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Abstract: Potassium ferrate (K,FeO4) was used as a novel environmental-friendly depressant, and its inhibition effect
on flotation performance of arsenopyrite and chalcopyrite using potassium ethyl xanthate (PEX) as a collector was
investigated by flotation experiments, contact angle measurements, adsorption measurements, localized electrochemical
impedance spectroscopy (LEIS) measurements, and X-ray photoelectron spectroscopy (XPS) analyses. The results
showed that K,FeOy strongly depressed arsenopyrite in a pH range of 4—11, and the flotation separation of chalcopyrite
from arsenopyrite could be realized in the presence of 5x107* mol/L K,FeOs and 5%107°> mol/L PEX at pH 8 or 10. In
the presence of KoFeOs4 and PEX, the contact angle and the xanthate adsorption capacity of arsenopyrite decreased
significantly. LEIS measurements showed that the addition of ferrate could significantly increase the impedance of the
arsenopyrite surface. XPS analyses further confirmed that ferrate accelerated the oxidation of arsenopyrite surface.

Key words: ferrate(VI); arsenopyrite; chalcopyrite; low-alkalinity flotation separation

1 Introduction

As an important strategic metal, copper
plays a critical role in the social and economic
development [1,2]. Chalcopyrite is the primary
material source of copper in nature, and it is mainly
recovered by flotation at present [3,4]. However,
in common situations, chalcopyrite is closely
associated with arsenopyrite, pyrite, and galena
[5—7]. These minerals are close to chalcopyrite in
ore-forming conditions, and some of their physical
and chemical properties are also similar. Therefore,
it is difficult to effectively separate these minerals
by adding a single xanthate collector in the flotation
process [2,8]. It is well known that Cu—As sulfide

ore is categorized into a complex refractory
resource [9]. If chalcopyrite and arsenopyrite, as the
main components, are not effectively separated in
the flotation process, it will have adverse effects on
the subsequent smelting process [10].

In the flotation separation of chalcopyrite
from arsenopyrite, chalcopyrite and arsenopyrite
show similar floatability because of the activation
of copper ions on arsenopyrite surface [3,11].
Therefore, the separation of copper—arsenic sulfide
ore by flotation depends on effective collectors and
depressants, and the removal of arsenic from copper
sulfide minerals by flotation has been extensively
investigated with various approaches [12]. At
present, xanthate is still the most widely used
collector in the flotation of sulfide ore, and the main
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products on the arsenopyrite surface are
dixanthogens and arsenic(IIl) xanthates [13—15]. In
recent years, O-isopropyl-N-ethyl thionocarbamate
and N-butoxycarbonyl-O-isobutyl thiocarbamate
have been used in flotation separation of
chalcopyrite from arsenopyrite because of their
higher selectivity to chalcopyrite [6,16,17].
Oxidation is usually viewed as an effective method
to depress sulfide minerals. This is accounted
by the fact that the formation of a hydrophilic layer,
which consists of oxides or hydroxides, prevents
xanthate adsorption on the surface of sulfide
minerals [18,19]. Arsenopyrite is easily depressed
at a high pH in the absence or presence of
oxidants [20]. However, there are inevitable
problems in high-alkaline process, such as pipeline
scaling, low recovery rate of associated precious
metals, difficulty in beneficiation wastewater
treatment. Aeration conditioning was considered
to be effective in pre-oxidation. The arsenic and
iron in the arsenopyrite are more
than iron in the chalcopyrite, indicating that
arsenopyrite is easily depressed at a high pH during
flotation [21-24]. Thus, aeration represents the
most simple and effective method for depression of
arsenopyrite [25]. In addition, pre-oxidation by
using oxidizing agents, including hydrogen peroxide,
manganese dioxide, potassium permanganate, and
hypochlorous acid, has been used to inhibit
flotation of the arsenopyrite [20,22,26—29].
Ferrate(VI) is a powerful oxidant in the whole
pH range. Compared with potassium permanganate

reactive

and other oxides, the oxidation of ferrate is stronger.

The standard electrode potential is 0.72 V under an
alkaline condition and 2.20 V under an acidic
condition [30,31]. High selectivity can be achieved
by adjusting the pH wvalue [32]. It has many
advantages such as high stability, and non-toxic and
harmless reaction products. Thus, it is widely
used in sewage treatment and environmental
remediation [33,34]. The strong oxidation of
ferrate(VI) can oxidize the arsenopyrite surface and
meanwhile, the ferrate(VI) is reduced into Fe(IlI).
In an alkaline solution, considerable amounts of
hydroxyl iron will adsorb on the arsenopyrite
surface, which provides sufficient possibility
to reduce the hydrophobicity of arsenopyrite
surface [35].

In this study, a novel depressant was proposed
for selectively depressing arsenopyrite to achieve

the flotation separation of chalcopyrite from
arsenopyrite. Effects of ferrate(VI) on the Cu—As
sulfides flotation separation performances were
studied by flotation tests. The inhibition mechanism
of arsenopyrite by ferrate(VI) was investigated by
the contact angle, surface adsorption experiments,
localized electrochemical impedance spectroscopy
measurements (LEIS), and X-ray photoelectron
spectroscopy (XPS). It is believed that the present
study will lay an excellent foundation for selecting
an effective depressant during flotation of Cu—As
sulfide ores.

2 Experimental

2.1 Materials

Chalcopyrite and arsenopyrite with high purity
were obtained from Chifeng, Inner Mongolia,
China. Gangue minerals were artificially removed
from high-grade chalcopyrite and arsenopyrite
and then were hand-picked, crushed, dry ground
and screened. A particle size range of 45-75 um
was used for flotation tests, surface-adsorption
measurements and XPS measurements. The
polished lump mineral was used for contact angle
and LEIS measurements. Chemical analysis showed
that chalcopyrite samples contain 33.28% copper,
and arsenopyrite samples contain 45.12% arsenic.
XRD analysis results of chalcopyrite and
arsenopyrite were obtained by using the MDI Jade
6.0 Package, as shown in Fig. 1. It is seen that there
are few diffraction peaks of gangue minerals in both
samples, which can be used for pure mineral
flotation and mechanism investigation.

As one kind of ferrate(VI), potassium ferrate
with an analytical purity was employed as a
depressant. Potassium ethyl xanthate (PEX) and
pine oil, which were of industrial purity, were used
as collector and frother, respectively. In addition,
hydrochloric acid and sodium hydroxide were used
as pH regulators. Deionized water with a resistivity
of 18.3 MQ-cm was used in all experiments.

2.2 Micro-flotation tests

An RK/FGC 5-35 trough-type flotation
machine was used for micro-flotation tests. In the
micro-flotation tests, approximately 2 g of pure
mineral samples were initially treated with an
ultrasonic cleaner for S5 min to remove the
oxidized components from the mineral surface. The
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Fig. 1 XRD patterns of purified chalcopyrite (a) and

arsenopyrite (b)

supernatant was removed and the mineral sample
was mixed with deionized water and reagent to
maintain the pulp volume of 40 mL. Then, the
prepared pulp was added into the flotation cell at a
stirring speed of 1600 r/min. The pH of pulp was
measured by pH meter (PHS—3C, Wincom, China)
and was adjusted by using hydrochloric acid and
sodium hydroxide for 2 min. Ferrate(VI) solution
was injected into the pulp, followed by addition of
PEX (5x10°mol/L, 3 min) and pine oil (15 mg/L,
2 min). After flotation for 3 min, the single
mineral recovery was calculated by weighing
the concentrate and tailings. Recovery of the
mineral mixture, which was composed of 1.0 g of
chalcopyrite and 1.0g of arsenopyrite, was
calculated based on chemical assays of contents of
copper and arsenic in the concentrate and tailing.

2.3 Contact angle measurements

Contact angle can characterize the surface
wettability of chalcopyrite and arsenopyrite. A large
block of mineral was cut into a rectangle

(1.0cm x 1.0 cm x 0.2 cm) and then was polished
with wet silicon carbide and aluminum oxide
powder suspension. For the prepared chalcopyrite
and arsenopyrite, four testing steps in the following
orders were carried out: (1) Both the prepared
samples were ultrasonically cleaned with deionized
water and then were dried in a vacuum drying oven
at 30 °C; (2) The dried samples were soaked in
sodium hydroxide solution at pH 8.0 for 3 min;
(3) Ferrate(VI) solution with a concentration of
2x10*mol/L was added and reacted for 5 min;
(4) Finally, 5x10~° mol/L PEX was added for 2 min.
Video contact angle tester (JY-82B) was used to
measure the contact angles of deionized water drops
at the surface of chalcopyrite and arsenopyrite
under different treatment conditions.

2.4 Surface adsorption experiments

Concentration of PEX in pulp was determined
by ultraviolet—visible spectrophotometer (uv—2700)
and adsorption concentration of PEX at the surface
of chalcopyrite and arsenopyrite could be calculated.
Approximately 2.0 g of samples each time were
used for adsorption experiments, and the testing
solution was prepared as follows. Firstly, the
mineral was cleaned by ultrasound, mixed with
40 mL deionized water and then were stirred using
a magnetic stirrer. Then, the pulp was adjusted to
pH 8.0. After that, 2x10*mol/L ferrate(VI) and
5x107°mol/L PEX were added to the pulp for 5 and
3 min, respectively. Finally, the mixture was filtered
and centrifuged, and about 15 mL of supernatant
was taken for testing.

The calculation of adsorption capacity was
described as follows:
_(C,=-CyW

m

ry (1)
where /v (mol/g) is the adsorption concentration of
PEX, Cp (mol/L) is the initial concentration of PEX
in pulp, C (mol/L) is the residual concentration of
PEX in pulp, V (L) is the volume of pulp, and m (g)
is the mass of mineral.

2.5 LEIS measurements

The polished flake arsenopyrite was fixed in a
cylinder with a diameter of 3 cm by using epoxy
resin. The sample was wiped with alcohol before
testing. Then, the sample was immersed into
1x107* mol/L KCl solution. Finally, the impedance
distribution of arsenopyrite surface before and after
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treatment with ferrate(VI) was obtained by the
micro scanning electrochemical test system (Versa
STAT 3F, Ametek, America). The same was used in
the test process, and the equipment probe scanned
the same area to compare the impedance changes
of mineral surface before and after potassium
ferrate treatment. The scanning range was set
as 800 pum x 800 um and the step size was set as
50 um. The scanning frequency was kept at 1 kHz
and the testing voltage was fixed to be 10 mV.

2.6 XPS analyses

The X-ray photoelectron spectroscopy was
recorded using a scanning XPS microprobe system.
Chemical composition and concentration variation
of element at the arsenopyrite surface before and
after interaction with ferrate(VI) were measured.
Approximately 2 g of arsenopyrite samples were
added into a beaker which was filled with 40 mL
water and then the pulp was stirred in a magnetic
stirrer based on the single mineral flotation process.
These elements such as C 1s, O 1s, Fe 2p, S 2p and
As3d were focused on and the spectrum was
calibrated on the basis of the C 1s peak at 284.8 eV.
XPS analyses were carried out on a K-Alpha
system, which is developed by Thermo Fisher
Scientific. Curve was fitted using the Thermo
Avantage software after narrow spectrum scanning
at a pass-energy of 50 eV.

3 Results and discussion

3.1 Flotation
3.1.1 Single mineral flotation

Figure 2 shows the flotation recovery of
chalcopyrite and arsenopyrite as a function of
ferrate(VI) dosage at pH 8.0 and a PEX
concentration of 5x107° mol/L. As shown in Fig. 2,
chalcopyrite and arsenopyrite showed a favorable
floatability with a recovery of 93.19% and 78.70%,
respectively, in the absence of ferrate(VI). The
continuous increase in ferrate(VI) concentration had
a slight effect on flotation recovery of chalcopyrite.
Flotation recovery of chalcopyrite only decreased
from 93.19% to 83.71% when ferrate(VI) dosage
increased from 0 to 6x10~* mol/L. However, the
recovery of arsenopyrite obviously decreased from
78.70% to 20.30%. These results may be explained
that arsenopyrite is more easily oxidized than
chalcopyrite under the same conditions [36,37].

Therefore, it was concluded that the addition of
ferrate(VI) could significantly increase floatability
differences between chalcopyrite and arsenopyrite
in the presence of PEX.
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Fig. 2 Effects of ferrate(VI) concentration on flotation
recovery of both minerals

Figure 3 presents the flotation recovery of
chalcopyrite and arsenopyrite as a function of
pH at a PEX concentration of 5x107°mol/L before
and after adding 5x10*mol/L ferrate(VI). The
chalcopyrite recovery curves showed the same trend
before and after introducing ferrate(VI). Recovery
of chalcopyrite fluctuated from 82.48% to 96.16%
in the whole pH range in the absence of ferrate(VI),
indicating that chalcopyrite had good floatability.
Under high alkalinity conditions, the hydroxyl
complex of iron was easy to be generated at the
surface of chalcopyrite, which made the recovery of
chalcopyrite slightly decrease [38,39]. After adding
ferrate(VI1) into the pulp, recovery of chalcopyrite
only decreased by about 5% under various pH
conditions, indicating that the chalcopyrite still had
good floatability. For the flotation of arsenopyrite
without addition of ferrate(VI), it had good flotation
performances in pH range of 4.0-9.0, corresponding
to their respective recovery of 92.23% and 74.95%.
The mechanism was responsible for the formation
of dixanthogen and arsenic(Ill) xanthates at the
surface of arsenopyrite in the flotation system using
xanthate as collector [14]. At a pH>9.0, recovery of
arsenopyrite rapidly decreased and the lowest
recovery reached 6.47%. This was explained by the
fact that the formed hydrophobic species were
unstable and even could not adsorb on the surface
of arsenopyrite [40]. After adding ferrate(VI) in a
pH range of 4.0-11.0, the flotation recovery of
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arsenopyrite  significantly decreased. Flotation
recovery of arsenopyrite decreased from 78.70% to
25.44% at pH 8.0. These results may be accounted
by the fact that more hydrophilic products were
adsorbed on the arsenopyrite surface, which
reduced the adsorption of collector.
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Fig. 3 Flotation performances of both minerals as
function of pH

Effects of interaction time of ferrate(VI) on
recovery of chalcopyrite and arsenopyrite were
investigated at pH 8.0 and a PEX concentration of
5x107° mol/L before and after adding 5x10™* mol/L
ferrate(VI), as shown in Fig. 4. It is seen that the
recovery of chalcopyrite slowly decreased with
increasing in interaction time. When interaction
time increased to 15 min, recovery of chalcopyrite
was still as high as 79.71%. However, flotation
recovery of arsenopyrite significantly decreased
with increasing interaction time. When the
interaction time increased to 5 min, the difference
of concentrate recovery between arsenopyrite and
chalcopyrite reached 59.87%. With a further
increase in interaction time to 15 min, their
difference of recovery increased to 68.68%. These
results suggested that chalcopyrite could be
effectively separated from arsenopyrite by
prolonging interaction time of the depressant to
form more oxidation products on the surface [41].
3.1.2 Mineral mixture flotation

To verify the selective inhibition of ferrate(VI)
on arsenopyrite, flotation separation tests were
carried out for the artificial mineral mixture.
According to single mineral flotation results, the
suitable flotation conditions of mineral mixture
were determined as: initial pH range of 8.0—10.0,
ferrate(VI) concentration of 5x10™*mol/L and PEX

concentration of 5x107 mol/L. The flotation results
are given in Table 1. It is seen that recovery of
chalcopyrite in the concentrate reached 93.91%
after flotation at pH 8.0 in the presence of
ferrate(VI), which was nearly consistent with the
single mineral flotation results. On the other hand,
recovery of arsenopyrite reached 38.55%, which
was slightly higher than that of arsenopyrite in
single mineral flotation tests. This may be explained
by the fact that copper ions that were released from
the chalcopyrite were adsorbed on the surface of
arsenopyrite [42]. When the pH increased to 10.0,
recovery of arsenopyrite in the concentrate
decreased to 22.06%, indicating that an satisfactory
separation performance was achieved. Therefore, it
was promising that ferrate(VI) was used to separate
chalcopyrite from arsenopyrite under low alkalinity
conditions.

100
80 - I\Iﬁ\lﬂ\i
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> 60
o
>
1)
54
~ 40
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Fig. 4 Effect of interaction time of ferrate(VI) on
recovery of both minerals

Table 1 Flotation results for mixture of chalcopyrite and

arsenopyrite
Grade/% Recovery/%
pH  Product Yield/%
Cu As CuFeS; FeAsS
Concentrate 64.54 23.80 13.58 93.91 38.55
8.0  Tailing 3546 2281 3941 6.09 6145
Feeding  100.00 16.36 22.74 100.00 100.00
Concentrate 54.12 26.50 8.92 91.04 22.06
10.0  Tailing 4588 3.21 38.81 896 77.94

Feeding  100.00 15.8222.63 100.00 100.00

3.2 Contact angle
To investigate the wettability of chalcopyrite
and arsenopyrite under different conditions, contact
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angle measurements were carried out and the results
are shown in Fig. 5 and Table 2. Figure 5 shows the
visual changes of contact angle after treating with
different reagents. Table 2 shows that contact angles
of the polished chalcopyrite and arsenopyrite
after immersing in NaOH solution at pH 8.0
reached 64.48° (Fig. 5(a)) and 62.62° (Fig. 5(al)),
respectively. When ferrate(VI) was added, contact
angles of chalcopyrite and arsenopyrite decreased
by 12.91° (Fig.5(b)) and 17.17° (Fig. 5(bl)),
respectively. With a further introduction of PEX,
contact angle of chalcopyrite increased from 51.57°
to 60.91° (Fig.5(c)), but contact angle of
arsenopyrite decreased from 45.45° to 40.08°
(Fig. 5(c1)). The latter may be explained by more
hydrophilic substances produced at the surface of
arsenopyrite after adding PEX [41]. The process of
PEX interacting with arsenopyrite factually
increased interaction time in contrast with no
addition of PEX, which further supported the
results obtained in Fig. 4. The difference of contact
angle between chalcopyrite and arsenopyrite
reached 20.83° in the flotation system, suggesting
that chalcopyrite could be effectively separated
from arsenopyrite.

(a) (b)

(al) (b1)

Fig. 5 Photographs of contact angle of chalcopyrite (a—c)
and arsenopyrite (al—cl) after treating under different
conditions

Table 2 Contact angle of chalcopyrite and arsenopyrite
after treating under different conditions

Contact angle/(°)
Condition
Chalcopyrite Arsenopyrite
pH 8.0 64.48 62.62
pH 8.0 + ferrate(VI) 51.57 45.45
pH 8.0 + ferrate(VI) + PEX  60.91 40.08

3.3 Surface adsorption
Floatability of sulfide minerals in xanthate-
induced flotation system mainly depends on the

adsorption capacity of xanthate on the mineral
surface [43,44]. Therefore, effects of ferrate(VI)
on adsorption of collectors at the surface of
chalcopyrite and arsenopyrite were investigated and
the results are shown in Fig. 6. The adsorption
amounts of xanthate on the surface of chalcopyrite
and arsenopyrite maintained high levels when there
was no addition of ferrate(VI). After adding
ferrate(VI), adsorption capacity of collector on
chalcopyrite surface slightly decreased, whereas
adsorption capacity of collector on arsenopyrite
surface  significantly decreased. @~ When the
concentration of ferrate(VI) increased from 0 to
5x10"*mol/L, the adsorption amounts of xanthate
on the surface of chalcopyrite and arsenopyrite
decreased from 1x107° mol/g to 7.2x107" mol/g and
from 7.6x107 mol/g to 1.2x107" mol/g, respectively,
which further confirmed that ferrate(VI) could
selectively oxidize arsenopyrite. With a further
increase in concentration of ferrate(VI), both the
adsorption amounts had little changes. These results
further supported the results of flotation tests and
contact angle measurements.

11
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Fig. 6 Amounts of PEX adsorbed on surfaces of
chalcopyrite and arsenopyrite as function of ferrate(VI)
concentration

3.4 LEIS analyses

To further investigate depressing mechanisms
of arsenopyrite, LEIS analyses were performed and
the results are shown in Fig. 7. It is seen that
the LEIS maps of arsenopyrite surfaces were
dominated by green, yellow and red, which
indicated that impedance values continuously
increased. Thus, impedance value of arsenopyrite
surface with addition of ferrate(VI) (Fig. 7(b)) was
far higher than that of arsenopyrite surface without
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Fig. 7 LEIS maps of arsenopyrite surface without (a, b) and with (c, d) addition of ferrate(VI)

addition of ferrate(VI) (Fig. 7(b)). By calculating
average value of the impedance value per unit area,
the average impedance values of arsenopyrite
samples before and after treating with ferrate(VI)
were 172222.8 and 304216.2 Q, respectively. This
may be explained by the fact that a large number of
iron oxides and arsenates with poor conductivity
were produced on surface of arsenopyrite [41,45].
The formed products that were often characterized
by hydrophilicity decreased the floatability of
arsenopyrite, which further supported the results
obtained in Sections 3.1-3.3.

3.5 XPS analyses

Figure 8 shows comprehensive XPS spectra of
arsenopyrite without and with ferrate(VI). It can be
seen that, there were no obvious changes of peak
intensity. Table 3 presents the compositions of
arsenopyrite surface without and with addition of

With
ferrate(VI) addition

Fe2p =~ Ols
o3

Without
ferrate(VI) addition
1200 1000 800 600 400 200 0
Binding energy/eV

Fig. 8 Comprehensive XPS spectra of arsenopyrite
without and with addition of ferrate(VI)

ferrate(VI). The molar fractions of O and Fe
increased from 18.26% to 20.76% and from 6.62%
to 8.38%, respectively, after adding ferrate(VI),
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which indicated that more iron oxides or hydroxides
were formed at the surface of arsenopyrite. In
addition, there were little changes for molar fraction
of S and As. Concentration changes of C atomic
may be ascribed to carbon pollution [46].

Table 3 Compositions of arsenopyrite surface without
and with addition of ferrate(VI)

Composition/at.%

Sample
Ols S2p Fe2p As3d Cls
Wlthfeljr.ate(VI) 18.26 13.62 6.62 11.41 50.08
addition
ithout fi I
Without 'efrate(V) 20.76 12.87 838 11.55 46.44
addition

Figure 9 shows the high-resolution XPS
spectra of S2p, As3d, Fe2p and O 1s for
arsenopyrite surface without and with addition of
ferrate(VI). Correspondingly, their assignment and
properties are given in Tables 4—7. Figure 9(a)
shows that S 2p XPS spectra were composed of
a doublet structure of S 2ps3» and S 2pi,; levels. The

Run-peng LIAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3731-3743

S 2p3;» peak was only fitted due to the fact that the
strength of S 2psp» is higher than that of S 2pip.
Curve fitting of the S 2ps/, core level peak indicated
that it was divided into three components. The peak,
which was located at a binding energy of 161.41 or
161.52 eV, was assigned to S in the generated S*
species (e.g. ASS?) [47—49]. Another peak, which
was centred at a binding energy of 162.39 or
162.48 ¢V, was contributed by S in arsenopyrite
(FeAsS) [45,50]. The third at 163.76 or 163.88 eV
was ascribed to S in polysulfides (S,) [S1]. The
relative contents of S 2ps, for the both samples are
presented in Table 4. These species, such as S*°
species and polysulfides, were generated at the
surface of arsenopyrite due to the oxidation and
adsorption before addition of ferrate(VI). After
addition of ferrate(VI), the percentage of S in
FeAsS decreased, whereas the percentage of S in
S*” species increased, indicating that S in FeAsS
was reduced into S* [47]. Thus, the recovery of
arsenopyrite decreased after adding ferrate(VI), as
shown in Figs. 2—4.

@

With
ferrate(VI)
addition

163.88

(b)
4
With
ferrate(VI) o
addito 7 N ‘

Without
ferrate(VI)
addition

—

16376
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160 48 46 44 42 40

ferrate(VI) addition

Binding energy/eV Binding energy/eV
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Fe 2p; )

Without
ferrate(VI)

Without addition
ferrate(VI) addition ~ Fe2ps-1sat Fe 2py, sat
730 725 720 715 710 705 536 534 532 530 528
Binding energy/eV Binding energy/eV

Fig. 9 High-resolution XPS spectra of S 2p (a), As 3d (b), Fe 2p (c) and O 1s (d) for arsenopyrite without and with

addition of ferrate(VI)
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Table 4 Assignment and properties of S 2p3» XPS spectra
Binding energy/eV Molar fraction/%
Sample
S+ FeAsS Sy S* FeAsS S,
Without ferrate(VI) addition 161.41 162.39 163.76 16.19 71.25 12.54
With ferrate(VI) addition 161.52 162.48 163.88 21.16 65.64 13.19
Table 5 Assignment and properties of As 3ds, XPS spectra
Binding energy/eV Molar fraction/%
Sample
FeAsS As(IIT) As(V) FeAsS As(IIT) As(V)
Without ferrate(VI) addition 41.38 43.81 45.20 63.53 20.55 1591
With ferrate(VI) addition 41.46 43.97 45.43 59.06 27.37 13.57
Table 6 Assignment and properties of Fe 2ps» XPS spectra
Binding energy/eV Molar fraction/%
Sample X X - -
FeAsS Fe—O mixture  Scorodite FeAsS  Fe—O mixture  Scorodite
Without ferrate(VI) addition ~ 707.19 710.59 712.11 60.71 26.54 12.75
With ferrate(VI) addition 707.28 710.59 712.10 56.48 24.56 18.96
Table 7 Assignment and properties of O 1s XPS spectra
Binding energy/eV Molar fraction/%
Sample - )
Iron oxidess C=0 OH C—0O O=C—O0 Ironoxides C=0 OH C—0 O0=C—O
Without ferrate(VD) 55 07 53079 53155 53242 533.58 1245 3937 2943 13.65  5.09
addition
ith fi I
Wit X d?ii?;i(v ) 52900 53069 53152 53244 53358 1497 3435 3383 1230 453

O=C—0Q refers to the oxygen in the C—O single bond when a carbon in the organic pollutants is connected to a C—O single bond and a

C=0 doule bond at the same time

According to Fig. 9(b), As3d XPS spectra
consisted of a doublet structure that represented the
spinorbit splitting of the As 3ds» and As 3d3», and
the peak area ratio is 2:1. Fitting results of As 3ds»
peak showed three signals at 41.38 or 41.46 eV,
43.81 or 43.97 eV and 45.20 or 45.43 eV, which
were ascribed to As in FeAsS [45,52], As(III) [49]
and As(V) [45], respectively. Table 5 gives the
assignment and properties of As 3ds, XPS spectra.
Both As(IIl) and As(V) species were formed at the
surface of arsenopyrite ascribed to its self oxidation
and percipient reactions before addition of
ferrate(VI) [53]. After treating with ferrate(VI), the
percentage of As in FeAsS decreased, but the
percentage of As in As(II) species increased.
According to fitting results of S 2ps, core peak, it
was deduced that As(III) mainly existed in the form
of AsST  species. Moreover, As in FeAsS was
easily oxidized into As(IIl) and even As(V), which

gave rise to greater electron density associated
with S in FeAsS, resulting in the increase in the
percentage of S in S* species, as shown in Table 4.
From Fig. 9(c), the Fe 2p peaks exhibited a
spin-orbit doublet and the area ratio of Fe 2ps3;
to Fe 2pi», was 2:1. Therefore, only the Fe 2ps»
component was considered for curve fitting. The
Fe 2ps;» component revealed three signals at 707.19
or 707.28 eV, 710.59 and 712.10 or 712.11 eV,
respectively, which were assigned to Fe in
FeAsS [54], mixtures of Fe»O3 and FeO [55,56] and
Fe(Ill) species [45,54], respectively. Table 6 also
shows that the percentage of Fe in FeAsS decreased,
but the percentage of Fe in Fe(IIl) species increased
after addition of ferrate(VI). According to fitting
results of As 3ds, peak, it was deduced that Fe(IlI)
mainly existed in the form of scorodite. These
results were also verified by the fitting results of
O 1s XPS spectra, as shown in Fig. 9(d) and Table 7.
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It is seen that the fitting curves presented five
components, which were separately located at
average binding energies of 529.94, 530.74, 531.54,
532.43 and 533.58 eV. Correspondingly, they were
contributed by O in iron oxides, C=0, Fe(OH)s,
C—O0 and O=C—O0 [46,56,57], respectively. It is
also known that the percentage of O in iron oxides
and Fe(OH); increased after adding ferrate(VI),
which further confirmed that impedance values of
arsenopytite surface increased after treating with
ferrate(VI), as shown in Fig. 7.

3.6 Mechanism of ferrate(VI) depressing on

arsenopyrite

According to the above results and discussion,
schematic diagram of depression of ferrate(VI) on
arsenopyrite surface during flotation was designed,
as shown in Fig. 10. The arsenopyrite was initially
oxidized into Asog_ species and sulfur species,
including polysulfides, elemental sulfur and even
sulfates, with a high valence states by oxygen in the
solution, as described in Egs. (1) and (2). The
generated AsO; and Fe?* were further oxidized
into AsO;  and Fe**,
Egs. (3) and (4). When the arsenopyrite was
immersed into a solution under alkaline condition,
these oxidation reactions were accelerated, which

respectively, as described in

generated more precipitates of ferric hydroxide and
iron arsenate generate at the surface of arsenopyrite

Run-peng LIAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3731-3743

thioarsenite (Assg_) on the surface, as expressed
by Eq. (7):
FeAsS+7H,0 —

Fe™ +AsO; +SO; +14H" +11e (1)

FeAsS+3H,0 — Fe®* +S° + AsO3 +6H" +6e

2
AsO] +H,0 = AsO; +2H" +2e 8
Fe’" - Fe’ +e 4)
Fe’* + AsO;” — FeAsO, (5)
Fe** + OH™ — Fe(OH), (6)
3FeAsS+90H™ +40, —

AsSY +2AsO; +3Fe(OH), (7)

With a further introduction of ferrate(VI), a
spontaneous decomposition reaction of Fe(VI) in
solution forms molecular oxygen and Fe(Ill)
(Eq. (8)). These products further oxidize the surface
of arsenopyrite, resulting in more and more
hydrophilic species formed. According to the XPS
analyses results, the reactions of generation of ferric
hydroxide (Eq. (6)) and AsS; (Eq. (7)) may be
dominated after adding ferrate(VI). In addition, the
dehydration of ferric hydroxide also occurred, as
described by Eq. (9):

2— 3+ -
and in the solution, as described in Egs. (5) and (6). FeOy” +5H,0 —Fe™ +3/20, +100H 3)
In addition, As in FeAsS could be also oxidized into 2Fe(OH), =Fe,0; +3H,0 €))

@ Fe(lD) -\ N

)

@ Ac = 04‘ e 0 a

O 5 Surface cleavage

® rean W1thout FeOI | With FeO2-

0) FeO3” f\ w + m

@do;
C )
® A

Fe(OH),

FeAsO, AsST
7
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Fig. 10 Schematic diagram of depression of ferrate(VI) on arsenopyrite surface
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4 Conclusions

(1) Ferrate(VI) significantly  depressed
arsenopyrite in a pH range of 4—11 for the single
mineral flotation tests, but slightly depressed
chalcopyrite. In mineral mixtures flotation tests,
difference value of 55.36% for the both recovery
was obtained at pH 8.0 after adding ferrate(VI). The
difference value further increased to 68.98% with a
further increase in pH, indicating that an excellent
separation performance was achieved.

(2) Contact angles of arsenopyrite and
chalcopyrite intensively and slightly decreased,
respectively, after introducing ferrate(VI), which
confirmed that an obvious difference of wettability
occurred. Adsorption capacity of collector on
arsenopyrite surface significantly decreased more
than that of chalcopyrite after adding ferrate(VI),
suggesting that discrepancy of hydrophobicity was
enlarged.

(3) Impedance obviously increased in contrast
with no addition of ferrate(VI), which illustrated
that more iron oxides and arsenates with poor
conductivity were produced. The formation of
such hydrophilic species, including thioarsenite,
scorodite, iron oxides and ferric hydroxides at the
surface decreased the floatability.
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