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Abstract The effect of ultrasonic cavitation on the oxidation of the crystal pyrite in deionized

water has been discussed. The effect of solution alkalinity, ultrasonic power and temperature on

the surface morphology of pyrite and the chemical forms of sulfur and iron was discussed. The sur-

face of pyrite is severely corroded under ultrasound. The sulfur in the pyrite is oxidized to S2O3
2- and

SO4
2-. Most of the iron is in the form of Fe2+, few of it is in the form of Fe3+. With the increase of

alkalinity, ultrasonic power and temperature, the surface corrosion of pyrite becomes more and

more obvious. With the increase of the NaOH concentration, the Fe(II) concentration in solution

decreases and the deposition of iron oxides on the pyrite surface prevents pyrite oxidation. With the

increase of the ultrasonic power, the Fe(II) concentration in solution increase. The effect of the

NaOH concentration on the SO4
2- and S2O3

2- concentration indicates pyrite oxidation is in mild alka-

linity under ultrasound. The concentration of SO4
2- and S2O3

2- increases along with increase of the

ultrasonic power and decreases tremendously with increase of the temperature. The pyrite oxidation

is initiated by hydroxyl radical and promoted by Fe3+.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pyrite is the main inclusion in refractory gold ore, which com-
plicated the gold extraction process significantly (Fraser et al.,
1991). Several methods are proposed to open the inclusion
(Boboev et al., 2016; Fomchenko, 2016; Li et al., 2009). Roast-

ing and chemical oxidation is the most common method. Liu
et al. applied Na2SO4 assisted roasting to remove sulfur and
arsenic (Liu et al., 2019). Moreover, the addition of Na2SO4

effectively increases the sintering rate and the solubility of
roasting slag. Ofori-Sarpong et al. used fungus to oxidized sul-
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Fig. 2 Experiments apparatus (a) ultrasonic generator auto-

controller; (b) ultrasonic generator probe; (c) thermostatic

waterbath.
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fide (pyrite, arsenopyrite, etc.) (Ofori-Sarpong et al., 2011).
After the gold inclusions were oxidized by the fungus, the gold
was exposed or the inclusion was converted into porous oxi-

des, thereby achieving the purpose of the increasing gold leach-
ing rate. Alkaline sulfide leaching pretreatment could
effectively remove antimony, which could form insoluble anti-

monate and hinder the dissolution of gold (Celep et al., 2011;
Deschênes et al., 2009). The main purpose of these pretreat-
ments is to open the inclusion and expose the enclosed gold.

As a mechanical wave with high energy density, ultrasound
has been applied in many industrial fields recent years (Šı́ma
et al., 2009; Xin et al., 2013; Luque-Garcı ´a and Luque de
Castro, 2003; Verdan et al., 2003; Zhang et al., 2016). The

intensive ultrasound could induce cavitation, which brings
high temperature and high pressure with high frequency parti-
cle vibration. The cavitation extensively intensifies the chemi-

cal process (Rooze et al., 2013; Ishihara et al., 1975; Feng
et al., 2002; Shchukin et al., 2011; Wang et al., 2014). In our
previous studies, the introduction of ultrasound in alkaline

solution during the pretreatment stage of gold ore significantly
increases the leaching rate of gold from refractory ore (Zhang
et al., 2016). Though the application of ultrasound rises great

attention in recent year, but few researches are focus on the
mechanism of ultrasound action. Therefore, the mechanism
of how the ultrasounds open the inclusions and increase the
gold leaching rate needs to be explained.

In the work, the effect of ultrasonic cavitation on the oxida-
tion of the crystal pyrite in deionized water has been discussed.
The effect of solution alkalinity, ultrasonic power and temper-

ature on the surface morphology of pyrite and the chemical
species of sulfur and iron was discussed.

2. Materials and methods

2.1. Preparation and characterization of sample

To eliminate interference of impurities, pure pyrite crystal is
used but not refractory gold ore in this experiment. The pyrite
Fig. 1 XRD(a) and SEM(b, c) image of the
slice is prepared by the natural pyrite crystal obtained from a
pyrite deposit in Yunnan, China. The pyrite powder ground to
a particle size of less than 200 meshes. The pyrite crystals are

cut into pieces having a thickness of 3 mm and then polished
to a smooth surface using 2000 mesh sandpaper. The chemical
reagents used in this experiment were analytical grade (hydro-

gen peroxide, potassium thiocyanate). The XRD and SEM
image of the prepared pyrite slice and pyrite powder is shown
in Fig. 1. It could be seen that the pyrite slice surface is very

smooth in SEM images. The purity of prepared pyrite powder
is 99.3%.

The experiments apparatus consists of an ultrasonic gener-
ator and a thermostat in Fig. 2. The pyrite slice is stabilized by
prepared pyrite slice and pyrite powder.
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waxing and the deionized water used in the experiment is deox-
idized by argon aeration about 30 min before ultrasonic
experiment.

2.2. Ultrasonic experiment

In oxidation experiment, the ultrasound power is set to 250 W,

the distance between pyrite surface and ultrasound probe is
3 cm(the probe is 3 cm higher than the bottom of beaker),
the temperature is controlled by thermostatic waterbath. After

4 h oxidation, the processed solid and liquid are collected
respectively.

2.3. Sample characterization

The crystal structure of pyrite is characterized by XRD
(X’Pert3powder, Panaco, Netherlands). The elemental valence
of pyrite slice surface is characterized by X-ray photoelectron

spectroscopy (XPS, K-Alpha, American). The surface mor-
phology of pyrite slice is characterized by scanning electron
microscope (Phenom ProX, Phenom-World, Netherlands).

The chemical form and concentration of sulfur are determined
by HPLC (LC2010plus, Japan). The chemical form of iron is
determined by qualitative chemical analysis (using hydrogen

peroxide and potassium rhodanide) and its concentration of
iron is determined by inductively coupled plasma mass spec-
Fig. 3 The images of pyrite slice and pyrite powder be
trometry (ICP-MS 7700x, American). pH meter (PHS-3S,
Shanghai) is used to detect changes of H+ ion after ultrasonic
oxidation.

3. Results and discussion

3.1. The analysis of pyrite surface

3.1.1. The microstructure of pyrite

In this section, the microstructure of pyrite slice and powder is
analyzed. Before ultrasonic treatment, the pyrite slice surface is

smooth and with no scratch (Fig. 3a). after 4 h’ ultrasonic
treatment at 5 �C in deionized water, the pyrite slice is seri-
ously corroded (Fig. 3b). Not only that, pyrite particle has

integrity crystal structure before ultrasonic treatment
(Fig. 3c), compared with severely corroded pyrite particle after
ultrasound which crystal structure is severely damaged
(Fig. 3d). This indicates that ultrasound has the ability to

break the gold inclosure (pyrite).
In order to investigate the influences of different treatment

condition on pyrite surface, several experiments are conducted

to determine the influences of time, ultrasonic power, alkalin-
ity and temperature, and the experiment results is shown in
Fig. 4. It could be seen that the pyrite slice has a very smooth

surface before ultrasonic treatment under SEM (Fig. 4a). With
the increase of the ultrasonic power and temperature, the sur-
fore(a,c) and after ultrasound(250 W) for 4 h (b,d).



Fig. 4 SEM of the polished pyrite slice before (a) and after ultrasound at different condition. (Condition: (b)T ¼ 5
�
C, WU ¼ 250W,

t = 1 h, CNaOH ¼ 0mol=L; (c) T ¼ 5
�
C, WU ¼ 250W, t = 4 h, CNaOH ¼ 0mol=L; (d) T ¼ 5

�
C, WU ¼ 50W, t = 4 h, CNaOH ¼ 0mol=L; (e)

T ¼ 5
�
C, WU ¼ 250W, t = 4 h, CNaOH ¼ 0:5mol=L; (f) T ¼ 80

�
C;WU ¼ 250W, t = 4 h, CNaOH ¼ 0:5mol=L.)

Fig. 5 (a) XRD image of pyrite powder before and after ultrasound; (b) partial magnified XRD image of pyrite powder before and after

ultrasound.
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face corrosion of pyrite becomes also more and more obvious
(Fig. 4d and c). This result indicates that ultrasound can effec-
tively damage pyrite structure under neutral condition. The

increases of alkalinity have slightly improvement on pyrite cor-
rosion (Fig. 4e and f). The EDS analysis indicates that some
oxidant have formed on the pyrite surface under alkaline con-
dition after ultrasound (Fig. S1 and Fig S2). The hematite or
feroxyhite could be the oxidant base on previous study
(Caldeira et al., 2003).

3.1.2. The chemical changes of pyrite surface

In this section, XRD and XPS were used to determine the
chemical changes of pyrite powder and slices, respectively.
The oxidized pyrite powder after drying was analyzed by



Fig. 6 XPS spectra of iron(a) and sulfur(b) of pyrite slices.

Fig. 7 Effect of NaOH concentration and ultrasonic power on the iron concentration in the solution. (Conditions: (a) T ¼ 5
�
C,

WU ¼ 250W; (b) T ¼ 5
�
C, CNaOH ¼ 0mol=L).
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XRD (Fig. 5). Under neutral condition, no new phases appear.
However, Fe2O3 were detected in the dried slag when alkalinity
or temperature rises (Fig. 5(b)). The formation of iron oxide
under alkalinity or high temperature condition might attribute

to the hydrolyzation of iron ion produced by pyrite (Caldeira
et al., 2003). The ultimate product of iron oxide(Fe2O3) might
be formed by hematite or feroxyhyte (Caldeira et al., 2003).

Fig. 6 indicates the Fe2p and S2p core level spectra of the
polished pyrite slice surface before and after ultrasound. The
three multiplet peaks at 706.7 eV (Fe2p3/2A), 707.6 eV

(Fe2p3/2B) and 708.6 eV (Fe2p3/2C) correspond to high spin
Fe(II) ions bonded to sulfur (Fig. 6a) (Demoisson et al.,
2007). The spectrum of sulfur has two main peak at
163.8 eV(S2p1/2) and 162.6 eV(S2p3/2), which indicate the pres-

ence of disulfide (Fig. 6b) (Demoisson et al., 2007; Liao et al.,
2013; Scheinost et al., 2008; Thomas et al., 2003). The small
peak at 161.7 eV(S2p3/2) contribute to monosulfide

(Demoisson et al., 2007). After ultrasound for 4 h, the multi-
plet peaks of Fe(II) ions barely changed and there is a new
peak at 164.4 eV in the spectrum of sulfur, which attribute
to elemental sulfur (Demoisson et al., 2007). This is due to that
pyrite decomposes to ferric ion and elemental sulfur in the
presence of oxidizer.

3.2. Effect of ultrasonic cavitation on the ion species

3.2.1. The iron species distribution

ICP and qualitative chemical analysis was used to determine
the concentration of iron ions in solution. The saturated potas-

sium thiocyanate solution (KSCN) and hydrogen peroxide
(H2O2) was used to determine the chemical valence of iron ions
(Video.1). It is obvious that few Fe(III) existed in liquid,

because the color barely changed after adding KSCN. Oppo-
sitely, when H2O2 was firstly added, the liquid became blood
red instantly after adding KSCN. Which proved that the iron
was mainly existed as Fe(II), few are in the form of Fe(III). It

has been reported that the oxidation of pyrite in aqueous solu-
tion is mainly carried out through the following chemical
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reactions(Eq1-3) (Caldeira et al., 2003; Garrels and
Thompson, 1960; Singer and Stumm, 1970). This also suggests
that Fe(II) is the dominant species in the solution. Further

experiment indicated that iron ions were only existed at neutral
condition, the Fe(II) ions deposited when the NaOH concen-
tration was raised (Fig. 7a). This is contributed to hydrolyza-

tion of Fe(II) ion (Caldeira et al., 2003). This result is
coordinate with XRD analysis from Section 3.1.1. The Fe(II)
concentration will increase as the power increases (Fig. 7b).

A higher ultrasonic power can motivate stronger cavitation,
strip the deposited iron oxide and expose the new reaction
interface, which promotes the oxidation of pyrite (Ince et al.,
2001; Villeneuve and Alberti, 2009).

FeS2 þ 7

2
O2ðaqÞ þH2O ! Fe2þ þ 2SO2�

4 þ 2Hþ ð1Þ

Fe2þ þ 1

4
O2 þHþ ! Fe3þ þ 1

2
H2O ð2Þ

FeS2 þ 14Fe3þ þ 8H2O ! 15Fe2þ þ 2SO2�
4 þ 16Hþ ð3Þ
3.2.2. Sulfur species distribution in water

Fig. 8 a is the image of HPLC of the sulfur species. From

Fig. 8a, only SO4
2- and S2O3

2- were detected, no other sulfur
ions are detected (S2-, SO3

2-, polysulfide, etc.). This result indi-
cates that pyrite will only be oxidized to SO4

2- and S2O3
2- under

ultrasound. More specific experiment was conducted to deter-

mine the influences of different reaction condition. Fig. 8 (b to

d) is the effect of NaOH concentration, temperature and ultra-
Fig. 8 The image of HPLC of the sulfur species(a), Effect of NaOH

sulfur species.
sonic power on the sulfur species. Under ultrasound (250 W)
for 4 h at 5 �C (Fig. 8b), the SO4

2- and S2O3
2- concentration

increases significantly after adding NaOH, but decreases when

NaOH concentration is too high. This result indicates pyrite
oxidation is in mild alkalinity under ultrasound. Moreover,
the concentration of S2O3

2- under alkaline condition is much

higher than neutral condition, which is contributed to a higher
stability of S2O3

2- under alkaline condition (Aylmore and Muir,
2001; Ha et al., 2014). Because the cavitation effect increases

along with ultrasonic power, the oxidation ability of the sys-
tem increased (Villeneuve and Alberti, 2009; Hu et al., 2008).
The concentration of SO4

2- and S2O3
2- increases along with

ultrasonic power (Fig. 8d, conditions: CNaOH ¼ 0M,

temperature = 5 �C). The SO4
2- and S2O3

2- concentration
decreases tremendously when temperature rises (Fig. 8c, condi-
tion: CNaOH ¼ 0:5mol=L, WU ¼ 250W). This might contribute

to hydrolyzation of iron ions which diminished the oxidation
ability. The effect of temperature shows that the oxidation of
pyrite under ultrasound should be carried out at low

temperature.

3.2.3. pH changes under ultrasonic cavitation

The changes of H+ concentration under ultrasound were mea-

sured by pH meter. Fig. 9a indicated the increases of ultrasonic
power could significantly increase H+ concentration (initial
pH = 7). This is due to the decomposition of H2O into the

hydrogen and hydroxyl radicals under ultrasonic treatment.
The hydroxyl radicals participate in the pyrite oxidation. The
oxidation of pyrite under ultrasound is a reaction that releases

hydrogen ions. Based on the previous analysis, the chemical
concentration(b), temperature(c) and ultrasonic power(d) on the
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reaction of pyrite oxidation under ultrasound should be car-
ried out as follow:

H2O ! �Hþ �OH ð4Þ

FeS2 þ �OH ! SO2�
4 þHþ þ Fe2þ ð5Þ

FeS2 þ �OH ! S2O
2�
3 þHþ þ Fe2þ ð6Þ
Fig. 9 pH changes after ultrasonic oxidation under different co

WU ¼ 250W; (c) WU ¼ 250W, CNaOH ¼ 0:5mol=L;).
This result consists with previous analysis, which proved
that ultrasound could oxidize pyrite effectively. The hydrogen
radicals might also formats as hydrogen accord as Draganic’s

study (Draganic and Draganic, 1971). The pH changes of each
experiment are shown in Table S1; Table S2 and Table S3. It
could be seen that under neutral condition (Fig. 9b, Table.

S2), the pH after ultrasonic oxidation decreases significantly.
However, the changes of the final pH decrease rapidly with
the rises of the initial pH. This result is similar with the change

of sulfur and iron species, which proved that oxidation was
ndition. (condition: (a) T ¼ 5
�
C, CNaOH ¼ 0mol=L; (b)T ¼ 5

�
C,



Fig. 10 (a) the oxidation mechanism of pyrite under ultrasonic cavitation; (b) Migration diagram of elements during pyrite

oxidationBase on pyrite oxidation mechanism under ultrasound, the utilization of ultrasonic pretreatment in refractory gold ore is a

promising technology. It could be an environmental-friendly and low cost way to improving gold recovery rate in refractory gold ore.

Meanwhile, the application of ultrasonic treatment combined with traditional methods, such as chemical oxidation pretreatment or high-

pressure oxidation pretreatment (Li et al., 2009; Shaoluan et al., 1997; Nunan et al., 2017), could also improve pretreatment result which

enhanced gold leaching.
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weakened with the increase of the initial alkalinity. Under
0.5 M NaOH, the pH hardly changed after temperature rises
(Fig. 9c, Table.S3). This indicates the rises of temperature have

slightly influences to ultrasonic oxidation.

3.3. The oxidation mechanism of pyrite under ultrasound

The oxidation mechanism of pyrite has been studied for sev-
eral years (Demoisson et al., 2007; Holmes and Crundwell,
2000; Herman; Chandra and Gerson, 2010; McKibben and

Barnes, 1986; Holmes and Crundwell, 2000). Fe3+ and O2

are considered as the most important oxidant during pyrite
oxidation process (McKibben and Barnes, 1986; Holmes and
Crundwell, 2000; Herman; Nicholson et al., 1988). Herman

(Holmes and Crundwell, 2000) and McKibben (McKibben
and Barnes, 1986) points out that Fe3+ has more aggressive
effect on pyrite oxidation than O2, even at higher pH where

Fe3+ may hydrolyze. In previous section, the oxidation extent
of pyrite is closely related to the concentration of iron ions in
the solution. The higher the iron ions concentration, the higher

the oxidation of pyrite. However, under ultrasound, the
decomposition of water produces strongly oxidizing free radi-
cals, no Fe3+ or O2 exists as oxidant. The only oxidant in this
system is hydroxyl radical generated by ultrasonic cavitation
(Rooze et al., 2013; Feng et al., 2002; Shchukin et al., 2011).

In ultrasonic field, hydroxyl radical (�OH) can be motivated
by acoustic cavitation (Rooze et al., 2013; Entezari and
Kruus, 1996; Entezari and Kruus, 1994). The �OH has very

strong oxidizing property. The redox potential of �OH is
2.80 V, which is much higher than Fe ion and O2

(EFe3þ=Fe2þ ¼ 0:73v, EO2
¼ 1:23v). When Fe3+/Fe2+ diffuses

into the solution, it will become a catalyst for pyrite oxidation

(eq.3 and 7). This is the main reason that the iron in the solu-
tion is mainly in the form of Fe2+. Based on recent research
(Demoisson et al., 2007; Holmes and Crundwell, 2000;
Herman; Nicholson et al., 1988; Entezari and Kruus, 1996;

Entezari and Kruus, 1994; Rooze et al., 2013), the oxidation
mechanism of pyrite under ultrasonic cavitation can be sum-
marized as follow. Under ultrasonic cavitation, the pyrite sur-

face will be hydroxylated by hydroxyl radicals primarily. After
that, more �OH or H2O will interact with hydroxy for further
anodic reaction. The SO4

2-, S2O3
2- and H+ releases with electron

transfer. Meanwhile, the iron will dissolve into water in the
form of Fe2+. The Fe2+ will further be oxidized to Fe3+ by
hydroxyl radicals. More importantly, the occurrence of
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Fe3+/Fe2+ oxidation–reduction couples can further accelerate
the oxidation of pyrite under ultrasonic cavitation based on
previous analysis. The oxidation mechanism of pyrite under

ultrasonic cavitation and migration diagram of elements can
be summarized as Fig. 10.

Fe2þ þ �OH ! Fe3þ þOH� ð7Þ
4. Conclusion

The aim of present paper was to investigate the oxidation

mechanism of pyrite under ultrasound and neutral condition.
A promising pretreatment method for refractory gold ore with
low cost and free of contamination was provided. The found-

ing of this paper can be summarized as follows:

1) Pyrite surface was severely damaged into cracks and

pores by ultrasound. This proved that ultrasound could
be an effective way to expose gold from pyrite enclosure.

2) Under free oxygen condition, the oxidation of pyrite is
initiated by hydroxyl radical. The oxidation rate is deter-

mined by cavitation efficiency. The increases of ultra-
sonic power can effectively accelerate pyrite oxidation,
which promote gold exposure from pyrite enclosure.

3) The oxidation rate is highly dependent on pH at alkaline
condition, which accelerates the formation of hydroxide
of iron. Temperature shares the same effect with pH.

4) The oxidation of pyrite will release a lot of hydrogen
ions, especially in neutral pH.
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