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Abstract: With the continuous development of mineral resources to high altitude areas, the study of sulfide ore flotation in unconvention-
al systems has been emphasized. There is a consensus that moderate oxidation of sulfide ore is beneficial to flotation, but the specific suit-
able dissolved oxygen value is inconclusive, and there are few studies on sulfide ore flotation under low dissolved oxygen environment at
high altitude. In this paper, we designed and assembled an atmosphere simulation flotation equipment to simulate the flotation of pyrite at
high altitude by controlling the partial pressure of N,/O, and dissolved oxygen under atmospheric conditions. X-ray photoelectron spec-
troscopy (XPS), atomic force microscope (AFM), Fourier transform infrared spectrometer (FT-IR), UV-vis spectrophotometer, zeta po-
tential, and contact angle measurements were used to reveal the effects of surface oxidation and agent adsorption on pyrite at high altitude
(4600 m dissolved oxygen (DO) = 4.0 mg/L). The results of pure mineral flotation indicated that the high altitude and low dissolved oxy-
gen environment is favorable for pyrite flotation. Contact angle measurements and XPS analysis showed that the high altitude atmosphere
slows down the oxidation of pyrite surface, facilitates S2-/S° production and enhances surface hydrophobicity. Electrochemical calcula-
tions and zeta potential analysis showed that the influence of atmosphere on the form of pyrite adsorption is small, and the different atmo-
spheric conditions are consistent with dixanthogen electrochemical adsorption, with lower Zeta potential under high altitude atmosphere
and significant potential shift after sodium isobutyl xanthate (SIBX) adsorption. The results of FT-IR, UV-vis, and AFM analysis showed
that SIBX adsorbed more on the surface of pyrite under high altitude atmosphere and adsorbed on the surface in a mesh structure com-
posed of column/block. The results of the experimental study revealed the reasons for the easy flotation of sulfide ores at high altitude
with less collector dosage, and confirmed that the combined DO—pH regulation is beneficial to achieve more efficient flotation of pyrite.

Keywords: high altitude; dissolved-oxygen; pyrite; flotation; oxidation

1. Introduction

High altitude mines are characterized by low pressure and
oxygen gas environment, dry climate, fragile environment,
inconvenient transportation, and so on. The flotation has a
wide range of applications and high efficiency, so that sulf-
ide mines are still widely used in high altitude. Compared
with conventional systems, the dissolved oxygen (DO) in the
water is lower due to the low pressure and oxygen environ-
ment at high altitude, and the flotation effect may also be dif-
ferent. The situation affects the surface oxidation of pyrite
and the electrochemical reaction of the agent and mineral.
The mechanism of influence on flotation of sulfide minerals
in this environment is lack of systematic research.

Many scholars have studied the effect of dissolved oxy-
gen on the surface oxidation of pyrite, and its floatability is
related to the generation of hydrophobic substances (S2~/S")
on the surface. The oxidation process of elemental sulfur on
the surface of pyrite has been studied by some authors, where
S° is produced on the surface only in the presence of dis-
solved oxygen, and the amount of S° reaches a maximum
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when DO is 20wt% of its saturation value in the slurry [1-2].
Sulfur oxidation is also closely related to the pulp pH, where
a decrease in pH accelerates the dissolution of metal ions,
which favors S° generation and increases floatability. If mod-
erate oxygen oxidation, it is beneficial to achieve collector-
free flotation of sulfide ore or reduce the consumption of col-
lector. If excessive oxidation occurs, hydrophilic sulfur ox-
ides (such as S,0%" and SO27) are produced, which can in-
hibit its flotation [3—5]. There are scholars performed the sep-
aration of chalcopyrite and pyrite by adding O; and H,0,
[4,6—7]. The results showed that the floatability of chalcopyr-
ite decreased significantly after oxidation, while H,O, exhib-
ited a higher separation selectivity than O; oxidation [4-5].
The XPS results also showed that the decrease in floatability
was related to the generation of hydrophilic substances such
as CuO, Cu(OH),, FeOOH, and Fe,(SO,);. The oxidation ef-
fect on the surface of the sulfide ore also determines the ad-
sorption effect of the agent. Pyrite oxidized by H,0O, or ex-
posed to air for a long time will hinder the adsorption of the
collector and significantly reduce its floatability, which may
be related to the FeOOH or Fe(OH); on the surface of pyrite
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[8—11]. Pyrite electrochemical studies have shown that the
nitrogen atmosphere leads to a low slurry potential, which in-
hibits the formation of oxidation products and facilitates their
flotation [12]. However, low potential is also detrimental to
the adsorption of the collector agent, which may also have an
effect on its flotation effect [13—15]. Martin et al. [12] con-
ducted flotation tests on pyrite by using nitrogen and the res-
ults showed that the slurry still had sufficient oxygen mass
transfer. Moreover, nitrogen is beneficial for pyrite flotation
by reducing the formation of hydroxyl groups in the slurry
[16]. Much research has been carried out on the effect of dis-
solved oxygen on sulfide ore flotation, however, the optimal
DO for sulfide ore flotation has not been clarified, and the re-
lationship between the effect of the altitude—DO on the flota-
tion effect of sulfide ore has not been effectively established.

An atmospheric flotation plant was designed and as-
sembled under atmospheric pressure conditions. The relative
O,/N, ratio was adjusted to simulate different altitude atmo-
spheres based on the dissolved oxygen in water at different
altitudes. On this basis, the effect of different altitude atmo-
spheres on the flotation effect of pyrite was investigated.
Contact angle measurements, X-ray photoelectron spectro-
scopy (XPS), Fourier transform infrared spectrometer (FT-
IR), UV-vis spectrophotometer, atomic force microscope
(AFM), and electrochemical analysis were used to reveal the
surface property changes and agent adsorption behavior of
pyrite. The correlation between altitude and pyrite flotation
was established, further expanding the environment for the
use of sulfide ore flotation theory. The results of the experi-
mental study provide a theoretical basis for sulfide ore flota-
tion in high altitude areas.

2. Experimental
2.1. Materials

Pyrite from a metamorphic mine in Hubei, China, and the
chemical analysis is shown in Table 1. The purity is 97.3%.
The test sample was crushed by ceramic crushing, ceramic
grinding and dry sieving to 38—74 um, sealed by sealed bag,
dried by silica gel ball, and stored in refrigerator. The pyrite
crystals were analyzed by X-ray diffraction (XRD). Fig.1
shows the main peaks of the pure mineral are obvious and ba-
sically free of spurious peaks, with a single mineral crystal
and high purity.

Table 1. Chemical multi-element analysis of pyrite ~ wt%
TFe TS SiO, Al O4 MgO
45.41 51.90 0.65 0.47 0.54

The sulfide ore collector sodium isobutyl xanthate (SIBX,
AR) was purchased from Hunan Minzhu Mineral Processing
Chemical Co., Ltd. The methyl isobutyl carbinol (MIBC,
AR) was purchased from Jiangxi Tianzhuo Flotation Re-
agent Co. The adjusting agents CaO and NaOH (AR) were
purchased from Xilong Chemical Co. Ultra-pure water (R >
18.0 MQ/cm) was used for all tests, and nitrogen was used to

Intensity / a.u.
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Fig. 1. XRD pattern of pyrite.
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drive oxygen before the test (DO < 0.3 mg/L).
2.2. High altitude-DO

The atmosphere consists of 78.09vol% nitrogen,
20.95vol% oxygen, and 0.96vol% carbon dioxide and ozone.
The atmospheric pressure is equal to the sum of the partial
pressure of oxygen and the partial pressure of all other gases.
Based on the literature [17], it is known that the equation of
isothermal atmospheric pressure versus altitude (Laplace’s
formula for pressure height) is shown as Eq. (1), and Eq. (2)
is obtained by conversion at 25°C. The oxygen partial pres-
sure is calculated as shown in Egs. (3)—(4).

InP=-Zxg/(RyXT)+1InP, (1)
InP = —0.03 x (Z/10000)’ - 0.126 X (Z/10000)*~

1.19 % (Z/10000) +4.62 ()
Po, = Px20.95% 3)
Po, = K xXo, (4)

where Z is the altitude, P is the corresponding altitude pres-
sure, P, is the sea level pressure, T is the thermodynamic
temperature, g is the acceleration of gravity, R, is the ideal
gas constant, K is the Henry coefficient, and X, is the molar
fraction of oxygen in water.

Henry’s law shows that the solubility of a gas in a liquid at
a given temperature is proportional to the equilibrium partial
pressure of that gas, and the Henry’s coefficient (K) depends
on temperature, pressure, and the nature of the solute and
solvent [18—19]. The dissolved oxygen (DO) parameters cor-
responding to different altitudes in Table 2 are the measured
values in the vacuum test chamber, which are close to the cal-
culated theoretical values and serve as reference values for
dissolved oxygen conditions at high altitudes.

According to the difference of mountain type and scale,
the altitude was divided into high mountain areas >3000 m,
mountain or hilly areas from 1000 to 3000 m, and low moun-
tain hilly or plain areas <1000 m. To study the effect of DO
on sulfide ore flotation at high altitude, the oxygen partial
pressure was adjusted by changing the atmosphere composi-
tion under atmospheric pressure conditions, and high altitude
atmosphere composition was simulated with dissolved oxy-
gen as the characterization parameter. As shown in Table 2,
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Table 2. Relationship between altitude and dissolved oxygen
Altitude / m Air pressure / kPa O, pressure / kPa O, concentration / vol% DO/ (mg-L™)
0 101.3 21.0 20.9 8.17
1000 89.9 18.7 18.6 7.15
2000 79.5 16.5 16.4 6.21
3000 70.3 14.6 14.5 5.35
4000 62.1 12.9 12.8 4.56
5000 54.9 114 11.3 3.84

Note: Oxygen concentration relative to the percentage value at atmospheric pressure and dissolved oxygen temperature condition of

25°C.

the dissolved oxygen parameter in water under high altitude
4600 m environment is 4.0 mg/L, whereas it is 6.0 and 8.1
mg/L under middle altitude 1800 m environment and low
altitude (63 m in Changsha) environment, respectively.

2.3. Equipment and process

The connection diagram of the test equipment is shown in
Fig. 2, including gas cylinder, gas mixing chamber, Hal-

rogen

Oxygel'l Nlt

limount tube, and magnetic stirring device. The flotation test
is carried out in Hallimount tube with an effective volume of
90 mL, a built-in ceramic microporous foam plate, a mini-
ature magnetic rotor, and a speed setting of 1500 r/min. The
test gas supply is purchased from Changsha Xinxiang Gas &
Chemical Co. The gas is feed into the tube, and the gas flow
rate is controlled at 175-200 mL/min. The external atmo-
sphere has no influence on the internal flotation system.

Hallimont
tube R
» | L

Fig.2. Diagram of the self-made microflotation equipment.

In the condition of atmospheric pressure and room tem-
perature of 25°C, the control of DO in water is mainly regu-
lated by adjusting the partial pressure of oxygen in the atmo-
sphere, and the purpose of simulating high altitude atmo-
sphere is achieved by controlling the concentration of mixed
gas oxygen under the condition of constant total pressure in
the gas mixing chamber. In order to determine the effect of
mixed gas oxygen concentration and inflation time on the
dissolved oxygen content in water, DO was measured dy-
namically with oxygen concentration meter model BH-4M,
dissolved oxygen meter model JPSJ-606L, and electrode
model DO-958-L. The DO value was measured under the in-
flation volume of 175 mL/min and stirring speed of 1500
r/min, and the results are shown in Fig. 3. The oxygen con-
centration was 20.9vol% in the atmospheric environment of
atmospheric pressure and low altitude (63 m in Changsha),
and the DO value in water was stabilized at about 8.1 mg/L
when it was inflated for 8 min. When the oxygen concentra-
tion of the gas mixture is (16 £ 0.6)vol%, the DO value in
water can be controlled at (4.0 + 0.2) mg/L when inflated for
4 min, which is close to the dissolved oxygen value in water

at 4600 m altitude, and this atmosphere condition under at-
mospheric pressure can basically achieve the purpose of sim-
ulating high altitude atmosphere.

Oxygen was driven by nitrogen for 6 min before the test,
and then the different altitude atmosphere was adjusted to in-

—=-20.9vol%
8 I —e—18.8vol%
—A—16.6vo0l%
—v—15.3vol%
—o—-14.7vol%
6 12.9vol%

~ ——11.3vol%
O
)
Ear
S
A
2+
(S
0 2 4 6 8
Time / min
Fig. 3. Relationship between atmosphere and dissolved oxy-
gen.
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flate for 8 min until the DO value was stable. The flotation
flowsheet is shown in Fig. 4. After adding 2 g of pure miner-
als and stirring for 8§ min, pH regulator, collector agent, and
4.5 pL MIBC were added in tube as frother agent.

Feed (2 g)

pH regulator 3 min
Collector 2 min

MIBC 1 min

3 min

v \

Concentrate Tailing

Fig. 4. Single flotation flowsheet.

2.4. Analysis

(1) XPS analysis.

Model: Thermo Scientific Ka, X-ray source: Al Ka rays
(hv = 1486.6 eV). After the powder sample was pressed and
attached to the sample tray, the sample was placed into the
sample chamber of the instrument, and the sample was fed
into the analysis chamber when the pressure in the sample
chamber was less than 2.0 x 10~ Pa, with a spot size of 400
pm, an operating voltage of 12 kV, and a filament current of
6 mA. The full-spectrum scan fluence energy was 150 eV in
steps of 1 eV. The narrow-spectrum scan fluence energy was
50 eV in steps of 0.1 eV, and at least 5 cycles of signal accu-
mulation were performed for the narrow spectrum.

(2) FT-IR analysis.

Model: Shimadzu Instruments IRAffinity, scan range
400-4000 cm™, resolution: 0.5 cm™, 30° incidence Michel-
son interferometer, diffuse reflectance measurement. Pyrite
particles were treated with reagents and gases in a vacuum
chamber, and then the samples were dried at low temperat-
ure in a vacuum drying chamber.

(3) UV-vis analysis.

Model: Unico UV2100, using UV spectrophotometry to
analyze the concentration of pharmaceuticals in solution. The
absorbance of the solution was measured at the characteristic
absorption wavelength (the characteristic absorption
wavelength of SIBX is 301 nm), and the absorbance stand-
ard curve of the agent was made. The sample solution was
centrifuged for 10 min using a high-speed centrifuge (10000
r/min), and the clear solution was placed on a cuvette to
measure the absorbance at the characteristic absorption
wavelength, and the concentration of the agent in the slurry
was calculated with reference to the standard curve.

(4) Zeta analysis.

Model: Mal ZEN3600/nanoZS90, the zeta potential meas-
urements were performed under different atmospheres. A
100 mg sample of pyrite was added to 50 mL of 1 x 107
mol/L KCI solution and stirred for 5 min, settled for 5 min,
and then the suspension sample was taken by syringe for ana-
lysis. The pH of the suspension was adjusted using 0.10
mol/L NaOH and HCI at the same time as the measurements.

The average of the three measurements for each pH unit was
calculated and given.

(5) AFM analysis.

Model: Nanoscope V, Bruker, the tests were performed in
Tapping-mode with a single-crystal silicon probe of RTESP-
300 model with an imaging resonance frequency of 286 kHz,
an elasticity factor of 40 N/m, a scanning frequency of 2 Hz,
and a scanning range of 3 um x 3 um. The AFM images were
represented by different gray levels are indicated, with light
colors being high and dark colors being low. All AFM im-
ages were collected using Nanoscope analysis software and
Flattened to prevent image distortion. Pure mineral crystals
were abraded with 2000, 5000, and 8000 mesh sandpaper and
polished with 2.5, 1, and 0.5 um diamond suspensions, and
the samples were stored in anhydrous ethanol. The samples
were ultrasonically cleaned and blown dry with nitrogen be-
fore use, and the treated samples were dried in a vacuum dry-
ing oven at low temperature before measurement.

(6) Contact angle test.

Model: Chengde Dingsheng Testing Machine and Test-
ing Equipment Co., Ltd JY-82C, water droplet 0.016 mL/d.
The samples were pressed and fixed on a $25 mm mold. The
samples were polished with 2000, 3000, and 5000 mesh
sandpaper before the test, and then treated with reagents and
gases in a vacuum glove box according to the experimental
design. The treated samples were dried in a vacuum drying
oven at low temperature before contact angle measurement.

3. Results and discussion
3.1. Altitude—pH flotation test

The pH value of slurry was adjusted to 8.0-8.5 with Na-
OH, and the pyrite collector agent dosage conditions were
tested at low altitude, the test results are shown in Fig. 5. The
recovery of pyrite was 92.0% when the SIBX dosage at 7.5 x
107 mol/L, and the pyrite recovery tended to be stable with
the increase of agent dosage. Under the condition of NaOH
as pH regulator and 7.5 x 10~ mol/L SIBX as collector agent,
the pH value condition tests were performed at different alti-
tude conditions (Fig. 6).

The pH value has obvious influence on the flotation effect

100 |

80 -

60 -

40

Recovery / %

0 0.2 0.4 0.6 0.8 1.0
SIBX dosage / (10* mol-L™")

Fig. 5. Relationship between recovery of pyrite and SIBX

dosage at low altitude.
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Fig. 6. Recovery of pyrite at different altitude with pH as
function.

of pyrite, and the experimental results are the same as the lit-
erature [2]. The recovery of pyrite is greater than 80% at pH
< 8.0, and pyrite is significantly inhibited at pH > 10.0. The
flotation effect of pyrite in high altitude is better than that in
low altitude environment, and the DO value in Fig. 3 is
slightly lower than that in low altitude. This is resulted from
weak alkaline condition would promote pyrite surface oxida-
tion and Fe?* diffusion in solution [20-21]. In addition, the
frother was more favorable to the formation of bubbles, and
the stability can be improved [22-23]. Based on the small
difference between the weakly alkaline and acidic conditions,
the condition of pH = 8.0-8.5 was selected for the sub-
sequent test.

3.2. Altitude—SIBX dosage flotation test

The SIBX dosage condition tests were performed at dif-
ferent altitude conditions when the pH = 8.0-8.5.

As shown in Fig. 7, 7.5 x 10~ mol/L SIBX was the best
dosage in different altitude conditions, and the recovery of
pyrite was limited by continuing to increase the SIBX
dosage. The recovery rate at high altitude is higher than other
groups in different agent dosage. Under the same flotation in-
dex, high altitude atmosphere can reduce the dosage appro-
priately.

Pyrite flotation requires moderate oxidation, and the low
potential value of slurry is not conducive to electrochemical

100
80
S 60}
>
o)
>
(=}
8 40
o~
—a— Nitrogen
20 - —e— High altitude
—a— Middle altitude
—v— Low altitude
0L — :

1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
SIBX dosage / (107 mol-L™")

Fig. 7. Recovery of pyrite at different altitude with SIBX
dosage as function.
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adsorption of the collector agent on the surface of pyrite,
which affects its flotation recovery effect. Excessive oxida-
tion of pyrite surface will produce a large number of hy-
droxyl iron compounds on the surface, which is also detri-
mental to the flotation recovery [9-10]. Moreover, the effect
of surface oxidation of pyrite on the adsorption at high alti-
tude needs to be studied in more depth. The theory of moder-
ate oxidation of pyrite at high altitude can be analyzed from
surface sulfur oxidation theory and electrochemical adsorp-
tion theory of pyrite.

3.3. Mechanism analysis

The results of the flotation tests all indicate that the low
DO at high altitude is favorable for pyrite flotation compared
to the low altitude environment. This work focuses on the ef-
fect of oxidation on the surface of sulfide minerals and ad-
sorption of chemicals on the hydrophobicity of minerals at
high altitude. XPS, FT-IR, AFM, and other microscopic were
used to reveal the effect of low DO at high altitude on the
surface properties of pyrite, and contact angle macroscopic
measurements was used to investigate the changes of its hy-
drophobicity.

3.3.1. Contact angle analysis

In the flotation process, the hydrophilicity/hydrophobicity
of the mineral surface determines the floatability of the min-
eral, and the contact angle can effectively measure the con-
tact angle magnitude at the interface of solid, liquid, and gas
phases on the mineral surface, thus visually reflecting the
wettability of the mineral surface. In order to study the effect
of different altitude environments and collector agents on the
wettability of pyrite, the contact angle of pyrite under differ-
ent conditions was measured by the suspended drop method.

As shown in Fig. 8, the pyrite shows stronger hydrophobi-
city at high altitude conditions, which is favorable for the
flotation process. This phenomenon may be due to the mod-
erate DO in the high altitude waters prompting more hydro-
phobic monomeric sulfur production on the surface of pyrite.
At low altitude, the DO content in the water increases, result-
ing in deeper oxidation of the pyrite surface and more hydro-
philic SO3~ and hydroxylated iron, thus reducing the contact
angle of pyrite. Different altitude conditions affect the oxida-
tion of pyrite surface, which has an impact on wettability.

1 Pure
100 |1 Pyrite + SIBX 8240 86.4° 84.6°
82.0° 80.3°
76.8°

80 |- = T
5
En 60 +
<
8
s 40}
&)

20

0 .
Nitrogen High altitude Low altitude

Fig. 8. Contact angle of pyrite at different altitudes.
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The contact angle measurement tests show that the wettabil-
ity of pyrite at high altitude conditions is better than that at
low altitude conditions.
3.3.2. XPS analysis

XPS detection was used to study the changes in the chem-
ical valence and atomic concentrations of S and Fe elements
on the surface of pyrite under different elevation atmosphere
conditions. Fig. 9 shows the XPS spectra of S 2p and Fe 2p
and the atomic concentrations of S and Fe components. By
fitting S 2p and Fe 2p to the split peaks, it can be observed

2153

from Fig. 9(a)—(c) that there is no obvious change in the spe-
cies of S components on the surface of pyrite under different
altitude conditions, mainly the S* peak corresponds to the
presence of sulfur defect sites on the surface, the S3~ peak
corresponds to Fe in the bulk phase of Fe[ll]-S,, and the
S27/S° peaks correspond to sulfur monomers, iron-deficient
sulfides, and polysulfides on the surface of pyrite. When fur-
ther oxidation of S?~/S" to higher valence soluble SO} salts
is carried out in solution, this affects the total sulfur content
of the pyrite surface [24].

(a) Nitrogen (d) Nitrogen
S component Fraction / at% Fe component Fraction / at% 707.55 eV
. |s ) . |Fe(DSmbulk  55.07 ;
3 S3 79.59 ’3 Fe(I)-S on surface 18.17
Z|Si/se 7.41 7° < | Fe(1I)-O/OH 26.23
2|20 — ' 2 A\719.86 eV
R7 . v R7 / : 709.40 eV,
g | 16887V 16565eVi /7 /\ g A 711.76 ¢V, !
,E T .E e a
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Fig.9. XPS spectra of (a—c) S 2p and (d—f) Fe 2p of pyrite at nitrogen, high altitude, and low altitude.

As shown in Fig. 9(a)(c), compared with the nitrogen
condition, the oxidation of pyrite occurred under high alti-
tude conditions due to the increase of DO content in the
slurry and the intense oxygen mass transfer behavior on the
surface of pyrite, which increased the relative content of S*
on the surface from 6.13% to 12.43%. At the same time, ac-
cording to the “thiosulfate” mechanism followed by pyrite
oxidation under alkaline conditions, water molecules reacted
at the anode site of pyrite and sulfur atoms lost electrons to be
oxidized to S,03, resulting in an increase in the relative con-
tent of S27/S° from 7.41% to 10.38%. As the altitude de-
creases to lower elevations, the relative content of defective
sulfur and S2~/S° on the surface of pyrite decreases to 9.11%
and 8.01%, respectively, while the content of SO~ increases
from 6.65% to 13.35%. As the DO content in the slurry fur-
ther increased with decreasing elevation, the intermediate
valence sulfur oxides on the surface of pyrite were further ox-
idized to the higher valence SO; . This indicates an increase

in sulfur oxidation on the pyrite surface, which in turn makes
the pyrite less hydrophobic.

As shown in Fig. 9(d)—(f), the main peak at 707.55 eV
corresponds to the fully coordinated low spin Fe*' site in the
pyrite lattice, and the peak at 709.40 eV can be interpreted as
the surface iron atom bound to sulfur (Fe(II)-S) [25-26]. The
shift of Fe(Il[)-S binding energy under different elevation
conditions may be due to the charging effect. The peak of the
binding energy located at 711.76 eV is then caused by
Fe(III)-O/OH [27-28]. Combined with Fig. 9(e)—(f), it can
be observed that the relative concentration of Fe(III}-O/OH
gradually increases with decreasing altitude. The DO content
in the slurry gradually increases with decreasing altitude,
which makes the oxidation on the surface of pyrite increase
significantly, further making Fe(Il[)-O/OH the main com-
ponent on the surface of pyrite [4]. As the hydrophilic
Fe(IIT)-O/OH covered the surface of pyrite in large amount,
on the one hand, it made the surface of pyrite more hydro-



2154

philic; on the other hand, compared with Fe(II)-S, Fe(Ill)-
O/OH showed much weaker interaction with pyrite, which
greatly hindered the adsorption of SIBX on the surface of
pyrite.
3.3.3. Electrochemical analysis

In order to understand the adsorption form of SIBX at dif-
ferent altitude, the pH and oxidation-reduction potential
(ORP) values were monitored during the altitude—pH flota-
tion test. pH meter model is INESA PHS-3E, equipped with
E-201-C electrode. ORP potential meter model is INESA
YHBIJ-262, equipped with 501 ORP electrode, reference
electrode was Ag/AgCl, external reference solution was
3 mol/L KCI solution, standard electrode potential £, =
0.2224 V, and the standard potential (£ vs. SHE) is conver-
ted using Eq. (5).

Evs. SHE = E vs. Ag/AgCl+0.2224 %)

In the pyrite—SIBX flotation system, a redox reaction oc-
curs on the surface of the pyrite to produce dixanthogen (X,),
which is the main hydrophobic substance that causes the pyr-
ite to be floatable, with the following Eqs.:

1/20,+H,0+2[X] =X, +20H" (6)

Cathodic reaction : 1/20, +H,0 +2e =20H" @)

Anodic reaction : 2[X ] =X, +2e 8)
When E,=-0.127 Vand [X]=7.5 x 10° mol/L,

E vs. SHE = -0.127-0.059 x1g[X ] = 0.116 V )

The calculation results showed that when the SIBX con-
centration was 7.5 x 10> mol/L, the oxidation potential of the
SIBX on the surface of pyrite was 0.116 V. The oxidation of
X" into X, occurred preferentially, and the potential formed
by X, was the starting potential of flotation [29]. As can be
seen in Fig. 10(a), the flotation slurry potential is higher than
the minimum oxidation potential value required for oxida-
tion of pyrites, and the pyrites are electrochemically ad-
sorbed on the surface of pyrite. Pyrite surface oxidation af-
fects the electric double layer charge density and affects the
electrochemical adsorption of the collector on its hydro-
phobic surface.

Zeta potential analysis was carried out for pyrite at differ-
ent altitude. As can be seen in Fig. 10(b), the isoelectric point

1.0
(a) —— Nitrogen
09F —— High altitude
——Middle altitude
0.8 F —— Low altitude
Oxygen
T 07}
n
£ 06}
>
= 0.5}
m
04}
03}
02 1 1 1 1 1
2 4 6 8 10 12
pH
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(IEP) of pyrite was 5.3 at high altitude, while it was 6.2 at
low altitude, which is consistent with the IEP of the oxidized
pyrite surface [30-31]. The pyrite surface oxidation was
formed as Fe—OH, where the IEP of Fe(OH); were between
5.2 and 8.6 [24]. The oxidation of pyrite surface slows down
at high altitude due to lower DO, and the Fe*" content and Eh
in the slurry was lower. In addition, it was also known from
XPS analysis that more S2~/S” is produced on the surface of
pyrite in the low DO, some of which may be adsorbed on the
surface of pyrite as thiosulfate or sulfite, resulting in lower
IEP at the high altitude [24,32-33]. SIBX is the most tradi-
tional anionic collector agent for sulfide ore, and its addition
will reduce the IEP of sulfide ore. The magnitude of zeta po-
tential shift at high altitude is significantly larger than that of
low altitude, which can explain to some extent that pyrite will
adsorb more agents at high altitude. At the same time, ex-
cessive oxidation of the pyrite surface can be detrimental to
agent adsorption at low altitudes.

3.3.4. FT-IR and UV-vis analysis

The FT-IR absorption spectra is used to analyze the mech-
anism of flotation agent—mineral interaction. In addition, to
quantitatively identify the adsorption of SIBX on the surface
of pyrite, UV-vis absorption analysis was used to determine
the quantity of SIBX in the flotation slurry.

As can be seen in Fig. 11(a), the peaks at 2969.5 and
2875.0 cm™" are caused by the stretching vibration of C—H in
methyl and isomethyl, respectively; the peak at 1613.5 and
1468.8 cm ' is caused by the stretching vibration of C=0 in
amide or by the stretching vibration of C=C and the antisym-
metric deformation vibration of —CHj; or the deformation vi-
bration of —CH,, respectively; the peaks at 1242.2, 11274,
1048.4, and 979.2 cm' is caused by the bending vibration of
—C—O—C-, stretching vibration of -C—O—C—, stretching vi-
bration of C=S, and bending vibration of C—H, respectively
[9,34-38].

Comparing the FT-IR spectra of pyrite, the FT-IR spectra
of pyrite after absorption of SIBX at different altitude are
similar (Fig. 11(b)). The appeared absorption peaks at 1242.2
and 980.8 cm™ are assigned to -C—O—C— and C—H, respect-
ively, and no obvious C=S peaks are detected. It has been
shown that the characteristic peak at 1242 ¢cm™' is ascribed to

10
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5 _( ) - v- High altitude pyrite + SIBX
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0 SRR - m- Low altitude pyrite + SIBX
e
> \
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Fig. 10. (a) Eh and (b) Zeta potential of flotation slurry at different pH.
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—C—0O—C- stretching vibration [39], which can be used as a
dixanthogen characteristic peak to some extent. The forma-
tion of dixanthogen is more important for the flotation of pyr-
ite than iron-xanthate [34]. FT-IR results show that the de-
gree of oxidation of pyrite has no effect on the adsorption
form of SIBX, it was able to adsorb on its surface and pro-
duce a dixanthogen adsorption layer. The characteristic peak
of pyrite adsorption is weaker in the condition of nitrogen
than in the case of oxygen, and DO has an effect on the
quantity of pyrite agent adsorption, for which UV-vis ab-
sorption analysis was performed.

A series of standard solutions with concentrations of 0,
0.25%x10% 0.5 10% 0.75 x 10*, and 1.0 x 10™* mol/L were
configured, and the absorbance of the solutions was meas-
ured at the characteristic absorption wavelength of 301 nm of
SIBX to make the absorbance standard curve of the agent
[40—42]. The SIBX standard line and the adsorption curve of
the agent are shown in Figs. 12—13.

0.8 - Standard curve
5 0.6
<
3
g 0.4} y=1.275x + 0.0005
5 R?=0.9993
S
<02}
0F
0 0.2 0.4 0.6 0.8 1.0
SIBX dosage / (10* mol-L™)
Fig. 12. SIBX concentration standard curve.

The R’ of the standard line of SIBX concentration is good,
and the absorbance and the concentration of the agent fol-
lowed Beer’s law [43]. The adsorption of SIBX on pyrite in-
creases with increasing SIBX concentration, and the growth
trend is gradually decreasing. The adsorption quantity was
maximum at high altitude conditions, and it was greater at
low altitude than that at nitrogen conditions, and moderate
oxidation was favorable to the adsorption of SIBX on the sur-
face of pyrite. Although the DO is lower in high altitude con-
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Fig. 13. SIBX content on pyrite.

ditions, the oxygen mass transfer is sufficient to allow the ox-
idation of pyrite to provide sufficient adsorption sites on the
surface.

3.3.5. AFM analysis

The contact angle and XPS analysis show that the oxida-
tion rate of pyrite surface slows down at high altitude with
low DO conditions, producing more S2~/S° and enhanced
surface hydrophobicity. The presence of S° reduces the ad-
sorption sites of agents on the surface of pyrite, but electro-
chemical analysis, FT-IR, and UV-vis absorption analysis in-
dicate that the adsorption of xanthate/dixanthogen occurs at
different altitude conditions, and the adsorption is greatest
under high altitude conditions. Therefore, AFM was used to
study the adsorption morphology of the agent on the surface
of pyrite at different altitude conditions and to analyze the in-
teraction mechanism between SIBX and pyrite surface from
the microscopic.

Fig. 14 shows the adsorption morphology of SIBX on the
surface of pyrite at different altitude with a scan range of
3 um X 3 pum. In the condition of nitrogen, SIBX was ad-
sorbed on the surface of pyrite in a dotted form with a peak of
up to 6 nm and a small amount of adsorption. Although pure
nitrogen was used to repel oxygen from the slurry, the slurry
was not completely in a dissolved oxygen-free state (DO <
0.3 mg/L), and oxygen mass transfer behavior still existed,
and the oxidation of pyrite was slowed down. If oxidation
produces charge transfer, smaller adsorption sites on the pyr-
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Fig. 14. 2D images of SIBX adsorption on pyrite surface at different altitude: (a) nitrogen; (b) high altitude; (c) low altitude.

ite surface will still be possible in relatively dispersed areas.
The extensive adsorption of xanthate supports the model of
Valdivieso [30], which suggests that the unoxidized sites can
serve as initial nucleation sites for the formation of dixantho-
gen clusters.

As can be seen in Fig. 15, SIBX adsorbs on pyrite sur-
faces in block/columnar form and forms multiple lattice ad-
sorption structures, with less cluster adsorption at high alti-

tudes. The peak reaches up to 12 nm and the width exceeds
200 nm. Mermillod-Blondin proposed a xanthate adsorption
mechanism in which these columnar oxidation structures are
introduced [44], in which the xanthate preferentially inter-
acts near the top of these oxidation structures, leading to the
release of the underlying iron ion sites and the xanthate is ad-
sorbed as a monolayer iron-xanthate followed by mul-
tilayered dixanthogen clusters.
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Fig. 15. SIBX adsorption layer height at the scribed line: (a) nitrogen; (b) high altitude; (c) low altitude.

At low altitude, due to the high DO, the pyrite surface is
oxidized vigorously and more cavity corrosion areas appear,
and it is difficult for SIBX to appear as a massive/columnar
adsorption layer. However, cluster/spot adsorption morpho-
logy can still be found as shown in Fig. 15(c). The average
peak height of these patches is 7 nm, and the maximum peak
height can reach 12 nm. The oxygen mass transfer efficiency
is higher at low altitude, and the oxidation behavior of pyrite
surface is obvious and the charge distribution is more uni-
form, resulting in the adsorption sites uniformly dispersed on
the pyrite surface in clusters/spots. However, the increase of
Fe-OH may prevent the adsorption of xanthate on the
clusters, and the massive oxidation of defective sulfur can
destroy the original hydrophobicity, which explains the res-
ults of the XPS analysis and the contact angle test.

In summary, the main compounds adsorbed by SIBX on
the surface of pyrite are dixanthogen and iron-xanthate [34].
The adsorption behavior of the collector agent relies mainly
on electrochemical adsorption, but the unoxidized sites are
equally likely to have dixanthogen adsorption. The adsorp-
tion of SIBX is weak under nitrogen conditions due to the
low surface potential. Oxidative corrosion exists at low alti-
tude conditions and the adsorption of the agent is carried out
in clusters/spots on the surface of pyrite. The best adsorption
effect of the SIBX under high altitude conditions was carried
out in block/column form and formed multiple lattice adsorp-
tion structures. This reveals the main reason for the maxim-

um adsorption of the agent in pyrite at high altitude.
4. Conclusions

Under atmospheric pressure conditions and high-altitude,
low-oxygen atmosphere was simulated by adjusting the oxy-
gen partial pressure and measuring dissolved oxygen in wa-
ter. Pyrite flotation tests and mechanistic studies were con-
ducted under these conditions with the following conclu-
sions:

(1) The pyrite flotation tests indicate that pyrite flotation
requires moderate oxidation and neither nitrogen/oxygen at-
mosphere is conducive to pyrite recovery. Compared with the
conventional low altitude system, the high altitude low dis-
solved oxygen is favorable for pyrite flotation but unfavor-
able for suppression.

(2) Pyrite hydrophobicity is influenced by the presence of
surface S27/S or hydroxyl iron. XPS analysis shows that the
presence of a large number of sulfur defect sites and relat-
ively small amounts of SO;™ and Fe(III)-O/OH components
on the surface of pyrite at high altitude atmospheres en-
hances the interaction of pyrite with SIBX along with hydro-
phobicity. The contact angle also corroborates the conclu-
sion.

(3) SIBX was used as a collector, and after electrochemic-
al calculations, the test atmospheres met the minimum re-
quirement of dixanthogen oxidation potential. FT-IR analys-
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is shows that there was dixanthogen adsorption peak on the
surface of pyrite, and the floatability of pyrite was influenced
by the adsorption quantity. Zeta potential and UV-vis absorp-
tion analysis indicate that the high altitude conditions were
favorable for SIBX adsorption. AFM analysis exhibits SIBX
was stably adsorbed on the surface of pyrite in a lattice struc-
ture consisting of columns/blocks under high altitude.

(4) In this thesis, the oxidation of pyrite surface and ad-
sorption behavior of collector were investigated under low
dissolved oxygen conditions at high altitude. The findings are
consistent with the oxidation mechanism of pyrite and the
electrochemical theory of sulfide ore flotation. They show a
systematic description of sulfide ore flotation under low dis-
solved oxygen, providing a theoretical basis for sulfide ore
flotation under high altitude conditions.

(5) Xanthate—collector can be generalized due to the con-
sistency of the polar groups. However, we need to study more
systematically whether other types of agents (e.g., ethyl sulf-
ide or beneficiation black powder, etc.) also satisfy this ad-
sorption model.
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