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Abstract: The gold contained in copper ores is an important resource for the gold industry. In some
cases, elemental gold is present and can be recovered by selective flotation. It has been reported that
the gold grade and recovery can be increased, without sacrificing the copper recovery, by replacing
AERO 3477 (diisobutyl dithiophosphate (DTP)) with AERO 7249 (mixture of diisobutyl monothio-
phosphate (MTP) and diisobutyl dithiophosphate (DTP)) as the main collector. The fundamental
understanding of the improvement in selectivity with the addition of MTP in the flotation of ele-
mental gold from pyrite is limited and is the subject of this paper. In this regard, the hydrophobicity
and selectivity of DTP and MTP in the flotation of pyrite and gold are compared and discussed.
Density functional theory (DFT) was used to examine the electron density, reactivity, highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) of the MTP and DTP
collectors. The interaction energies for the adsorption of MTP and DTP from fresh pyrite, oxidized
pyrite and gold surfaces were calculated and discussed with respect to the experimental results
reported in the literature. Molecular dynamics simulation (MDS) was used to examine the adsorption
state of MTP and DTP on the pyrite (100) and Au (111) surfaces.

Keywords: gold; pyrite; dithiophosphate; monothiophosphate; DFT; MDS; flotation

1. Introduction

Gold, associated with the base metal sulfides in the earth’s crust, in some cases, occurs
in the elemental state or as an alloy. For example, such gold is associated with chalcopyrite
and is recovered together with the chalcopyrite in the flotation concentrate. However, a
small amount of elemental gold is floated as individual particles, and a selective collector
is needed to improve the elemental gold flotation recovery.

Cyanide, xanthate and dithiophosphate ligands react with gold to form gold com-
plexes. Cyanide is the most popular ligand for the dissolution of gold from ores into an
aqueous solution due to the high stability of the gold cyanide complex when compared
to xanthate and dithiophosphate [1–6]. Nevertheless, xanthate and dithiophosphates are
commonly used as collectors in the flotation of gold and PGMs (platinum group metals)
from gangue minerals. If the collector-mineral complex has great stability with the valuable
minerals and gangue minerals at the same time, then the collector exhibits lower selectivity
in the flotation of the valuable mineral from the gangue minerals [7]. In the case of liber-
ated noble metals, such as gold, from the sulfide minerals in the ore, a selective collector
against the sulfide minerals has technical and economic advantages [7]. For example, minor
amounts of elemental gold are present in the Grasberg ore in Indonesia where the selective
flotation of elemental gold against pyrite improves gold recovery and grade in the Grasberg
mine [8].
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Monothiophosphate has the functional group of P(=S)O by the replacement of the S
atom with the O atom when compared to the functional group of P(=S)S for dithiophosphate.
This small change in chemical structure for the thiophosphate collector creates a remarkable
difference in selectivity for the flotation of gold from sulfide minerals in mildly alkaline
pH conditions [3,6,9]. Isoamyl dialkyl dithiophosphate increased the gold surface sessile
drop contact angle from 44 to 96◦, and achieved a greater recovery of coarse native gold by
flash flotation when compared to dithiocarbamate [10]. Monothiophosphate was found
to adsorb preferentially on the precious metal surface in the presence of large amounts
of sulfide minerals in alkaline pH [2,9]. Dicresyl monothiophosphate was commercially
used for selective gold flotation at the Sonora Mining Corporation in California [7]. At the
Grasberg mine in Indonesia, the gold grade and recovery were increased by 3.37 g/t and
4.5%, respectively, without sacrificing the copper recovery by the replacement of AERO
3477 (diisobutyl dithiophosphate (DTP)) with AERO 7249 (diisobutyl monothiophosphate
(MTP) and diisobutyl dithiophosphate (DTP)) as the main collector. The fundamental
understanding of the improved selectivity in the flotation of elemental gold from pyrite
using MTP has not been established and is the subject of this paper.

To explain the higher selectivity with the addition of MTP in the flotation of gold from
pyrite when compared to using only DTP, the adsorption and hydrophobic surface states
were evaluated for ideal mineral surfaces and are discussed. Density functional theory
(DFT) was used to examine the collector and its adsorption mechanism at the pyrite and
gold surfaces. DFT includes, but is not limited to, the electron density, reactivity, highest
occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO)
of the MTP and DTP collectors, and the interaction energies for the adsorption of MTP
and DTP at the pyrite and gold surfaces. Molecular dynamics simulation (MDS) was used
to examine the adsorption states and interfacial water structure for MTP and DTP on the
pyrite (100) and Au (111) surfaces. It is expected that the above results will improve the
fundamental understanding of improved gold recovery at Grasberg and should be helpful
in the collector design for improved gold grade and recovery.

2. Computational Methods
2.1. Density Functional Theory Calculations

The thiophosphate collectors, DTP and MTP, were dissolved in aqueous solutions; thus,
the chemical structures and reactivity were influenced by the extent of dissolution [11,12].
The pKa values of dithiophosphate and monothiophosphate are commonly less than
6 [13,14]. The flotation of pyrite and gold is typically carried out at pH values above
6. Therefore, the DTP and MTP anion states were used in the molecular dynamics simula-
tions.

The molecular structures for DTP and MTP were calculated by the Gaussian 09
program [15] using a geometry optimization model at the HF/6-31G(D) level as shown in
Figure 1. The highest occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO), and electrostatic potential (ESP) charges were also obtained by density
functional theory calculations.

Figure 1. Chemical structures of DTP (a) and MTP (b). White: hydrogen; grey: carbon; red: oxygen;
pink: phosphorus; yellow: sulfur.
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2.2. Molecular Dynamics Simulations

The molecular dynamics simulations were conducted using Amber 14 [16]. The total
energy in MDSs using a classic force field includes the coulombic (electrostatic) energy, the
short-range energy (van der Waals energy term), the bond stretch energy, and the angle
bend energy. The rigidly extended simple point charge (SPC/E) water model [17] was
used to represent the aqueous phase [18]. The crystal lattice parameters for pyrite [19] and
gold [20] were from the American Mineralogist Crystal Structure Database. The pyrite (100)
surface [21] and gold (111) surface [22] were used for the molecular dynamics simulations.
The visual molecular dynamics (VMD) graphics tool [23] was used for the configuration
of the collector and mineral surfaces. NVT (moles (N), volume (V), and temperature (T))
together with Hoover’s thermostat were used. The integration of the particle motion was
evaluated by the leap-frog method with a time step of 1 fs (femtosecond). The electrostatic
interactions were represented by the Ewald sum. A final 0.5 ns (nanosecond) simulation
was analyzed after a 1.5 ns equilibration period. Detailed principles and procedures for
molecular dynamics simulations have been described in a previous paper [24]. The mineral
surface relaxation in the molecular dynamics simulations created an additional net-dipole
moment and subsequent response of the interfacial water molecules [25]. In this regard,
the frozen (fixed) mineral phase was used. The composition and intermolecular potential
parameters are presented in Tables 1 and 2. The Gaussian calculated charge for DTP and
MTP are shown in Tables 3 and 4.

The Quickstep package of the CP2K program [26] was used to build the optimized Au
(111), pyrite (100), and oxidized pyrite (100) structures. The DZVPMOLOPT-SR-GTH shorter
range basis set [27] and PBE correlation functional [28] were used in our DFT quantum
chemical calculations. The detailed procedure is described in a previous paper [29]. The
optimized crystal structures were further expanded for the molecular dynamics simulations.

Table 1. The composition and number of molecules in each system.

Number of Molecules

DTP Anion MTP Anion Na+ H2O

Au (111) 4 4 1500
Au (111) 4 4 1500

Pyrite (100) 4 4 1500
Pyrite (100) 4 4 1500

Oxidized pyrite (100) 4 4 1500
Oxidized pyrite (100) 4 4 1500

Table 2. The intermolecular potential parameters.

Species Charge (e) ε (kcal/mol) r (Å) Reference

Sodium 1.000 0.5216 3.2282 [30]
Gold 0.000 0.7713 3.0722 [31]

DTP/MTP sulfur 0.3976 4.9929 [31]
DTP/MTP carbon 0.1050 3.8510 [32]
DTP/MTP oxygen 0.6000 3.5000 [32]

DTP/MTP hydrogen 0.4400 2.8860 [32]
DTP/MTP phosphorus 0.3050 4.1470 [32]

Iron in pyrite 0.1476 0.013 2.912 [29]
Sulfur in pyrite −0.0738 0.274 4.035 [29]
Hydroxyl iron 3 0.013 2.912 [29]

Hydroxyl oxygen −1.3167 0.152 1.640 [29]
Hydroxyl hydrogen 0.3167 0.000 1.000 [29]

Water oxygen −0.8476 0.1554 3.1659 [24]
Water hydrogen 0.4238 0 0 [24]



Minerals 2022, 12, 1310 4 of 14

Table 3. Gaussian calculated charge parameters for the DTP anion.

Atom Name Charge [e] ATOM NAME Charge [e]

C −0.308024 H −0.048001
C 0.259923 H −0.020404
C −0.121701 H 0.002665
C 0.244112 H 0.036149
O −0.363683 H 0.027715
P 0.422311 H 0.000690
S −0.599064 H −0.063874
O −0.399608 H −0.070167
C 0.577682 H 0.034316
C −0.208288 H 0.034618
C 0.157111 H −0.024317
C −0.262471 H −0.027061
S −0.612446 H 0.067007
H 0.054270 H 0.041720
H 0.056026 H 0.057503
H 0.055289

Table 4. Gaussian calculated charge parameters for the MTP anion.

Atom Name Charge [e] Atom Name Charge [e]

C −0.120813 H −0.007819
C 0.092001 H −0.007729
C −0.061733 H 0.010884
C 0.128130 H 0.035472
O −0.288417 H 0.033271
P 0.766768 H −0.037141
S −0.711774 H 0.017794
O −0.461511 H 0.046481
C 0.397599 H 0.099193
C −0.373952 H −0.057805
C 0.304642 H −0.035487
C −0.278982 H 0.044973
H 0.019189 H 0.033950
H 0.001636 H 0.081821
H 0.048181 H −0.680835
H −0.037984

2.3. Analysis Methods

The density profiles and atomic densities in the z-axis were used to examine the
distribution of the molecules as a function of distance from the mineral surface [33]. The
equation for the atomic density follows:

ρz =
N(Z− 0.5∆Z, Z + 0.5∆Z)×M

∆Z× S
(1)

N(Z− 0.5∆Z, Z + 0.5∆Z) is the average atom number appearing in the duration of
(Z− 0.5∆Z, Z + 0.5∆Z) (∆Z = 0.01) from the mineral surface. M and S are the atom mass
and the basal surface area, respectively.

The diffusion coefficients (D) were derived using the following equation [24]:

D =
1

6Na
lim
t→∞

Na

∑
i=1
〈[ri(t)− ri(0)]

2〉 (2)

where Na is the number of diffusive atoms in the simulation cell; ri(0) and ri(t) are the
mass center positions of the solutes at the time of origin and t, respectively.
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The mineral surface-collector interaction energy, ∆E, was computed using the density
functional theory method:

∆E = Ecomplex −
(

Emineral sur f ace + Ecollector

)
(3)

where Ecomplex, Emineral surface, and Ecollector are the energies of the optimized mineral surface-
collector complex, mineral surface, and collector, such as DTP or MTP, respectively. Smaller
values of the interaction energy, ∆E, indicate stronger interactions between the mineral
surface and the collector [24].

3. Results

The improved selectivity of MTP was observed in the flotation of gold from pyrite,
and its mechanism was examined by comparison of density functional theory calculations
with the results for DTP. The adsorption states of DTP and MTP on the gold, fresh pyrite,
and oxidized pyrite surfaces were examined by molecular dynamics simulations and are
discussed together with contact angle and flotation experiment results.

3.1. Analysis of Flotation Results

DTP was observed to float gold and pyrite simultaneously [8]. The flotation difference
between gold and pyrite was only around 15 to 35% as a function of pH using DTP [34]. As
for MTP, the remarkable flotation difference of 80% between pyrite and gold was found
in the alkaline pH region from pH 6 to pH 9 [8,9]; The flotation recovery of pyrite with
MTP decreased as a function of pH, a phenomenon also observed in other sulfide mineral
flotation systems [8]. In this regard, MTP was preferentially adsorbed on the gold surface
without competition from pyrite [9] when compared to the case of DTP.

The laboratory flotation comparison was carried out using AERO 3477 and AERO
7249 at the Grasberg mine, as shown in Table 5. The gold recovery increased from 82.54 to
83.56% at a 95% confidence level with AERO 7249, while the copper recovery was almost
the same.

Table 5. Comparison of laboratory flotation performance between AERO 3477 and AERO 7249 [8].

Recovery, %

Cu Au

AERO 3477 87.74 82.54

AERO 7249 87.84 83.56

Plant flotation data from the Grasberg mine using AERO 3477 and AERO 7249 are
shown in Table 6. The strong correlation between copper and gold recovery observed was
because the majority of gold was associated with chalcopyrite. The gold grade and recovery
were increased from 27.80 g/t and 73.73% to 31.17 g/t and 77.81% by using AERO 7249
instead of AERO 3477.

The laboratory and plant flotation results show that gold grade and recovery were
improved using AERO 7249 without significantly sacrificing Cu grade and Cu recovery for
the Grasberg ore. AERO 7249 was also found to be the best collector in the flotation of gold
for the Cadia Hill deposit, Australia [3]. MTP was reported to provide excellent selective
recovery of gold, silver, and platinum group metals in froth flotation processes conducted
under alkaline conditions [35]. To examine the chemical structure impact on the reactivity
and flotation selectivity, density functional theory was used to analyze the DTP and MTP
collectors, as discussed in the following sections.
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Table 6. The average value of plant data from April 1995 to March 1997 [8].

AERO 3477 AERO 7249

Feed
% Cu 1.29 1.36

Au(g/t) 1.35 1.55

Concentrate
% Cu 30.45 29.79

Au(g/t) 27.80 31.17

Grind size % + 212 µm 33.29 33.05

Recovery
Copper 84.60 84.30

Gold 73.73 77.81

Au recovery/Cu recovery ratio 0.871 0.923

3.2. Density Functional Theory Analysis

The chemical reactivity of a collector was determined by the atomic charges of spe-
cific atoms, the highest occupied molecular orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO) [36]. The HOMO orbitals evaluate the chemical reactivity and
the electron-donating ability, while the LUMO orbitals represent the electron-accepting
capacity and the size of the chelating ring formed during the chemical reaction. A higher
HOMO or a lower LUMO indicates a stronger electron-donating or electron-accepting
ability, respectively [24]. The specific atomic charge in the functional group also con-
tributes significantly to the electron-donating capacity of the collector molecule and to the
electrostatic interaction at the mineral surfaces.

The MTP group, P(=S)O, is obtained by the replacement of the S atom with the O atom
from the DTP group, P(=S)S. The collector reactivity, which was determined by the molecu-
lar orbitals and atomic charges, was significantly changed due to the replacement of the
donor atom of S in DTP. In the computational chemistry analysis, the electrostatic potential
(ESP) charges and molecular orbitals information were derived using semi-empirical [37]
or ab initio methods [38,39]. The optimized structures, ESP charges, and molecular orbitals
for DTP and MTP are shown in Figure 2 and Table 7.

Table 7. Theoretical HOMO, LUMO, ∆E|HOMO-LUMO| and ESP charge of a polar functional group.

Species HOMO, a.u. LUMO, a.u. ∆E|HOMO-LUMO|, a.u. ESP Charge of –P = S-S/O ESP Charge of
Reactive Atoms

DTP −0.1453 0.3244 0.4697 −0.85 −1.18

MTP −0.1492 0.3285 0.4776 −0.65 −1.39

MTP has a weaker electron-donating and accepting ability according to its lower
HOMO of−0.1492 and higher LUMO of 0.3285 when compared to DTP as shown in Table 7.
Furthermore, the ESP charge value of 0.85 for –P=S-S in DTP is higher than the case of
0.65 for –P=S-O in MTP, which confirmed that MTP has limited donor ability and as such,
a lower reactivity when compared to DTP. However, the reactive atoms’ charge value of
1.39 for =S and -O in MTP is higher than 1.18 for =S and –S in DTP, which means the
reactive atoms in MTP have a higher electron density capacity or greater donor ability
when compared to DTP. In this regard, MTP shows good collecting power toward gold and
excellent selectivity against the pyrite, which agrees with the improved gold recovery for
the Grasberg ore [8]. In a similar analysis reported in the literature, a short-chain amine
collector [40] and a short-chain phosphate collector [24] with lower collecting ability were
also observed to have better selectivity, due to the stronger electron-donating ability of the
reactive atoms in the polar functional group. To examine the superior selectivity of MTP
over DTP in the flotation of elemental gold from pyrite, molecular dynamics simulations
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were used to examine the collector adsorption status at the mineral surface, as discussed in
the following section.

Figure 2. ESP charges of DTP (a) and MTP (b). White: hydrogen; grey: carbon; red: oxygen; pink:
phosphorus; yellow: sulfur.

3.3. Molecular Dynamics Simulations Analysis

The adsorption states of DTP and MTP collectors on Au (111) and pyrite (100) surfaces
were examined by molecular dynamics simulations as shown in Figure 3a–d.

DTP and MTP collectors were adsorbed at the Au (111) surface after 1 ns of molec-
ular dynamics simulation, as shown in Figure 3a,b. This phenomenon agrees with the
experimental results. The molecular dynamics simulation results and experimental ses-
sile drop contact angle results for the gold surface covered with DTP were 75 and 72◦,
respectively [41]. Surface-enhanced Raman spectroscopy (SERS) results indicated that DTP
was bonded to the gold electrode surfaces through the two S atoms [42]. IR reflectance
spectra results suggest that MTP is only physisorbed on the gold surface [9]. As shown in
Figure 3a, DTP was adsorbed on the gold surface by S and H atoms, while MTP primarily
depended on H atoms, as shown in Figure 3b.

Oxidation of pyrite occurs in these flotation systems and a more hydrophilic surface is
created [29]. To evaluate the impact of surface oxidation on pyrite, the adsorption of DTP
and MTP was examined both on pure pyrite and oxidized pyrite surfaces. The adsorption
of MTP and DTP on pure and oxidized pyrite surfaces, as shown in Figure 3c–f, was mainly
by Fe-S bonding, which is the same as the density functional theory calculation result [43].
However, the majority of DTP and MTP collectors were adsorbed on the pure pyrite surface,
which contradicts the fact that MTP has superior recovery in the flotation of gold from
pyrite. In contrast, the adsorption phenomenon was different on the oxidized pyrite, as
shown in Figure 3e,f. All the DTP collector was still adsorbed on the oxidized pyrite surface
while only about 40% of the MTP collector was adsorbed on the oxidized pyrite surface.
In this regard, the oxidation of the pyrite surface explains the selective flotation of gold
from pyrite using MTP. Normally the collector with greater stability with minerals has
relatively weak selectivity in the flotation. For example, if collector type A has greater
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stability with the minerals than collector type B, then collector type A has weaker selectivity
than collector B in the flotation of valuable minerals from gangue minerals. As shown
in Figure 3a,c,e, DTP exhibited strong adsorption affinity and adsorbed on almost all the
surfaces of gold, pyrite, and oxidized pyrite, which explains the limited selectivity of DTP
in the flotation of gold from pyrite.

Figure 3. Interfacial behavior of DTP and MTP at the Au (111) surface (a,b), pyrite (100) surface (c,d),
and oxidized pyrite (100) surface (e,f). Reagent: white: hydrogen; grey: carbon; red: oxygen; pink:
phosphorus; yellow: sulfur. Fe(OH)3: dark grey: iron; white: hydrogen; red: oxygen. Pyrite: yellow:
sulfur; purple: iron. Gold: dark yellow: Au.

As shown in Figure 4a,b, both DTP and MTP excluded water from the gold and pyrite
surfaces, since the relative number densities of the water in the cases of the DTP and MTP
solutions were significantly lower than for pure water at the gold, pyrite and oxidized
pyrite surfaces. The relative number densities of water in the presence of DTP and MTP
were almost the same on both the gold and pyrite surfaces, which is in accord with the
collector adsorption phenomenon on the gold and pyrite surfaces as shown in Figure 3a–d.
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As for the oxidized pyrite surface in Figure 4c, the relative number densities of water
decreased in the presence of DTP and MTP, as expected. However, DTP had an even lower
relative number density of water when compared to MTP, starting at 36 angstroms from
the mineral surface, which indicated DTP excluded more water from the oxidized pyrite
surface and thus had stronger adsorption and greater hydrophobicity on the oxidized pyrite
surface. In this regard, DTP adsorbed not only on gold but also on the pyrite and oxidized
pyrite surface, thereby limiting the selective flotation of gold from pyrite. In contrast, MTP
excluded a lesser amount of water from the oxidized surface and thereby caused lower
hydrophobicity on the oxidized pyrite surface. In the meantime, MTP completely adsorbed
on the gold surface and thus superior selectivity was observed in the flotation of gold from
pyrite using MTP.

Figure 4. Relative number density distribution of water along the normal to the Au (111) (a), pyrite
(100) (b), and oxidized pyrite (100) (c) surfaces with and without DTP/MTP. Fe(OH)3: dark grey:
iron; white: hydrogen; red: oxygen. Pyrite: yellow: sulfur; purple: iron. Gold: dark yellow: Au.



Minerals 2022, 12, 1310 10 of 14

The relative number density of atoms from DTP and MTP along the normal to the
gold, pure pyrite, and oxidized pyrite surfaces are presented in Figure 5. The peaks of the
S atom and H atom from DTP were closer to the gold surface when compared to other
atoms as shown in Figure 5a, which agreed with the S atom bonding at the gold surface
by surface-enhanced Raman spectroscopy [42]. As for the adsorption of MTP at the gold
surface, H and C atoms were the closest atoms, which confirmed that the main adsorption
mechanism between MTP and the gold surface was physisorption. The closest atoms to
the pure pyrite and oxidized pyrite surfaces were S atoms, as shown in Figure 5c–f. The
relative number density of atoms from DTP and MTP were almost the same on the pure
pyrite surface, while the relative number density of MTP atoms was less than half of the
relative number density of DTP on the oxidized pyrite surface. This observation confirmed
that MTP has a lower adsorption affinity on the oxidized pyrite surface when compared to
the case of DTP. In this regard, MTP has superior selectivity when compared to DTP in the
flotation of gold from pyrite.

Figure 5. Relative number density distribution of selected atoms from DTP and MTP along the
normal to the Au (111) surface (a,b), pyrite (100) surface (c,d), and oxidized pyrite (100) surface (e,f).
Fe(OH)3: dark grey: iron; white: hydrogen; red: oxygen. Pyrite: yellow: sulfur; purple: iron. Gold:
dark yellow: Au.
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Mean square displacement and diffusion coefficients (D) were used to examine the
movement of the collector as a function of time in each system. Since DTP and MTP have al-
most the same chemical structure, the mean square displacement and diffusion coefficients
(D) can be indicators for the adsorbed collector at mineral surfaces. Lower mean square
displacement and diffusion coefficient (D) values represent a stable/immobile collector at
the mineral surface, and accordingly, strong adsorption [44]. A lower mean square displace-
ment of DTP was observed when compared to MTP, as shown in Figure 6, which showed
that DTP had a stronger adsorption affinity at almost all of the selected mineral surfaces.
A difference in mean square displacement between DTP and MTP was observed for the
gold surface. MTP had a higher diffusion coefficient of 17.80 × 10−5 cm2/s when com-
pared to 3.95 × 10−5 cm2/s for DTP, providing further indication of the lower adsorption
affinity of MTP on the gold surface. The biggest difference in mean square displacement
between DTP and MTP was observed on the oxidized pyrite surface compared to the pure
pyrite surface, as shown in Figure 6b,c. At the pure pyrite surface, MTP and DTP had
diffusion coefficients of 4.62 × 10−6 cm2/s and 2.54 × 10−6 cm2/s, respectively. As for the
oxidized pyrite surface, MTP and DTP had diffusion coefficients of 32.65× 10−6 cm2/s and
0.33 × 10−6 cm2/s, respectively. The significant difference in mean square displacement
between MTP and DTP agreed with the corresponding adsorption states at the oxidized
pyrite surface, and showed that little MTP collector was adsorbed at the oxidized pyrite
surface, thereby resulting in high selectivity in the flotation of gold from pyrite.

Figure 6. Mean square displacement of DTP/MTP on Au (111) (a), pyrite (100) (b), oxidized pyrite
(100) (c) surfaces.

3.4. Interaction Energy

The interaction energies of MTP and DTP at the Au (111), pyrite (100), and oxidized
pyrite (100) surfaces are plotted in Figure 7. More negative interaction energy indicates
stronger adsorption occurred between the collector and the mineral surface. All the inter-
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action energy results for DTP on the specific mineral surfaces were lower than for MTP,
which agreed with the flotation and collector analysis results, and indicated that DTP had
a stronger reaction when compared to MTP. The interaction energy differences between
MTP and DTP on Au (111) and pyrite (100) were 1 kJ/mol and 3 kJ/mol, respectively.
This small difference agreed with the adsorption states, as shown in Figure 3, where both
MTP and DTP were adsorbed at the gold and pure pyrite surfaces. The interaction energy
difference for MTP and DTP on the oxidized pyrite surface was about 17 kJ/mol. This big
difference further confirmed that DTP completely adsorbed while only a minor amount
of MTP adsorbed on the oxidized pyrite surface. In this regard, MTP provides superior
selectivity when compared to DTP in the flotation of gold from pyrite.

Figure 7. UFF interaction energy of MTP and DTP on Au (111), pyrite (100) and oxidized pyrite (100).

4. Discussion

A selective collector in the flotation of elemental gold from sulfide minerals improves
both gold grade and recovery. The typical collector, such as DTP, floats gold and pyrite
simultaneously. In contrast, greater selectivity of MTP in the flotation of gold from pyrite
was observed from micro flotation and plant flotation results. In this regard, the impact
of collector chemical structure on adsorption was examined by density functional theory
calculations, which showed that MTP had a good reacting ability toward gold and excellent
selectivity against oxidized pyrite. The adsorption states of DTP and MTP on gold, pyrite
and oxidized pyrite surfaces were also examined and compared. The molecular dynamics
simulation results indicated that DTP had a greater adsorption affinity toward the mineral
surfaces when compared to MTP. DTP and MTP collectors were completely adsorbed on the
gold and fresh pyrite surfaces. Most of the MTP collectors did not adsorb at the oxidized
pyrite surface while DTP was still completely adsorbed at the oxidized pyrite surface. In
this regard, the oxidized pyrite surface explains the high selectivity of MTP in the flotation
of gold from pyrite. The oxidized pyrite surface also accounts for the selective flotation of
gold from pyrite using potassium amyl xanthate [45].

5. Conclusions

To improve the fundamental understanding of surface chemistry in the flotation of
elemental gold from sulfide minerals using thiophosphate collectors, density functional
theory and molecular dynamics simulations were used to examine the reactivity and
adsorption states of DTP and MTP on gold, pyrite, and oxidized pyrite surfaces. The
experimental and simulation results indicated that DTP had a greater adsorption affinity
toward these mineral surfaces. MTP has effective collecting power for gold and excellent
selectivity against oxidized pyrite. The oxidation of pyrite explains the greater selectivity
of MTP in the flotation of gold from pyrite.

Conclusions at this time include the following points:
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1. Collector analysis showed that MTP has a lower head group charge and less reactivity.
However, the reactive atoms of =S and -O in MTP have better electron-donating ability
compared to the case of =S and –S for DTP. In this regard, MTP possesses effective
collecting power for gold and excellent selectivity against pyrite.

2. The molecular dynamics simulation results indicated that DTP has a greater adsorp-
tion affinity at the mineral surfaces when compared to MTP. Furthermore, DTP is
adsorbed on gold, pyrite, and oxidized pyrite surfaces, which is in accord with the
limited selectivity of DTP in the flotation of gold from pyrite.

3. Both DTP and MTP collectors are completely adsorbed on the gold and fresh pyrite
surfaces. Most of the MTP collectors did not adsorb on the oxidized pyrite surface
while DTP still completely adsorbed on the oxidized pyrite surface. In this regard, the
oxidized pyrite surface contributes to the high selectivity of MTP in the flotation of
gold from pyrite.
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