dosage was 20 mg.L ", A 40 mL plexiglass cell was used on the XFG5-35
flotation machine for the micro-flotation tests of pyrite minerals. The
agitation speed was set at 1752 r.min"'. The flotation test began by
addition of collector and then the MIBC frother to the slurry each after
two minutes (2 min) of stirring. The mineral recoveries were collected
for 4 min. The recovered concentrates were collected and dried in an
oven and afterwards weighed and then the percent recoveries were
computed from Eq. (5).

Mass of mineral in concentrate < 100% )

R %) =
ecovery (%) Mass of mineral in feed

Finally, the recovery of the froth products was used to assess the
flotation performance of the collectors on pyrite minerals.

2.2.3. XPS analysis

Thermo Scientific K-Alpha+ instrument (Thermo Fisher, USA) with a
mono Al-Ka excitation source (hv = 1486.6 eV) measurements for X-ray
photoelectron spectroscopy (XPS) was used for surface chemical anal-
ysis on pyrite before and after SDTBAT treatment. Similar method was
adopted in previous study [6]. A total of 2.0 g of pyrite and 30 mL of
distilled water were added into a 100 mL conical flask with or without
2.0 mg.L™! dosage of SDTBAT. The solution was stirred at room tem-
perature (25°C) for 30 min in a thermostatic oscillator and thereafter the
mineral samples were filtered, washed with distilled water, dried, and
then loaded to XPS analysis. In the XPS measurements, the vacuum in
the analytical chamber was 5 x 10~ mbar. The XPS survey scans were
conducted between 0 eV and 1200 eV with pass energy of 150.0 eV and a
step size of 1.00 eV. The high-resolution XPS with pass energy of 50.0 eV
and a step size of 0.10 eV was performed over five scans. The 284.8 eV of
C 1s was used as the calibration binding energy (B.E.).

2.2.4. FTIR analysis

Fourier-transform infrared spectroscopy (FTIR) spectra was recorded
by an iS10 FT-IR spectrometer in the range of 500-4000 cm ™ through
KBr pellets at room temperature (25+1°C). The treated pyrite samples
were prepared as follows: 1.0 g pyrite samples with particle size of less
than 5 ym were placed into 30 mL SDTBAT solution with a concentration
of 20.0 mg.L ! at pH of around 9.0 and stirred for 30 min. Thereafter the

350
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55.16 53.79

E,g & Eg, (CkJ.mol-)
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Dispersion Energies
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Fig. 8. Bar graph displaying the most exothermic adsorption and dispersion
energies trends for SNBX, SNBDTC and SDTBAT collectors adsorption on pyrite
(100) surface.

Table 6

The adsorption and dispersion energies (kJ.mol ™), and bond lengths (A) of SNBX, SNBDTC and SDTBAT adsorption on pyrite (100) surface.
Molecule Eads. Edisp. Chain Head adsorption Fel-S1 Fe2-S2 Fe3-N1
SNBX -167.89 -40.75 vertical bidentate binuclear 2.305 2.290 N/A
SNBX -186.10 -53.79 flat bidentate binuclear 2.297 2.285 N/A
SNBDTC -163.07 -41.98 vertical bidentate binuclear 2.309 2.297 N/A
SNBDTC -181.39 -55.16 flat bidentate binuclear 2.329 2.282 N/A
SDTBAT -269.13 -63.64 vertical tridentate trinuclear 2.320 2.257 2.140
SDTBAT -292.33 -78.13 flat tridentate trinuclear 2.324 2.327 2.108
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Fig. 9. Relaxed geometries of collectors’ adsorption on pyrite (100) surface: (a) SNBX (vertical), (b) SNBDTC (vertical) and (c) SDTBAT (vertical), (d) SNBX (flat), (e)

SNBDTC (flat) and (f) SDTBAT (flat) adsorptions.

treated pyrite samples were filtrated and dried under vacuum for 24h.
Finally, the SDTBAT collector, the treated and untreated pyrite samples
were used to measure their FTIR spectra.

3. Results and discussion
3.1. Pyrite bulk and (100) surface models and electronic properties

The relaxed bulk model of pyrite (FeSy) with space group symmetry
of Pa-3 (Fig. 3a) was used to cleave the 2 x 2 (100) surface (Fig. 3b).
Pyrite was defined as a low-spin, where the Fe?* d-orbital splitting were
occupied in the order of tgg and eg, as adopted in this study. The surface
terminations without dipole were adopted in the study. The 2 x 2 (100)
surface model was composed of 12 atomic layers and the periodic cells
of 10.811 x 10.811 x 39.352 A was used and possessed a vacuum slab
separation of 30 A in order to avoid interaction between the collectors
and the mirror image surface. In the adsorption system the bottom six
layers (6L) were kept fixed to bulk coordinate, while the top six layers
(6L) were relaxed and allowed to interact with the collectors. Table 2
shows the calculated surface energy for pyrite (100) surface which
illustrated the effect of the DFT-D3+-U.

The computed local density of states (LDOS) of the pyrite bulk and
(100) surface are shown in Fig. 3b, where a clear contribution of the tag
(dxy, dyz, dxz) and eg (dz2, dz%-y?) to the d-orbitals partial density of
states (PDOS) is displayed. For the bulk model it is clear that the tag
orbitals are fully occupied, while the ey orbitals have the dz? orbital
partially occupied, while the dx-y? orbital is empty. It was noted that
the dyz have higher states compared to the dxy and dxz orbitals, which

demonstrated that the partial occupation of the dz? was largely from dxy
and dxz orbitals as shown in Fig. 3b. This suggested that there was some
intrinsic mixing of the dz? with dxy and dxz orbitals, and clearly the dz?
and dx?-y? were non-degenerate with the dx?-y? higher in energy and
did not hybridise with any orbitals (see Fig. 3b). At the (100) surface, the
Fe atoms d-orbitals degeneracies within the tag and eg states clearly were
lost as a consequence of the lower bonding symmetry from distorted
octahedral coordination to 5-coordination roughly square-pyramidal
[37]. Previously, it was reported that the square-pyramid was
composed of dx?-y? and dz? as the o orbitals in the eg, and dxy, dxz and
dyz as the n orbitals in the tog [6]. These were also previously outlined by
Chen [38]. The o orbital are unoccupied orbitals, while the & orbitals are
electron pairs. These were discussed based on theory and partial density
of states. However, the current results based on LDOS clearly depict a
different behaviour from our previous report [6].

The LDOS as displayed in Fig. 4a and b, clearly showed that the (100)
surface possessed two different Fe atoms namely Fel and Fe2. The dz?
orbital of Fel atoms lowered in energy and overlapped into the tag or-
bitals and was fully occupied, while the dxy orbital had almost zero
states and therefore empty (see Fig. 4a). The Fe2 atoms had the mixing
of the dz? and dxz orbitals and were equally occupied, which suggested
that they shared the two electrons as shown in Fig. 4b. These were also
demonstrated by the molecular orbital in Fig. 4c. Moreover, the anti-
bonding orbitals (LUMO) of the Fe2 atoms were largely from the dxz and
dz? orbitals. The Fe2 atoms dxy and dyz were fully and equally occupied.
On both Fe atoms (Fel and Fe2) the dx?-y? orbitals were empty and did
not form any hybridisation. This suggested that there is a shift of Fe dz?
states to higher energy and a slight destabilization of dxz and dyz states
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Fig. 10. The local density of state (LDOS) of pyrite (100) surface adsorbed with SNBX collector: (a) Fel ty; and e; LDOS and (b) Fe2 tg and ey LDOS, before and

after adsorption.

relative to dxy. Significantly, the location of the dxy at higher energy
than dxz and dyz was previously reported [39]. Furthermore, Based on
the behaviour of the Fel and Fe2 atoms d-orbitals it was suggested that
the low spin property of bulk pyrite (Fe d® could be converted to
high-spin (unpaired) at the (100) surface as seen on Fe2, while Fel
maintains the low-spin (paired), and such was previously proposed by
Bronold et al. [39]. These observations suggested that in the surface
adsorption, for Fel atoms, the dyz and dz? will be the most probable
HOMO orbitals, while for Fe2 atoms the dxy and dyz will be the HOMO
orbital. The LDOS have demonstrated that the dyz were the most active
orbitals and will participate significantly in the hybridisation reactivity
of the surface with collectors’ p-orbitals. These insights have unravelled
the contribution of the ty; and e; orbitals to the summed d-orbitals
PDOS. The TDOS of the bulk and LDOS of the S atoms both on bulk and
(100) surface are shown in the supporting information Fig. S2.

The computed Bader charges of the bulk and (100) surface are shown
in Table 3. Although the Fe atoms displayed different LDOS behaviour
on the surface, their Bader charges are the same. However, the S atoms
on the bulk gave two different Bader charges, which were attributed to
the effect of the Fe atoms. On the (100) surface it was found that the S
atoms possess the same Bader charges.

3.2. Isolated xanthate, dithiocarbamate and s-triazine molecular
geometries and electronic properties

The SNBX, SNBDTC and SDTBAT models were relaxed in isolation
and their relaxed bond lengths are shown in Table 4. The main focus was
on the centre of reactivity C-S group atoms of the collectors. As shown in
Fig. 5, the C4-S1 possessed a double bond and the C4-S2 possessed a
single bond on SNBX and SNBDTC. In addition the C-S bonds of SDTBAT
were single bonded. The negative charge on the S atoms forming single
bonds was neutralised by the sodium (Na™) cation. Table 4 shows that

the C4-S1 and C4-S2 bond lengths on SNBX were shorter thus more
stable than those in SNBDTC. The C4-S2 bond was shorter than the
C4-S1 bond on SNBX, while on SNBDTC the C4-S2 bond was longer
than the C4-S1 bond. The C6-S1 and C2-S2 bond lengths on SDTBAT
were almost equal and similar to those of SNBDTC. In particular the
SDTBAT C-S bond lengths were almost equal to that of C4-S2 single
bond for SNBDTC, which showed the effect of nitrogen atoms in the C-S
bonds. This suggested that SDTBAT will be more reactive than SNBDTC
due to the s-triazine group. The N atoms will be responsible for the
strong reactivity of SDTBAT, since the N atoms donates electron density
towards the C atom and therefore induce strong reactivity of the S atoms
with mineral surface as previously reported [6].

Table 5 depicts the reactivity of the xanthate, dithiocarbamate and s-
triazine collectors from the Bader charges. The adsorption strength of
thiol collectors was based on the electron density on the centre-of-
reactivity atom (i.e. S and N atoms), such that the atom with more
negative charges will have the strongest adsorption (more exothermic).
The atomic charges on the S1 and S2 atoms, as shown in Table 5, indi-
cated more negative charge on SNBDTC, amongst the collectors. How-
ever, the SDTBAT N1 atoms possessed greater negative charges and
therefore the N1 will have more influence in strong reactivity of the
SDTBAT. As such the electronegativity decreased in the order: SDTBAT
> SNBDTC > SNBX. This indicated that the SDTBAT had the highest
probability to bind stronger on the surface and thus may have better
flotation performance.

The total density of states (TDOS) shown in Fig. S3, together with the
partial density of states (PDOS) and local density of states (LDOS) in
Figs. 6 and 7 displays a direct band gaps for the collectors shifted to-
wards the conduction band (CB). A molecule with the lowest band gap or
small gap between HOMO and LUMO (H-L) was previously defined as
more reactive than a molecule with a large gap [40]. The band gaps were
determined from the TDOS (see Fig. S3) of the collectors as also



P.P. Mkhonto et al.

(a)

|
Ls | | (Fel g -LDOS dxy
v Before adsorption | —— dyz
1.0 i dxz
0.5 == b
0.0 Pl on stap, M
> 5 Fel with SNBDTC dicy
2 - S1 After adsorpllon dyz
g dxz
g 11 -—— Ef
=
s b Ml
= Fe 1 e,-LDOS
A 1.5 1 Before adsorption dz
o ] T dxT-y
2 1.0 L
2 05
é) 0 0 ‘ (o on sl Mo -,
‘ {Fel with SNBDTC )
3 1 “ - S1 =
5 | | |Afler adsorption |~ dx“-y
| \‘ MU : -—— Ef
”H \ \\ | \
| ,“ W NS st
0 L4 , y g ;
-1 0 1 2 3

E-Ef (eV)

Surfaces and Interfaces 38 (2023) 102820

b ] T
®) 15 [Fe2 1,,-LDOS oy
1.0 - ,Before a(#sor'ptlon — dyz
| [ — dxz
0.5 | ) H -—— Ef
[ "Wl
0.0 ' oo idandin
_ IFe2 with SNBDTC | dxy
Z 3 I S2 Afteq Wsorptlon dyz
5 2 \ | i dxz
% 1 | “\‘H | :
L AR AV “ Jb ‘
8
s |Fe2 e LDOS I
bl 1.0 Beforeladsorptmn“l ‘
2 , | ,
Z 0.5 “ ‘ll‘ﬁ Mﬂ‘ i U“ ——— Ep
5} P (N
[ ,1“/\“\“) ‘wlb‘\u\: | Ll ‘l P A AN
0.0 1 \l i =
2.0 1 i Fe2 with SNBDTC
15 | dz’1.S2 After
1'0 : — dxz-y' adsorptiﬂ)n
' f| Mn\ — % | | I
0.5 1 ‘lu‘ ‘J Wh, ‘ "\ Ml U‘R \\
0.0 -« ” . NIANV.Y. V . iR WA
-1 0 1 2 3
E-Ef (eV)

Fig. 11. The local density of state (LDOS) of pyrite (100) surface adsorbed with SNBDTC collector: (a) Fel ty, and e; LDOS and (b) Fe2 tg and e; LDOS, before and

after adsorption.

displayed in Table 5, which were found as 2.969 eV, 2.703 eV and 2.247
eV for SNBX, SNBDTC and SDTBAT, respectively. These results sug-
gested that SDTBAT would be more reactive than SNBX and SNBDTC
and the reactivity decreased in the order: SDTBAT > SNBX > SNBDTC.

In Figs. 6 and 7, the PDOS and LDOS of the SNBX, SNBDTC and
SDTBAT S1, S2 and N1 atoms were examined and it was clear that they
dominated the Fermi energy (Er) with the highest states. These exami-
nations depicted the contribution of the px, py and pz orbitals to the p-
orbitals of the collectors. From the analysis of the LDOS it was clear that
the pz and px were at the same energy just below the Eg, with pz higher
in states than px on S1 and S2 atoms of SNBX and SNBDTC collectors
(see Fig. 6), of which constituted the HOMO orbitals. The second
occupied molecular orbital (SOMO) was clearly the py orbitals. How-
ever, on S1, S2 and N1 atoms of SDTBAT (Fig. 7), the py was the HOMO
orbitals, while the px and pz, were the SOMO orbitals, with pz higher in
states than px orbitals. These findings suggested that the collectors may
offer their S atoms HOMO electrons to Fe atoms having (tzg)s(eg)“Fe(H)
configurations to form normal covalent bonds or back-donation covalent
bonds on the surface of sulphide minerals [41].

3.3. Collector adsorptions on pyrite (100) surface

The adsorption of the collectors on pyrite (100) surface was initiated
by positioning the collectors S atoms at approximately 2.00 A on the Fe
atoms, which has been found as the preferred stable adsorption site [3].
Two distinct adsorption modes were performed: 1) vertical and 2) flat
adsorptions. The adsorption energies and dispersion energies are dis-
played in Table 6 and the most stable exothermic energies depicted in
Fig. 8. The relaxed adsorption structures are shown in Fig. 9, where it
was observed that the collector preferentially chemisorbed on the Fe
atoms and formed stable six-membered Fe complexes. For all collectors

i.e. SNBX, SNBDTC and SDTBAT collector adsorptions, the most fav-
oured adsorption mode was the flat mode bonding in bidentate binu-
clear for SNBX and SNBDTC (Fig. 9d and e) and tridentate trinuclear for
SDTBAT (Fig. 9f). The calculated energies for the most stable exothermic
adsorptions were E,gs = —186.10 kJ. .mol ™}, including Eg;sp = —53.79 kJ.
mol ™ for SNBX, and Epgs = —181.39 kJ.mol ', including Egisp = —55.16
kJ.mol ! for SNBDTC. The flat adsorption of SNBX produced the col-
lector S atoms and surface Fe atoms bonds of Fel—S1 = 2.297 A and
Fe2—S2 = 2.285 f\, while the SNBDTC established Fel —S1 = 2.329 A
and Fe2—S2 = 2.282 A bonds (Table 6). The SNBX was less exothermic
with shorter Fe—S bond length than the previously reported PNBX on
pyrite surface [3]. The Fe—S bond lengths of SNBX flat adsorption on
average were shorter than those of SNBDTC flat adsorption, which
indicated strong bonding of SNBX as depicted from the adsorption
energies.

Furthermore, there was very little difference in the adsorption en-
ergies of SNBX and SNBDTC which indicated that the bonding was
mainly though the S atoms and Fe atoms. This suggested that the pres-
ence of water would be crucial to detect a clear adsorption capacity
difference between the two collectors. The S1-C4-S2 bond angle for flat
SNBX and SNBDTC adsorptions were found to increase to 132.62° and
130.90° after adsorption, respectively. The vertical adsorptions of SNBX
and SNBDTC also resulted in bidentate binuclear bonding (Fig. 9a and
b). As expected the dispersion energies for the flat adsorption were more
exothermic than the vertical adsorption (see Table 6). In addition the
dispersion energies of SNBDTC were more exothermic than for SNBX in
both vertical and flat adsorption. This clearly indicated that there was a
strong interaction between the hydrocarbon chain and the surface
resulting in strong long-range dispersion energies. Furthermore, the
strong dispersion energies of SNBDTC compared to SNBX was ascribed
to the N—H atoms having strong interaction with the surface compared
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to the oxygen atom on SNBX.

The tridentate trinuclear bonding of SDTBAT flat adsorption mode
through S and N atoms on the surface (Fig. 9¢ and f), resulted in most
stable exothermic E,qs = —292.33 kJ .mol’l, including Egjsp = —78.13
kJ.mol ! (Table 6). It is clear that the adsorption and dispersion energies
of flat adsorption were more exothermic than for vertical adsorption.
This demonstrated the effect of dispersion interaction of the hydrocar-
bon chain with the surface. Furthermore, the adsorption and dispersion
energies of SDTBAT were more exothermic than for SNBX and SNBDTC
with pyrite surface (see Fig. 8). The vertical adsorption of S and N atoms
of SDTBAT on surface Fe atoms produced bonds of Fe1—S1 = 2.320 A,
Fe2—S2 = 2.257 A and Fe3—N1 = 2.140 A, while flat adsorption formed
Fel-S1 = 2.324 A, Fe2—S2 = 2.327 A and Fe3—N1 = 2.108 A bonds
(Table 6). Although the vertical SDTBAT adsorption had strong Fe—S
bond lengths than the flat adsorption, the Fe3—N1 bond was stronger for
the flat adsorption than vertical adsorption. This showed that the N1
atom and the dispersion interaction had strong effect in strong adsorp-
tion of SDTBAT in a flat mode than vertical mode. The shorter Fe3-N1
bond length than the Fe—S bonds may be ascribed to the electronega-
tivity of the N1 atom, thereby donating more electrons than the S atoms.
This bonding behaviour clearly demonstrated the strong binding of the
SDTBAT collector on pyrite (100) surface. In addition the s-triazine
group also had strong dispersion interaction with the surface. This
clearly revealed that the s-triazine collector (SDTBAT) was a better
collector than the xanthate and dithiocarbamate collectors. This sug-
gested that SDTBAT may be highly powerful in the flotation of pyrite
and its flotation performance will be discussed in the micro-flotation
section.
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3.4. Electronic properties of collectors adsorption on pyrite (100) surface

The LDOS for the adsorption of the SNBX, SNBDTC and SDTBAT
collectors on the pyrite (100) surface were computed to gain more
insight into their electronic behaviour. Figs. 10 and 11 shows the LDOS
of pyrite Fe atoms before and after adsorption. The description of surface
and molecules chemistry of interaction has always been described from
summed PDOS, which are constituted by the LDOS. Therefore in the
current study the description was analysed in depth from the LDOS for
both surface Fe and collector S atoms. For Fel atom, as shown in
Fig. 10a, the tog orbitals eg orbitals hybridised with the p-orbitals of the
SNBX S1 atom. It was observed that the dxy did not change and was
almost at zero states, while the dyz, dxz and dz? increased in states, with
the dxz dominating just below the Ep with higher states than the dyz.
Significantly the dyz and dz? displayed the highest states sharp peaks
shifted towards the Eg, with the dz? peak higher in states. This behaviour
demonstrated that the dxz was the most active orbital. Furthermore,
there was electron gain largely in the dxz and dz? orbitals. In Fig. 10b it
is shown that the Fe2 LDOS tyg and eg orbitals mixed with SNBX S2 atom
p-orbitals. In this case the dxy and dz? clearly increased in states largely
and were shifted towards the Ep. The dxy displayed the highest states
sharp peak, while the dz? displayed the highest states sharp peak just
below the Ep and therefore illustrated that they have strong hybrid-
isation with the S2 of SNBX collector. It was noted that the dz2 LUMO
splitting peaks were shifted to higher energy.

The Fel atom tzg and eg orbitals hybridisations with the p-orbitals of
the SNBDTC S1 atom are shown in Fig. 11a. For this adsorption the dxy
did not change and still at almost zero states, while the dyz, dxz and dz?
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after adsorption.

increased in states, with the dxz dominating just below the Ep.This
demonstrated that there were electron gains in the dyz, dxz and dz?
orbitals. As shown in Fig. 11b the tag and e; orbitals for Fe2 atom
interacted with SNBDTC S2 atom p-orbitals. It was clearly noted that
also in this interaction the dxy and dz> dominated just below the Eg. This
illustrated that there was greater electron gain in the dxy and dz? which
were the most active orbitals and strongly hybridised with the p-orbitals
of S2 atom of SNBDTC collector. A sharp LUMO peak of dxz was noted
which increased in states at around 1.5 eV. The dz? LUMO splitting
peaks were shifted to higher energy.

The SNBX S atoms p-LDOS as shown in Fig. 12a display electron loss,
due to reduced states. For SNBX S1 atoms the py and pz orbitals largely
reduced states to almost zero, while the px displayed a sharp peak just
below the Eg. Moreover, the pz reduced to zero states at the valence band
(VB). Based on the behaviour established on the Fel atoms where
electrons gains were largely on the dyz, dxz and dz? orbitals, this
emanated from a strong mixing of the dyz, dxz and dz? orbitals with
SNBX S1 atoms, py and pz orbitals. This was because the orbitals are
pointing in the same y and z directions. The SNBX S2 atom in Fig. 12a
clearly showed that the py was largely reduced in states compared to px
and pz, with py at almost zero states at the VB. This also indicated
electron loss towards the Fe2 atom. Also in this case, as it was observed
that the Fe2 atoms accepted electrons into the dxy and dz?, the SNBX S2
atoms clearly lost electrons from the px and py largely, which were
deposited into the dxy, while those from pz were deposited into the dz?
orbitals. This was also ascribed to the orbitals directions.

The SNBDTC S atoms p-LDOS as shown in Fig. 12b clearly indicated
that there was electron loss, due to reduced states. For SNBDTC S1
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atoms, the py and pz orbitals have largely reduced states compared to
px, with the pz at zero states indicating greater electron loss. From the
analysis of the Fel atoms LDOS, it was clear that there was a strong
mixing of the dyz, dxz and dz? orbitals with px, py and pz orbitals of the
SNBDTC S1 atom. This occurred due to orbitals pointing in the same y
and z directions. And therefore, the px and py have transferred electrons
into the dxz and dyz orbitals, while the pz transferred into the dz? or-
bitals, respectively. The SNBDTC S2 atom in Fig. 12b clearly showed
that the py was largely reduced in states compared to px and pz, with py
at almost zero states in the VB. This also indicated electron transfer
towards the Fe2 atom.

The surface Fe atoms tag orbitals eg orbitals hybridisations with the p-
orbitals of the SDTBAT S atoms are shown in Figs. 13 and 14a. Note that
Fel and Fe3 atoms had the same LDOS behaviour before adsorption on
the surface. In the adsorptions, the Fel interacted with S1 (Fig. 13a),
while Fe3 interacted with N1 (Fig. 14a) and therefore the behaviour
would change. For both Fel and Fe3 atoms the dxy did not change and
was still at almost zero states, while the dyz, dxz and dz? increased in
states. Also for Fel atoms the dyz was higher in states than the dxz, while
on Fe3 the dxz was higher in states than the dyz, both with a sharp peak
at around -0.4 eV. This suggested that a large electron gain in the dyz
and dz? for Fel was eminent, while Fe3 atom largely lost electrons from
the dyz and dz? orbitals. In Fig. 13b, the tog and eg orbitals for Fe2 atom
adsorbed with SDTBAT S2 atoms showed that the dxy and dz? domi-
nated just below the Eg. Furthermore, the dxy was higher in states which
illustrated greater electron gain in the dxy from the S2 atom of SDTBAT
collector. In this adsorption the Fe2 atom LUMO (dxz and dz?) splitting
peaks in the conduction band (CB) were shifted to higher energy.
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Fig. 14. The local density of state (LDOS) of pyrite (100) surface and SDTBAT collector: (a) Fe3 ty, and e; LDOS and (b), SDTBAT S1, S2 and N1 p-LDOS, before and

after adsorption.

The SDTBAT S atoms p-LDOS are shown in Fig. 14b and have
reduced states after adsorption which indicated electron loss. The
adsorption of SDTBAT S1 atoms resulted in py and pz orbitals largely
reduced states, which indicated greater electron loss. From the analysis
of the Fel and S1 atoms LDOS, it was clear that there was a transfer of
electrons from the SDTBAT S1 py and px towards the dyz and dxz or-
bitals and from the pz towards the dz? orbitals. The SDTBAT S2 atom in
Fig. 14b clearly showed that the py largely reduced to almost zero states
at the VB. This also indicated electron transfer from S2 px and a greater
transfer from py towards the dxy orbitals, while the pz transferred to-
wards the dz? orbitals of the Fe2 atom. The SDTBAT N1 atom p-LDOS
displayed a greater reduction of py and pz to almost zero states at the VB.
This indicated that there was a greater hybridisation of the N1 py and pz
with Fe3 dyz and dz? orbitals, respectively. Interestingly, before
adsorption the px was almost at zero states, but after adsorption it had
higher states than py and pz orbitals. In all adsorption of the collectors,
the S atoms were characterized by large LUMO splitting peak at the CB,
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while the Fe atoms were characterised by reduced peaks at the CB,
which demonstrated electron loss and gain, respectively. In addition the
transfer of electrons from the collectors S atoms towards the Fe atoms
indicated normal covalent bonding.

In Fig. 15 the charge density difference clearly depict the positive
electronic clouds which accept electrons on the bond between the Fe
atoms and S and N1 atoms, while the negative electronic clouds which
donate electrons was on Fe, S and N1 atoms. This clearly illustrated
sharing of electrons/charges and therefore formation of normal covalent
bonding and possibly a back-donation covalent bonding of the collector
on the pyrite Fe atoms. Table 7 shows the Bader charges in order gain
more insights into electron donation and acceptance between the sur-
face Fe atoms and collector S and N1 atoms. In all collector adsorptions,
the S atoms adopted less negative charges, while the Fe atoms adopted
less positive charges, which indicated charge loss and charge gain,
respectively. However, the Fe3 was found to lose charges, with a gain of
charges on N1 atom for SDTBAT adsorption. For SNBX adsorption, the
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Fig. 15. The sketch of isosurface charge density difference of collector adsorption on pyrite (100) surface: (a) SNBX (isosurface level = 0.003 e;\'3) and (b) SNBDTC
(isosurface level = 0.003 ef\’3) and (c¢) SDTBAT (isosurface level = 0.003 e;\’g). Cyan represents positive electronic clouds which accept electrons and blue stands for

negative electronic clouds which donate electrons.

Table 7
Bader charges of SNBX, SNBDTC and SDTBAT collector S atoms and Fe atoms of
the FeS, (100) surface, before and after adsorption.

Bader charges (Je’])

Adsorption state Atom SNBX SNBDTC SDTBAT
Before Adsorption Fel +0.66 +0.66 +0.66
After Adsorption Fel +0.65 +0.65 +0.65
Before Adsorption Fe2 +0.66 +0.66 +0.66
After Adsorption Fe2 +0.64 +0.64 +0.63
Before Adsorption Fe3 +0.66 +0.66 +0.66
After Adsorption Fe3 N/A N/A +0.71
Before Adsorption S1 -0.32 -0.41 -0.36
After Adsorption S1 -0.08 -0.14 -0.27
Before Adsorption S2 -0.28 -0.44 -0.41
After Adsorption S2 -0.21 -0.30 -0.30
Before Adsorption N1 N/A N/A -1.02
After Adsorption N1 N/A N/A -1.11
100
—e— SNBX
g0 | —*— SNBDTC
— —e— SDTBAT
e
S
- 60 1
@
>
S 40 1
]
&
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Fig. 16. Micro-flotation recoveries of pyrite at different dosages of SNBX,
SNBDTC and SDTBAT collectors.

S1 lost 0.24|e7| and S2 lost 0.07|e7|, while Fel gained 0.01|e"| and Fe2
gained 0.02|e”| charges (Table 7). This clearly showed a greater charge
loss on the SNBX S1 atom towards Fel atom. In the case of SNBDTC
adsorption, the S1 lost 0.27|e"| and S2 lost 0.14|e”|, while Fel gained
0.01|e”| and Fe2 gained 0.02|e”| charges (Table 7). Also in this
adsorption, the SNBDTC S1 lost greater charges towards Fel atom.
The adsorption of SDTBAT, depicted that S1 lost 0.09|e”| and S2 lost
0.11|e7| charges, while Fel gained 0.01|e”| charges and Fe2 gained
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0.03|e7| charges. Furthermore, the N1 atoms gained 0.09|e”| charges,
while Fe3 lost 0.05|e7| charges (see Table 7). This showed that the Fe3
atom transferred charge towards N1 atom. The sum of the charges lost
on the S atoms, i.e. $14S2 were found as: 0.31|e”| for SNBX, 0.41|e"| for
SNBDTC and 0.20|e"| for SDTBAT. This clearly showed that SNBDTC
lost more charges amongst the collectors. The strong binding of SDTBAT
on the pyrite surface was ascribed to the charge transfer from the Fe3
atom to the N1 atom. The charges were largely localised on the bond as
noted from the charge density difference that the positive electronic
clouds which accept electrons was largely on the bond (see Fig. 15). This
demonstrated that the collectors adsorb through covalent bonding on
pyrite (100) surface.

3.5. Micro-flotation tests

The final recoveries obtained from micro-flotation at different dos-
ages for each collector were calculated according to Eq. (5) as displayed
in Table S1 and shown in Fig. 16. The recoveries demonstrated the
flotation performance of the SNBX, SNBDTC and SDTBAT collectors for
pyrite mineral at the pH = 9.0. The trends of the recoveries were
consistent with the predictions based on the computational adsorption
energies. Most importantly the green SDTBAT exhibited better flotation
performance with high pyrite recoveries of about 70% at 15 mg.L™!
dosage and could reach 90% at 20.0 mg.L™! dosage. However, at 5.0 mg.
L! dosage SNBX produced higher pyrite recoveries than SNBDTC and
SDTBAT. Significantly, at 10 mg.L™} dosage the SDTBAT increased in
recovery to above 60% and almost matched that of SNBX, while that of
SNBDTC was around 11% recovery (Fig. 16). This demonstrated that at
higher dosages, the SDTBAT surpasses the SNBX in performance.
Although the computational adsorption energies and prediction showed
that SDTBAT was more reactive and adsorb stronger compared to SNBX
on pyrite, the flotation experiment revealed the flotation power of
xanthates at low dosages, in particular at dosage of 5.0 mg.L™ . This
indicated that in order to validate the computational work, experiments
were crucial. The SDTBAT was found to be a better collector than SNBX
and SNBDTC as the dosages increases, which is ascribed to the s-triazine
group. This suggested that all collectors required higher dosages to float
pyrite to above 60%, although SNBDTC performance was poor, with
recoveries of up to 32%. This showed that SNBDTC had poor flotation
power. The SDTBAT was found to have high flotation power and was
proposed as the best collector to compete with the xanthate.

3.6. XPS and FTIR analysis

In order to better understand the adsorption of the SDTBAT collector
on pyrite surface, the high-resolution XPS spectra of the pyrite surface
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Fig. 17. The XPS analysis of before and after adsorption of SDTBAT collector: (a) Survey XPS spectra of pyrite and (b) High-resolution XPS spectra of Fe 2p.
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Fig. 18. The high-resolution XPS spectra of before and after adsorption of SDTBAT collector: (a) S 2p and (b) N 1s.
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before and after adsorption with SDTBAT were also analysed and of
various atoms, among which the spectra of Fe 2p, S 2p and N 1s are
shown in Figs. 17-19. An obvious N 1s peak appearing in the XPS
spectrum of pyrite after adsorption was noted as shown in Fig. 17a,
which indicated that the SDTBAT collector adsorbed on the surface of
pyrite owing to a large amount of N elements in SDTBAT collector.
Clearly in Fig. 17b, the binding energy of Fe 2p of pyrite moved to the
low-energy direction after adsorption, which indicated that after
adsorption of the SDTBAT collector, Fe atom accepts electrons from the
S atoms of SDTBAT collector. Furthermore, the absorption peak at 1632
cm™! was for C-N stretching vibration, and the absorption peak at 1471
cm™! was for s-triazine characteristic. Meanwhile, the characteristic
absorption peak of sulfhydryl group at 2538 cm™ disappeared, which
also confirms that the SDTBAT collector chemically bonded with the Fe
atom through S and N atoms in collector structure. This resulted in an
increase in its electron density and a decrease in its binding energy, thus
demonstrating that the SDTBAT collector molecules chemically adsor-
bed on pyrite surface. Similar bonding behaviour was found from the
computational adsorption analysis.

From Fig. 18a, three S 2p peaks (162.5 eV, 163.7 eV and 168.9 eV)
were observed in the high-resolution XPS spectra of pyrite before
adsorption, of which the first two were from S element in pyrite (162.5
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eV, 163.7 eV), while the peak at 168.9 eV was from the oxidized S atoms
on pyrite surface. A new S 2p peak at 164.8 eV on pyrite surface after
adsorption was noted, which emanated from the S atoms of the SDTBAT
collector. However, it retained the characteristics of S atoms peaks on
pyrite. These findings proved that the SDTBAT collector adsorbed on
pyrite surface.

In Fig. 18b, one N 1s peak at 399.0 eV of pyrite before adsorption was
noted and attributed to Ny pollution during the testing process. The
same peak at 399.0 eV still existed after adsorption. Significantly, three
new N 1s peaks at 401.1 eV, 399.9 eV and 398.3 eV appeared after the
adsorption of SDTBAT collector, which emanated from three kinds of N
atoms in the SDTBAT collector molecule (as shown in Fig. 1). This
indicated that the SDTBAT collector adsorbed on the pyrite surface.

It was clear in Fig. 19 that after the interaction of pyrite with SDTBAT
collector, several obvious characteristic absorption peaks of SDTBAT
collector on pyrite surface emerged, which proved that the SDTBAT
collector successfully adsorbed on pyrite surface. By comparison of FTIR
spectra of pure pyrite and pyrite-collector, it was found that the ab-
sorption peak at 3440 cm™! was for N-H stretching vibration, while the
absorption peak at 2928 cm™! was for C-H stretching vibration.

4. Conclusions

The s-triazine molecules have not been given much attention and
they are potential collectors that may positively impact the mineral
processing industry in the separation of sulphide minerals. The
computational density functional theory with dispersion correction and
U-parameter (DFT-D3+U) and experimental methods were employed to
design and synthesise the green SDTBAT collector for sulphide minerals
separations and investigated its adsorption on pyrite mineral surface.
The SDTBAT collector was compared with the sodium normal butyl
xanthate (SNBX) and sodium normal butyl dithiocarbamate (SNBDTC).
The adsorption behaviour of SDTBAT directly related to the reactivity
was unravelled using electronic properties, X-ray photoelectron spec-
troscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR)
spectra. Computationally the (100) surface of pyrite was adopted as the
most stable surface and experimentally the pure pyrite minerals were
used for micro-flotation.

The PDOS and LDOS of the isolated collector showed that the sulphur
atoms were more active, with the highest states at Eg, and thus more
reactive during adsorption. The reactivity of the collectors prior to ad-
sorptions was determined by the band gaps obtained from the PDOS and
it was found that the reactivity order decreased as: SDTBAT > SNBX >
SNBDTC. This implied that SDTBAT will be highly reactive and all col-
lectors potentially form covalent bonds and back-donation covalent
bonds with sulphide minerals. Computationally, it was observed that the
SNBX and SNBDTC adsorbed through the S atoms, while the SDTBAT
adsorbed through the S atoms and N atoms onto pyrite Fe atoms. The
computational calculated adsorption energies followed the order as:
SDTBAT > SNBX > SNBDTC, which predicted that the SDTBAT had
strong exothermic adsorption. Moreover, the SDTBAT collector was
found to bind stronger than the xanthate. This was complimented by
micro-flotation tests that showed fast floating and higher recoveries of
pyrite when using the SDTBAT collector that reached 90% as the dosage
increases compared to xanthate and DTC.

The LDOS and Bader charges after adsorption showed that the S
atoms lose charges to the Fe atoms, while for SDTBAT the N1 gained
charges from the Fe3 atom. Interestingly, all collectors S1 atoms lost
charges from the py and pz orbitals into the Fel dxz, dyz and dz? or-
bitals, while S2 lost from the py, px and pz into the Fe2 dxy and dz2
orbitals. The case of SDTBAT revealed that N1 gained charges into the py
and pz from the Fe3 dyz and dz? orbitals. These clearly demonstrated the
strong hybridization of the S and N atoms orbitals to form covalent
bonding with Fe(II) atoms having (tzg)ﬁ(eg)0 or (tzg)s(eg)1 on pyrite
(100) surface. The XPS and FTIR analysis of pyrite treated and untreated
with SDTBAT revealed that the SDTBAT adsorbed through S and N
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atoms on pyrite Fe sites. In addition, the adsorption of N atoms was
noted from the survey scan and XPS data for N 1s. These findings pro-
vided a clear correlation between the experiments and DFT-D3+U pre-
dictions and provided evidence for the adsorption of SDTBAT on Fe sites
on the pyrite surface.

The study has shown that the design and modification of green novel
collectors such as s-triazine tested on pyrite may be applicable in a wide
range of sulphide minerals. This clearly demonstrated that the SDTBAT
is a potential collector for sulphide minerals to replace the xanthate
collector due to its high flotation power.
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