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Abstract: Micro-flotation experiments, Fourier transform infrared spectroscopy (FT-IR) tests, Zeta potential tests,
X-ray photoelectron spectroscopy (XPS) analysis and molecular dynamics simulation were used to study the flotation
behavior, separation and depressing mechanisms of graphite and sphalerite in the presence of H-acid monosodium salt
(HAMS). Under the optimum flotation conditions, the recovery of sphalerite and graphite in the concentrate of mixed
mineral flotation was 93.37% and 4.98%, respectively. Zeta potential tests and XPS analysis indicated that HAMS was
considerably adsorbed on graphite surfaces but virtually absent on sphalerite surfaces. The FT-IR tests revealed that
HAMS had no significant chemisorption on graphite surfaces. Molecular dynamics simulation inferred that the
hydrophobic interaction between the naphthalene ring in HAMS and graphite was responsible for the adsorption of

HAMS on the graphite surface.
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1 Introduction

Sphalerite is the primary raw material for zinc
metal, and it is frequently found in deposits
alongside graphite. Sulfide deposits containing
graphite have been discovered all over the world,
including the Century Mine at Lawn Hill in
Australia, the Langshan—Zhaeriaishan district in
China, and the Aravalli—Delhi orogenic belt in
India [1-3]. According to reports, the graphite
content of Jiashenpan lead—zinc ore in China was
2.61%, while that of Rampura—Agucha lead—zinc
ore in India was 12% [4,5]. Graphite is a crystalline
mineral of carbon with a distinctive layered
structure [6]. The electric neutrality of the surface

contributes to its high hydrophobicity [7]. The
natural hydrophobicity of graphite makes its
enrichment in the froth product of sulfide ore
flotation inevitable. Graphite may also be easily
smeared on the surface of hydrophilic gangue
minerals to improve their floatability [5]. These
degrade the grade of the final sphalerite concentrate
and make future smelting more challenging [8].
Graphite pre-flotation is frequently used to remove
graphite and coated hydrophilic minerals in
sphalerite cleaning. However, there were drawbacks
to this approach, including the loss of valuable
metals, excessive reagent consumption, and limited
carbon recovery [5,8]. Another strategy is to add
depressants to the roughing process to prevent
graphite from entering the subsequent cleaning.
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The strategy described above was conducted
under the circumstance that graphite and sphalerite
monomers dissociate. However, graphite and
sphalerite coexist in proximity [5]. To avoid
sphalerite loss due to excessive comminution, the
undissociated graphite and sphalerite must be
floated together in the roughing, depressed in the
cleaning, and finally dissociated in the mill,
according to our technique. As a result, the
depressant’s effectiveness is crucial in the rejection
of graphite from sulfide ore flotation. The main
graphite selectivity depressants reported in the
literature are dextrin and its modifiers, starch and
its modifiers, bagasse, carboxymethyl -cellulose
(CMC), synthetic dyes, humic acid and
lignosulphonates [5,7—14].

There are many reports of dextrin as a graphite
depressant in experimental and theoretical research.
BEAUSSART et al [9] studied the adsorption of
phenyl succinate dextrin and styrene oxide dextrin
(two types of modified dextrin) on graphite and
sphalerite. The results showed that they could
sharply deteriorate the hydrophobicity of graphite
surfaces, while the hydrophobicity of sphalerite
surfaces would only decrease significantly after
being treated with styrene oxide dextrin. Dextrin
has already been proven to have the ability to
adsorb on mineral surface via metal hydroxy
species [15—18]. SUBRAMMIAN et al [19] found
that the presence of metal ions on the surface of
graphite was the main reason for dextrin adsorption,
and the adsorption density was strongly correlated
with the number of metal sites on the graphite
surfaces. A molecular dynamics simulation was
used to study the adsorption process of dextrin on
graphite surface, and the conclusion of hydrophobic-
hydrophobic interaction between graphite and
dextrin was obtained [20]. SOLONGO [14]
reported that the electrolyte enhanced the
adsorption of CMC on the graphite surface.
Adsorption can be nearly be ignored in the absence
of an electrolyte. The cation activation sites of the
graphite surface generated from electrolyte addition
were connected to CMC by electrostatic interaction.
CHIMONYO [8] investigated the depression of
native wheat starch and an oxidized starch
derivative on graphite and chalcopyrite. The
oxidized starch derivative shows good selective
adsorption performance on the surfaces of the two
minerals and has high separation efficiency in

flotation.

However, polysaccharide depressants of
graphite usually cause the instability problem of
foam performance in practice and they are not atom
economic since most of the reagent molecular are
inactive. Therefore, it is essential to find a novel
small molecule depressant of graphite. In this study,
we first investigated the application of a small
organic molecule depressant called H-acid
monosodium salt to depress graphite in sulfide ore.
Flotation experiments, FT-IR analysis, Zeta
potential tests, XPS analysis, and molecular
dynamics simulation were used to investigate the
behavior and mechanism of flotation separation of
graphite and sphalerite.

2 Experimental

2.1 Materials and reagents

The natural flake graphite used in this study
was obtained from Laixi City, Shandong Province,
a famous graphite ore producing area in China. The
XRD pattern is shown in Fig. I(a). Sphalerite
was obtained from Guangdong Province, China. Its
XRD pattern is shown in Fig. 1(b). After manual
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Fig. 1 XRD patterns of graphite (a) and sphalerite (b)
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crushing, sphalerite was ground by a ceramic
tumbling ball mill and sieved to obtain grain size
of 38 to 76 um for flotation and tests. Graphite
was sieved after mechanical crushing to obtain
the grain size of 38 to 180 um for flotation and
tests. Deionized water was used for all tests and
flotation.

The molecular structure of HAMS, one of the
most common organic chemical compounds of
naphthalenesulfonic acid, is depicted in Fig. 2.
Because of its simple molecular structure, it was
employed as a dye and medicine production
intermediate [21,22]. HAMS and methyl isobutyl
carbinol (MIBC) were purchased from Shanghai
Macklin Biochemical Co., Ltd., and their purity is
over 80% and 98%, respectively. The collector is
industry-grade sodium butyl xanthate (SBX).
Analytical-grade activator CuSO4-5H>0, regulator
HCl and NaOH were purchased from Sinopharm
Chemical Reagent Co., Ltd.

NH, OH

Fig. 2 Molecular structure of HAMS

2.2 Micro-flotation experiments

The micro-flotation tests were conducted on an
XFD flotation machine. 2 g of mineral samples (for
the mixed mineral of sphalerite and graphite
micro-flotation test, the mass ratio of sphalerite to
graphite was 1:1) were weighed and dispersed in a
plexiglass flotation cell filled with 35mL of
deionization water. The stirring rate of the flotation
machine was controlled at 1650 r/min. It was stirred
for 3 min before adding the reagent to ensure that
the solution was adequately mixed with the mineral
sample. The activator, depressant, collector and
frother were added to the mixed solution in
sequence and stirred for 3, 3, 3 and 1 min. The pH
value was adjusted to the set value in the whole
process of reagent addition. The flotation time was
6 min. After flotation, the concentrate product in
the foam and the tailing product in the cell were
filtered, dried, and weighed, respectively.

2.3 FT-IR spectroscopy tests

The Shimadzu IR Affinity-1 Fourier Infrared
Spectrometer was used for testing, and the
wavenumber range was 4000—400 cm™'. The
graphite and sphalerite were ground to less than
5 pm in an agate mortar. The flotation machine was
used as a stirrer to deal with the interaction of
minerals and reagents. The addition sequence of
reagent was consistent with that of flotation, and the
treatment time was 2 h. After the treatment of the
flotation machine, the pulp was filtered and washed
with deionized water for two times. Finally, it was
dried at 35 °C in a vacuum drying oven and used
for infrared testing.

2.4 Zeta potential tests

Samples used for the Zeta potential test were
ground with agate mortar to a particle size of less
than 5 um. 5 mg of samples that were ground mixed
with 100 mL of deionized water, and stirred with
a magnetic stirrer continuously. Activator and
depressant were inserted after pH adjustment with
NaOH. The treatment time of the reagent on the
mineral surface was completely consistent with
flotation, and standing for 5 min after stirring.
Finally, the supernatant was extracted and injected
into the electrophoresis cell. Measuring the (
potential in micro electrophoresis instrument of
Malvern Nano ZS 90. Each measurement was
replicated three times and the average value was
obtained. In a potassium nitrate solution with a
concentration of 1x10°mol/L, the entire Zeta
potential test was carried out. All of the tests had a
pH of (10+0.05) in them.

2.5 X-ray photoelectron spectroscopy (XPS) tests
XPS measurement was performed by
ESCALAB 250Xi of ThermoFisher-VG Scientific
Company of the United States. A 2 g of ore sample
was added to the flotation cell before the addition of
reagents. After adjusting the pH according to the
flotation test process, metal ions and depressants
were added. The treatment time of reagent on the
mineral surface was completely consistent with
flotation. Finally, the sample in the cell was filtered
and drying it in the vacuum drying oven at 35 °C.

2.6 Molecular dynamics simulation model and
method
The whole

process, including model
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establishment, = geometry  optimization, and
molecular dynamics simulation, was completed in
Materials Studio 2017 software (Accelrys, USA).
The DMol3 module was used to optimize the
geometry of HAMS. 2000 water molecules and 5
HAMS molecules were placed on the surface of
graphite by Packing function in the Amorphous Cell
module to the aqueous solution
environment of flotation, and 5 sodium ions were
used for charge balance. A vacuum layer of 120 A
was constructed along the z-axis to eliminate the
periodic boundary. The Forcite module was used for
molecular dynamics simulation of the reagent-
water-graphite mixture model. The forcefield of
Condensed-phase optimized molecular potentials
for atomistic simulation studies (COMPASS) was
adopted for all The total
simulation time and 1 fs simulation time step were
performed simulation,
which was carried out in a 298 K constant-particle
number, -volume and -temperature (NVT) ensemble
using a Nose thermostat. The electrostatic and Van
der Waals interactions were calculated using Ewald
summation method, and the Ewald accuracy was
0.42 J/mol.

simulate

simulations. 1 ns

in molecular dynamics

3 Results and discussion

3.1 Micro-flotation experiments
3.1.1 Single mineral flotation

The effects of HAMS concentration and pH
value on the flotation behavior of sphalerite and
graphite were examined by single mineral flotation,
respectively (Fig. 3). As shown in Fig. 3(a), the
flotation recoveries of both sphalerite and graphite
were more than 95% in the absence of HAMS. For
sphalerite, the increase in HAMS dosage from
5.0x107* to 4.0x1073 mol/L only has a negligible
effect on its flotation recovery. Even if the HAMS
dosage was increased to 6.0x107° mol/L, the
flotation recovery of sphalerite remains above 90%.
For graphite, its flotation recovery was very
sensitive to HAMS dosage. When the dosage of
HAMS increases to 1.0x107% mol/L, the recovery of
graphite flotation decreases sharply to about
40.97%. Then, the downward trend of flotation
recovery goes to be flat with the increase of
HAMS dosage from 1.0x107 to 4.0x107° mol/L,
achieving an equilibrium between 5.0x107 and
6.0x107% mol/L. The obvious phenomenon was that
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the flotation recovery difference between graphite
and sphalerite reached its maximum when the
HAMS dosage was 5.0x107 mol/L.
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Fig. 3 Effect of HAMS concentration (a), pH (b), and
MIBC concentration (c) on sphalerite and graphite
flotation recovery

Figure 3(b) shows the effect of pH on flotation
recoveries of sphalerite and graphite at a SBX
concentration of 1x10*mol/L and a HAMS
concentration of 5.0x10° mol/L. The result
illustrates that the recovery of sphalerite was nearly
free from the difference in pH. For graphite, the
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flotation recovery was more than 35% in acidic
condition, and less than 30% in the alkaline
condition.

The dosage of MIBC (Frother) for single
mineral flotation was also investigated, and the
results are presented in Fig. 3(c). The sphalerite and
graphite recovery increased with the increase in
MIBC dosage. When the MIBC concentration was
10 mg/L, the recovery of sphalerite was 94.76%
and the recovery of graphite was 25.82%. Further
increasing the dosage of MIBC would have no
effect on sphalerite recovery. However, the flotation
recovery of graphite would significantly increase
when the MIBC dosage increased to 50 mg/L. This
result inferred that the entrainment of the foam had
a great effect on the floatation of graphite, which
would weaken the selective flotation separation of
graphite and sphalerite.

3.1.2 Mixed mineral flotation

The effects of HAMS dosage, SBX dosage,
MIBC dosage and flotation time on the flotation
behavior of sphalerite and graphite (1:1) mixed
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samples were investigated using mixed mineral
flotation (Fig.4). As shown in Fig. 4(a), the
addition of HAMS has negligible effects on the
recovery of sphalerite. Even if the HAMS dosage
increased to more than 4.0x1073mol/L, its recovery
was still more than 93%. However, graphite shows
a sharp sensitivity to HAMS. The flotation recovery
of graphite decreased from 95.02% to 21.27% with
the increase of HAMS from 0 to 2.0x10~* mol/L.

Considering the influence of flotation foam
entrainment on graphite recovery, the dosage of
SBX, MIBC, and flotation time were studied due to
their effects on the foams. As shown in Fig. 4(b),
the flotation performance of sphalerite and graphite
is not satisfactory in the absence of SBX. When the
SBX dosage increased from 0 to 0.5x10™* mol/L,
the recovery of sphalerite increased from 2.64% to
92.61%, while the recovery of graphite increased
from 9.6% to 12.02%. Further enhancing the
dosage of SBX did not significantly improve the
recovery of sphalerite but sharply increased the
recovery of graphite.
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Fig. 4 Effect of HAMS concentration (a), SBX concentration (b), MIBC concentration (c), and flotation time (d) on

flotation recovery of mixed minerals
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As displayed in Fig. 4(c), when the MIBC
dosage was 0, the sphalerite recovery was 80.32%
and the graphite recovery was 13.46%. With the
dosage of MIBC increased to 10 mg/L, the recovery
of sphalerite increased to 92.61%, and the recovery
of graphite did not change significantly. Further
increasing the dosage of MIBC has little effect on
sphalerite recovery but greatly improves graphite
recovery.

As shown in Fig. 4(d), the recovery of
sphalerite rapidly increased to more than 90%
within the first 2 min and stayed almost the same in
the following 4 min. the graphite
recovery showed a stable linear increasing rate of
2% per minute, and a suitable flotation time for
separation would be 2 min. The optimum flotation
performance was obtained at 1.0x10™* mol/L CuSOs,
2.0x107° mol/L HAMS, 5.0x107° mol/L SBX, 10
mg/L MIBC and flotation for 2 min, and the
recovery of sphalerite and graphite was 93.37% and
4.98%, respectively.

However,

3.2 FT-IR analysis

FT-IR analysis is a powerful tool for studying
reagent adsorption on mineral surfaces. The
infrared spectra of graphite and sphalerite before
and after reagent treatment are shown in Figs. 5(a)
and (b), respectively. As shown in Fig. 5(a), the
treatment of HAMS and SBX did not result in the
addition of new stretching vibration absorption to
the graphite spectra, indicating that they were not
adsorbed on the graphite surface via chemical and
electrostatic adsorption. It was consistent with the
electrically neutral graphite surface’s nature.

As shown in Fig. 5(b), there is no discernible
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change in the infrared spectra of sphalerite after
HAMS treatment, which is analogous to graphite.
SBX treatment, on the other hand, resulted in a
stretching vibration peak of —Cu-SBX and
dixanthogen. They were located at 1037.52 and
1197.58 cm™!, respectively [23,24]. HAMS has no
noticeable chemical or electrostatic adsorption on
the surface of sphalerite, whereas SBX was
stridently adsorbed on the surface of sphalerite due
to chemical bonding.

3.3 Zeta potential analysis

The surface potential of graphite and sphalerite
at different HAMS concentrations is shown in
Fig. 6(a). Cu ions were added to all potential tests
to be compatible with the flotation experiments.
When only CuSO; was added to the sample
aqueous solution (i.e. the HAMS concentration
was O mol/L), the surface potential on graphite
was —13.9 mV and —10.84 mV on sphalerite. The
graphite surface lost potential rapidly with the
addition of HAMS. However, the surface potential
of sphalerite was different from that of graphite. It
decreased slowly with an increase in HAMS
concentration. The surface potential of graphite
decreased to —48.23 mV with the increase in HAMS
concentration to 1x10*mol/L, and sphalerite
decreased to —10.84 mV. With the increase of
HAMS concentration, the surface potential of
graphite finally decreased by 43.10 mV, while that
of sphalerite decreased by 23.40 mV. The above
results indicated that HAMS was more easily
adsorbed on the graphite surface.

To understand the potential changes caused
by SBX on HAMS-treated mineral surfaces, the

(a)
Graphite+CuSO,+HAMS+SBX
Graphite+CuSO,+HAMS

Graphite+CuSO,

(b)
Sphalerite+CuSO,+HAMS+SBX

halerite+CuSO,+HA
phalerite+CuSO,

1197.58
037.52

1

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

Fig. 5 FT-IR spectra of graphite (a) and sphalerite (b)

Wavenumber/cm™
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Fig. 6 Effect of HAMS concentration (a) and SBX concentration (b) on Zeta potential of graphite and sphalerite

surface potential of HAMS-treated graphite and
HAMS-treated sphalerite in the different SBX
concentrations is shown in Fig. 6(b). As presented
in Fig. 6(b), the Zeta potentials of graphite and
sphalerite decreased with an increase in SBX
concentration. The surface potential of sphalerite
decreased significantly after addition of SBX.
However, the surface potential of graphite
decreased slightly after adding SBX. It was
indicated that the adsorption density of SBX on
sphalerite was greater compared with graphite after
HAMS treatment.

3.4 XPS analysis

XPS was frequently employed to identify the
mechanism of interaction between
reagents and mineral surfaces during flotation
[25-28]. Therefore, the XPS measurement was
performed to further exploring the separation
mechanism of HAMS on graphite and sphalerite.
3410 1s

Figure 7 depicts the HAMS O 1s spectra. Table
1 summarizes its peak fitting parameters and O 1
assignment. As displayed in Fig. 7 and Table 1, the
peaks at 531.50 eV and 533.21 eV were attributed
to O=S and —OS, respectively [29,30].

Figure 8 presents the O 1s spectra of graphite
and sphalerite in the absence and presence of
HAMS. The peak fitting parameters and assignment
of O 1s were summarized in Table 1. As displayed
in Fig. 8(a) and Table 1, the peaks at 531.28 eV
(531.14 eV), 532.45 eV (532.32 eV) and 533.73 eV
(533.67eV) were attributed to surface hydroxyl
(—OH), —COO™ and H»O0, respectively. They may
come from oxidizing impurities and adsorbed water

chemical

HAMS

532 530 528

Binding energy/eV
Fig. 7 Ols spectra of HAMS

536 534

on the surface of bare graphite (CuSOs treated
graphite) [31-33]. Adsorption of HAMS on graphite
shows a significant change in peak numbers
compared to bare graphite. There were five peaks:
531.10 eV for surface hydroxyl (—OH), 531.56 eV
for O=S, 532.31 eV for —COO™, 533.11 eV for
—OS and 533.70 eV for H,O [29-31,33]. In the
graphite O 1s spectra of HAMS treatment, two
additional peaks (531.56 and 533.11 eV) were
generated, which just corresponded to the peak
of the HAMS O 1s spectra. The peaks centered
at 531.50 and 533.21 eV corresponded to O=—S
and —OS in the O 1s spectra of HAMS,
respectively [29,30], confirming the adsorption of
HAMS on graphite surfaces.

As displayed in Fig. 8(b) and Table 1, the O 1s
spectra of sphalerite were fitted with three peaks.
The peak at 530.09 eV was attributed to O in metal
oxides [34]. The peak at 531.61 eV was attributed
to hydroxyl bond (OH) [34]. The peak at 533.06 eV
was assigned to organic oxygen, which was a result
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Fig. 8 O 1s spectra of graphite (a) and sphalerite (b) in the absence and in the presence of HAMS

Table 1 Fitting results of O 1s spectra for graphite and

sphalerite
Sample BE/eV FWHM/eV Assignment
531.50 1.68 0=S
HAMS 533.21 1.60 —OS
Bare 531.28 1.70 —OH
araphite 532.45 1.70 —COO~
533.73 1.70 HO
. 531.14 1.70 —OH
G?f:gf 53232 170 —C00"
533.67 1.70 H,O
531.10 1.70 —OH
Graphite+  531.56 1.06 0=S
CuSO4+ 532.31 1.36 —COO~
HAMS 533.11 1.02 —OS
533.70 1.70 H,O
Bare 529.99 1.70 O in metal oxides
sphalerite 531.51 1.70  Hydroxyl bond (OH)
533.03 1.70 Organic oxygen
Sphalerite+ 530.09 1.70 O in metal oxides
CuSO; 531.61 1.70  Hydroxyl bond (OH)
533.06 1.70 Organic oxygen
Sphalerite+  530.15 1.70 O in metal oxides
CuSO4+ 531.66 1.70  Hydroxyl bond (OH)
HAMS 533.16 1.70 Organic oxygen

BE: Binding energy; FWHM: Full width at half maximum

of carbon contamination [35]. There was no
recognizable O 1s peak of HAMS on HAMS-
treated sphalerite O 1s spectra, and its peaks were
only slightly shifted compared to bare sphalerite.
We were unable to determine if these minor
alterations were caused by HAMS adsorption or the
experimental environment. However, in comparison
to graphite, HAMS exhibits no visible adsorption
on sphalerite. The typical O 1s peaks of HAMS did
not appear on HAMS-treated sphalerite.

3.42S2p

Considering the molecular structure of HAMS
and the crystal structure of graphite, the S2p
spectra were analyzed. 2pi» and 2ps; doublets were
fitted to the S 2p spectra. Their intensity ratio was
1:2, and their energy separation was 1.18 eV. The
HAMS S 2p spectra are shown in Fig. 9. The peak
fitting parameters and S2p assignment are
summarized in Table 2. The peak at 167.96 eV was
assigned to —SOs [36].

Figure 10 presents the S 2p spectra of graphite
and sphalerite in the absence and presence of
HAMS. Table 2 summarizes the peak fitting
parameters and the assignment of S 2p. As observed
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Fig. 9 S 2p spectra of HAMS
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in Fig. 10(a) and Table 2, the peaks at 162.10
(162.00 eV) and 164.02 eV (164.05 eV) of bare
graphite (CuSOy treated graphite) was assigned to
the S 2ps» spectra of S* and polysulphide,
respectively [37—40]. They could be caused by
pyrite impurities in graphite and oxides on the
pyrite surface [37,39], since pyrite is a prevalent
mineral contaminant in natural flake graphite and
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coal [41—44]. There was no obvious S 2p spectra
peak of oxide on the surface of bare graphite
(CuSO4 treated graphite).

For graphite S2p spectra after HAMS
treatment, the peaks at 162.12 eV and 164.06 eV
were assigned to S2ps» spectra of S* and
polysulphide, respectively [37—40]. The fitted S 2p
spectra of sulfur oxides were split into two peaks at
168.08 and 169.26 eV. Obviously, the HAMS
produced a peak in the S 2p spectra of sulfur oxides
on graphite surfaces. The peaks of 168.08 and
169.26 eV were assigned to S 2p3» and S 2pi» of
—S0s in HAMS.

As shown in Fig. 10(b) and Table 2, the peaks
at 161.54 eV (161.54 eV) of bare sphalerite (CuSOs4
treated sphalerite) were assigned to S 2ps» of S*” in
ZnS and defect sulphide [35]. For sphalerite S 2p
spectra after HAMS treatment, it was nearly
identical to that of bare sphalerite, and there was no
new peak. This result demonstrated that there was
no visible adsorption of HAMS on the surface of
sphalerite.

Graphite (a) Sphalerite
Polysulphide
7
X\\
. g2
IANL
Graphite+CuSO, Sphalerite+CuSO,
Polysulphide
\/\
2_
SO0 5
SUNA
Graphite+CuSO,2+HAMS Sphalerite+CuSO,+HAMS
S*

166 164 162

Binding energy/eV

170 168 160

166 164 162

Binding energy/eV

170 168 160

Fig. 10 S 2p spectra of graphite (a) and sphalerite (b) in the absence and in the presence of HAMS
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Table 2 Fitting results of S 2p spectra for graphite and

sphalerite
Sample BE/eV FWHM/eV  Assignment
HAMS 167.96 1.27 —S0s
Bare 162.10 1.30 827
graphite 164.02 1.28 Polysulphide
Graphite+ 162.00 1.30 S
CuSOq4 164.05 1.29 Polysulphide
Graphite+ 162.12 1.30 Sz
CuSO4+ 164.06 1.30 Polysulphide
HAMS 168.08  1.19 —S03
B > (Z
are. l6154 102 > (nmSand
sphalerite defect sulphide)
Sphalerite+ S* (ZnS and
PRACTIET 16162 1.02 (ZnS an
CuSOq4 defect sulphide)
Sphalerite+ S* (ZnS and
PRAIEIIET 16166 1.01 (ZnS an
CuSO4++HAMS defect sulphide)

3.5 Molecular dynamics simulation and possible

separation mechanism

To further understand the depressing
mechanism of HAMS, molecular dynamics
simulation was used to explore the adsorption
structure of HAMS on graphite surfaces in a water
system. The initial structure is depicted in Fig. 11(a),
and the equilibrium interfacial adsorption structure
of HAMS on graphite surfaces is shown in
Fig. 11(b). As displayed in Fig. 11(b), some HAMS
molecules were laid on the graphite surface as a
thin film, which prevented the exposure of the
hydrophobic neutral graphite surface to water.
Obviously, it was the most efficient adsorption
mode of HAMS due to the largest proportion of
graphite surface coverage. As displayed in
Fig. 11(c), a water exclusion area exists between the
graphite surface and the water reagent system. The
hydrophobic naphthalene ring in HAMS was
squeezed to the surface of graphite. Combining
with the electric neutrality crystal structure of
graphite, the hydrophobic force was more worthy of
being considered the driving force of HAMS
adsorption on the graphite surface [45]. As
displayed in Fig. 11(d), many hydrogen bonds were
formed between hydrophilic groups (—SO; and
—OH) in HAMS and water molecules. It can be
inferred that the formation of hydrogen bonds was
the main reason for the hydrophilicity of the
HAMS-treated graphite surface.

The results of molecular dynamics simulation
demonstrated that the hydrophobic interaction
between the naphthalene ring in HAMS and
graphite ensures that HAMS can be stably adsorbed
on the graphite surface, while the hydrogen bonds
between hydrophilic groups in HAMS and water
molecules ensure the hydrophilicity of HAMS-
treated graphite surface.

Initial structure (b) Equilibrium structure

Hydrophobic interaction

Fig. 11 Interfacial information of HAMS on graphite
surfaces: (a) Initial structure; (b) Equilibrium structure;
(c) Local detail of equilibrium structure; (d) Hydrogen
bonding between HAMS and water in equilibrium
structure

Based on all experimental results, we proposed
a possible selective depressing mechanism of
HAMS in the separation of graphite and sphalerite
(Fig. 12). The Zeta potential test and XPS analysis
demonstrated that HAMS was largely adsorbed on
the graphite surface, while there was almost no
adsorption of HAMS on the sphalerite surface. The
FT-IR analysis and molecular dynamics simulation
inferred that there was no strong chemical
adsorption of HAMS on the graphite surface, and
HAMS is mainly adsorbed on the graphite surface
via its naphthalene ring by hydrophobic interaction.

4 Conclusions

(1) The micro-flotation of both single mineral
flotation and mixed mineral flotation confirmed that
HAMS could achieve selective separation of
graphite and sphalerite. Under the optimum mixed
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mineral flotation conditions, the recoveries of
sphalerite and graphite in the flotation concentrate
were 93.37% and 4.98%, respectively.

(2) The Zeta potential tests indicated that
HAMS was considerably adsorbed on the surface of
graphite but virtually completely absent on the
surface of sphalerite. XPS analysis further
confirmed the difference in the adsorption of
HAMS on the surfaces of graphite and sphalerite.

(3) The FT-IR tests revealed that HAMS has
no significant chemisorption on the surfaces of
graphite and sphalerite. Based on molecular
dynamics  simulation hydrophobic
interaction was observed between the naphthalene
ring in HAMS and graphite, as well as hydrogen
bonds between hydrophilic groups in HAMS and
water molecules. They were inferred to be the
driving force behind the adsorption and depression
of HAMS on graphite.
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