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Abstract

Pyrite is considered the major gold-bearing, in which gold is often
finely disseminated throughout the matrix of refractory sulfide ores.
To improve the gold extraction, pyrite oxidation is required in order
to destroy the refractoriness behavior. This study investigated the use
of four oxidizing agents, S,02~, H,0,, ClO; and Cr,0%~, to oxidize
pyrite. The objective was to enhance the oxidation efficiency of
pyrite by optimizing the pH and reaction time conditions.
Experimental results showed that the most efficient oxidant for pyrite
oxidation was peroxydisulfate S,0Z~, and the oxidation efficiency of
iron in pyrite varies in the following order: S,05~ > H,0, > ClO, >
Cr,0%~. The optimum pH for the studied oxidizing agents were pH
=6 for S,0%™, H,0,, and ClO;, and pH = 2 for Cr,0%~, for which
the oxidation efficiency reached respectively 76.51%, 20.19%,
16.83%, and 15.40% after 6 hours of reaction. The high oxidation
efficiency of pyrite by S,02~ at pH = 6 is explained by the formation
of sulfate radical (SO;~) produced by the activation of S,04~ with
Fe?* released from pyrite. The mechanistic insights of the studied
oxidizing agents have been elucidated by analyzing the product
species after the oxidation reaction in the filtrate by Fourier
Transform Infrared (FTIR) spectroscopy and characterizing the solid
residue by X-ray diffraction (XRD) and scanning electron
microscope (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS). The obtained results suggest that S,05~ is a
promising oxidizing agent for the oxidative pretreatment of
refractory pyritic gold ores.
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Introduction

In the last decades, the unsustainable mining of gold has led to the progressive depletion of free-milling
gold resources. Consequently, the mining industry has focused its attention on gold ores with complex or refractory
character. The term "refractory gold ores" refers to gold ores characterized by a low extraction yield by
cyanidation. Therefore, they do not provide economic gold recovery (Fleming, 1992; La Brooy et al., 1994;
Rodriguez-Rodriguez et al., 2018; Rogozhnikov et al., 2021).

One of the main causes of the refractoriness behavior is the physical encapsulation of fine particles of
gold in sulfide minerals such as pyrite, arsenopyrite, and chalcopyrite (Asamoah et al., 2021; Badri and
Zamankhan, 2013; Chryssoulis and McMullen, 2016; Marsden and House, 2006; Pokrovski et al., 2019). Pyrite
FeS;, also known as iron disulfide, is the most widespread and abundant sulfide mineral on earth (Craig and VVokes,
1993; Forbes et al., 2024; Jefferson et al., 2023; Johnson and Hallberg, 2005; Spietz et al., 2022). It is considered
the major gold-bearing, in which gold is often finely disseminated throughout the matrix of refractory sulfide ores.

To destroy the refractoriness behavior and improve gold recovery from refractory pyritic ores, oxidation
of pyrite is required to liberate gold. In fact, oxidation is considered a major process for pyrite leaching
(Antonijevic et al., 1997). Moreover, pyrite oxidation is an electrochemical process involving electron transfer
between iron and/or sulfur, constituting pyrite and the reagent used as an oxidant (Holmes and Crundwell, 2000).

Pyrite is classified as the most noble and inert sulfide mineral with a rest potential of 0.66 VV/SHE (Tab.
1) (Chandra and Gerson, 2010). This electrochemical behavior of pyrite requires the use of oxidizing agents with
high oxidation-reduction potential to make the oxidation possible thermodynamically. Theoretically, a higher
value of E° signifies that the oxidant becomes stronger (Fig. 1). However, using these oxidants for pyrite oxidation
requires an optimization of conditions to enhance the oxidation efficiency.

Tab. 1. Rest potential of some sulfide minerals measured under standard conditions (Chandra and Gerson, 2010)

Sulfide mineral Rest potential (V/SHE)
Pyrite 0.66
Chalcopyrite 0.56
Sphalerite 0.46
Covellite 0.45
Bornite 0.42
Galena 0.40
E° (v)/SHE
A

S,04% = S0,> (2,01)

H,0, -+ H,0 (1,77)

cloy, 4 c  (1,38)

Cr,0,% == Cr3+ (1,36)

Fig. 1. Standard potential of the studied oxidizing agents (Barbouchi et al., 2024)

The oxidation of pyrite is known as a complex process due to the involvement of many elementary routes
of iron and sulfur in the mechanism (Dos Santos et al., 2016). According to Ahlberg et al. (1990), two main
mechanisms have been suggested to describe the oxidation of pyrite:

1. Preferential oxidation of sulfur atoms in pyrite to sulfate or another form, which the
oxidation of pyrite started first with the release of sulfur to sulfate, and then hydroxide ions react with
iron in the surface sites to form an iron hydroxide.

2. Preferential release of iron atoms into solution or into precipitated form as hydroxide,
which the mechanism carries out via progressive release on metal sites, leaving sulfur atoms unreacted.

Chandra et al. cited studies by several researchers who worked on the aqueous oxidation of pyrite by O, or
Fe3*, and they suggest that the pyrite oxidation may involve both oxidation of iron from Fe?* to Fe** and sulfur
from $2~ to SO2~ (Chandra and Gerson,2010). The overall mechanism reported by these authors is shown in
Egs. 1-3:
FeS; +2 O; ) + Hz0 — Fe? + 2507~ + 2H" (1)
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Fe?* + = Ogaq) + H* — Fe¥* +~ H,0 )
FeS, + 14Fe®* + 8H,0 — 15Fe?" + 2502~ + 16H" ®)

Recent studies have shown that the types of products formed during pyrite oxidation are influenced by the
oxidant used and the pH of the solution (Huang et al., 2023; Tu et al., 2017; Xu et al., 2022). Feng et al. reported
that in aqueous media, intermediate products such as elemental sulfur (So), thiosulfate (S20s*"), hydrogen sulfide
(H2S), and polysulfides can form, eventually converting to sulfate ions (SO+*") (Feng et al. 2019). Liu et al.
identified additional sulfur species during pyrite oxidation, including sulfite (SOs*), trithionate (S:O¢*"),
tetrathionate (S40¢>"), and pentathionate (SsOs>") (Liu et al. 2023). Li et al. revealed that during microbial oxidation
of pyrite, the sulfur oxidation sequence progresses from sulfide (S:*7) and bisulfide (S27) to intermediate
polysulfides (Sn?"), then to elemental sulfur (So), followed by sulfite (SOs27), and to thiosulfate (S20s>"), which is
further oxidized to sulfate (SO4*") (Li et al. 2016).

This paper aims to investigate the oxidation efficiency of pyrite by S,02~, H,0,, ClO; and Cr,0%"
oxidizing agents. The parameters studied were pH and reaction time. The mechanistic aspects of the studied
oxidizing agents have been discussed by analyzing the product species in the filtrate by Fourier Transform Infrared
(FTIR) spectroscopy and characterizing the solid residue after the oxidation reaction by X-ray diffraction (XRD)
and scanning electron microscope (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS).

Materials and Methods

Mineral sample

The experiments were carried out on a high-purity pyrite crystal specimen (not refractory gold ore) to
eliminate interference of other compounds). The pyrite mineral was obtained from the Oumjrane Mine of
Managem Group (Eastern Anti-Atlas, Morocco). The sample was characterized using X-ray diffraction with an
Aeris Panalytical diffractometer (Cobalt, Ko radiation; A = 1.724 A), equipped with HighScore Plus software for
mineralogical identification. The chemical composition was analyzed using atomic absorption spectroscopy
(AAS) with the Agilent 280 FS Flame technique for iron analysis and inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with the Agilent 5110 SVDV for sulfur analysis. The sample has been ground using a
mortar mill to the particle size distribution of Dgy = 75pum.

Chemical reagents

The oxidizing agents investigated in this study are potassium peroxydisulfate K,S,0g, hydrogen peroxide
H,0,, sodium perchlorate NaCl0O, and potassium dichromate K, Cr, 0. Sulfuric acid H,SO4 and sodium hydroxide
NaOH were used to adjust the pH of the solution. All reagents were analytical-grade products.

Experimental procedure

The experiments were carried out in a glass beaker of 400 mL. The beaker was filled with 250 mL of the
solution containing 0.1 M of the oxidant and adjusted to the desired pH value (with monitoring).

The solution was stirred with a magnetic stirrer at a speed of 400 rpm. All the experiments were conducted
at 25 °C. As soon as the solution is prepared, 0.5g of pyrite powder is added, and the oxidative reaction is then
started. The fraction of pyrite reacted over time was determined by taking 7 samples of the filtered suspensions at
30min, 1h, 1h30min, 2h, 4h, 6h, and 24h. Iron content in these samples was analyzed by atomic absorption
spectroscopy AAS. The experiments were conducted in duplicate, and the values presented are the average of the
two trials. The oxidation efficiency of iron in pyrite was calculated according to (Eq. 4):

. . .. . . - C XV X M(FeS.
Oxidation efficiency of iron in pyrite (%) a = TFeTnT(FZ)Z)

Where:

Crre is the total iron concentration measured in the solution (g/L), V is the volume of the solution (L),
M(FeS,) is the molecular mass of pyrite (g/mol), m is the mass of pyrite (g), and M(Fe) is the molecular mass of
iron (g/mol).

After a residence time of 24h, the solution was filtered, and the solid residue was washed with distilled
water and dried for subsequent characterization. Scanning electron microscopy (SEM) combined with energy-
dispersive X-ray (EDX) microanalysis was used to examine pyrite particles' morphology and chemical
composition after the oxidation process using a TESCAN VEGA3 SEM electron microscope. The filtrate was
analyzed by FTIR spectroscopy to identify functional groups and their associated vibration modes using a
VERTEX 70 FT-IR Spectrometer equipped with an attenuated total reflection (ATR) accessory. The sulfate
content was determined gravimetrically as BaSO4 by UV-visible spectrophotometry using a Shimadzu UV-3600
spectrophotometer equipped with an integrating sphere.

x 100  (4)
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Results and discussion
Sample characterization

Mineralogical characterization by XRD of the sample showed that the only existing phase is pyrite (Fig.
2). This was confirmed by chemical analysis of the sample with AAS and ICP-AES, which showed respectively

an element composition of Fe 45.81 wt. % and S 52.63 wt. %, compared to Fe 46.55 wt.% and S 53.45 wt.% for
stoichiometric FeS,.

+ Pyrite

-

S

T T T T T T T

T
0 20 30 40 50 60 70 80 90
26(%)
Fig. 2. XRD pattern of the pyrite crystal specimen

Oxidation by S,05

The experiments of pyrite oxidation by S, 05~ were carried out over a wide range of pH values from 2 to
12. The oxidation efficiency of pyrite is illustrated in Fig. 3. It can be shown from the oxidation curves that the
oxidation rate was highest at pH 6 and decreased with either an increase or a decrease in pH within the range of
pHs examined in this study. At pH = 6, the oxidation reaches a plateau by achieving 76.51% after a residence time
of 6 hours, which was the maximum rate registered in all the studied pH values. However, it is clear that the
oxidation in an acidic medium (pHs 2 and 4) was lower than in an alkaline medium (pHs 8, 10, and 12). After 24
hours of reaction, the oxidation rate achieved 22.14% and 32% at pH 2 and 4, respectively, and reached 45.28%,
37.10%, and 42.81%, respectively, at pH 8, 10, and 12.

80

70

60

s 7]
= =
1 1

Dissolved Fe (%)

"
S
1

20

Time (h)

=4—pH=2 —@—pH=4 —&—pH=6 pH=8 ——=—pH=10 pH=12

Fig. 3. Effect of pH on the oxidation efficiency of pyrite by S, 03~. [0x] =0.1 M

The high oxidation efficiency of pyrite at pH = 6 could be explained by the formation of sulfate radical
(50;7) produced by the activation of S,02~ with Fe?* released from pyrite. Sulfate radical (S0;~) is known as a
strong one-electron oxidizing agent with highly oxidative potential (E° = 2.6 V vs. NHE) (Duan et al., 2022; Li et
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al., 2022; Xie et al., 2023), and several investigations have proved that S, 02~ can be activated by Fe?*, leading to
the generation of SO;~ (Karim et al., 2021; Matzek and Carter, 2016; Xie et al., 2023). The oxidation of pyrite by
S,032~ leads to the production of Fe?* ions, according to (Eg. 5) (Gui et al., 2023). Fe?* activates S,03~ and favors
the formation of sulfate radicals SO;~ (Eq. 6). Consequently, the oxidation efficiency is enhanced by further
oxidization of pyrite by the sulfate radicals formed (Eq. 7).

FeS, + 75,02+ 8H,0 — Fe?* +16S02~ + 16H* (5)
Fe?* + 5,0~ — Fe** + S02~ + 5S0;~ (6)
FeS, +14 S0;~ + 8H20 — Fe?* + 16502~ + 16H* )

In addition, it can be seen from (Fig. 3) that the oxidation rate under alkaline conditions (pH > 8) was higher
than in acidic conditions (pH < 4). This could be explained by the formation of hydroxyl radicals in alkaline pH,
as reported by Hao et al. (2014). At pH > 8, sulfate radicals may react with OH" by radical interconversion reactions
to produce hydroxyl radicals according to (Eq. 8) (Ahmadi et al., 2016; Furman et al., 2010):

S0;~ + OH — S02~ + OH' (8)

Hydroxyl radicals HO" are also characterized by strong oxidative potential (E = 2.8 VV vs NHE) (Duan et
al., 2022; Li et al., 2022), which seem capable of oxidizing pyrite theoretically. However, according to Luo et al.
and Aratjo et al., hydroxyl radicals have a shorter lifetime and smaller performance for electron transfer reactions
compared to sulfate radicals (Aragjo et al., 2022; Luo et al., 2016). Therefore, in alkaline pH, OH" ions act as
scavengers of sulfate radicals and then decrease pyrite's oxidation reaction. Similar results have been reported for
oxidation by persulfate in alkaline pH of ammonium perfluorooctanoate (Hao et al., 2014) and trichloroethylene
(Liang et al., 2007).

The analysis of sulfate concentration by UV-Vis spectrophotometry in the filtrate after a residence time of
24h for all pHs evaluated in this study is given in (Fig. 4) and shows that the higher sulfate concentration is
registered at pHs 2 and 4. Therefore, it can be concluded that the lowest oxidation rates of pyrite registered at
acidic conditions (pH < 4) could be attributed to the decomposition of S,03~ to SO2~ without generation of sulfate
radicals. These results are in agreement with those found by Liang et al., which indicate that sulfate may inhibit
the reactivity of sulfate radicals (Liang et al., 2007). However, House et al. reported that acidic conditions are more
favorable for SO;~ formation due to acid catalyzation (House, 1962). Nevertheless, Peyton et al. revealed that a
higher sulfate radical concentration may favor the S0;~/S0;~ (Eq. 9) or SO;~/5,05~ (Eq. 10) reactions (Peyton,
1993). Consequently, when more sulfate radical is formed (e.g., via acidic activation), there will be scavenging of
S0;~ by itself and compete with SO;~/pyrite interaction.

S0;” +50; — S,03 9
S0;~ + 5,02 — S02™ + 5,05 (10)
20 -
~ 17.61
@ 15.96
e
g 10.65
g 101 8.57 7.63 7.41
c
[e]
V)
Y 54
o
S
wm
O B T T T T T
2 4 6 8 10 12
pH

Fig. 4. Sulfate concentration in the solution after 24h of reaction

Oxidation with H,0,

The oxidation tests of pyrite by H, 0, have been examined in a pH range varying from 2 to 12. The obtained
results (Fig. 5) showed that the oxidation of pyrite by H,0, is favored only at pH < 6 and dropped in alkaline
medium at pH > 8. The oxidation rate for pHs 2, 4, and 6 reached 19.08%, 19.93%, and 20.19%, respectively, after
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a residence time of 6 hours. In addition, it can be seen from the figure that the reaction rate increases slightly after
6 hours of the reaction, and the oxidation efficiency achieved 19.17%, 20.87%, and 21.71% for pHs 2, 4, and 6,
respectively. However, for pHs 8, 10, and 12, the oxidation rate does not exceed 1% even after 24 hours of reaction.

25 4

20 4

Dissolved Fe (%)

10 o

Time (h)
—4—pH =2 —m—plH=4 —d—pH=56 pH=8 ——pH=10 pH =12

Fig. 5. Effect of pH on the oxidation efficiency of pyrite by H,0,. [Ox] =0.1 M

It can be concluded that the oxidation of pyrite by H,O0, is inefficient in alkaline pH compared to acidic
pH. According to Irum et al., OH" ions in alkaline pH (pH > 8) react with Fe?* to form Fe(OH); as a gelatinous
substance, which inhibits the oxidation of pyrite via its adherence on the surface (Irum et al., 2017). Therefore,
low oxidation rates of pyrite have been obtained in this pH range. In addition, even in acidic media (pH < 6), low
oxidation rates of pyrite have been achieved. This could be attributed to the catalytic decomposition of H,0, in
the presence of pyrite. Based on investigations conducted by several authors, the overall reaction of pyrite
oxidation by H, 0, in acidic pH can be demonstrated by (Eg. 11), and the ferric iron produced can act as a catalyst
of H,0, decomposition according to (Eg. 12) (Chirita, 2009; Iraola-Arregui et al., 2018; Karppinen et al., 2024;
Marzzacco, 1999; Nicol, 2020; Petrovi¢ et al., 2023; Salas-Martell et al., 2020; Tehrani et al., 2021). Also, it was
shown that the decomposition of H,0, could be catalyzed via heterogeneous reaction by iron sites present on the
surface of pyrite, resulting in a significant loss of reagent (Chirita, 2009; Petrovi¢ et al., 2023; Nicol, 2020).

FeS, + 7.5 Ho0, = Fe¥* + 2502~ + H* + 7TH,0 (11)
Fe3* + 0.5 Ho0, = Fe?* + H* + 0.5 0, (12)

Other investigations suggest that the released oxygen from H,O decomposition in (Eq. 12) may adsorb on
the pyrite surface and inhibit the reaction between pyrite and H;0,, thereby decreasing the oxidation rate
(Antonijevic et al., 1997; Dimitrijevic et al., 1999; Hao et al., 2022).

Oxidation with ClO}

The oxidation experiments of pyrite oxidation by Cl0, , were conducted in acidic and alkaline mediums
from pH 2 to 12. The results are given in (Fig. 6), and show that oxidation of pyrite by ClO, is more favored at
pH < 6 and decreases by increasing pH from 8 to 12. Moreover, it can be seen that the oxidation curves for pH 2,
4, and 6 have almost the same behavior, and the oxidation rate achieved respectively 22.03%, 21.71%, and 23.18%
after 24 hours of reaction.
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25 o

20

Dissolved Fe (%)

Time (h)

—4—pH=2 —8—pH=4 —&—pH=6 pH=8 —+—pH=10 pH=12

Fig. 6. Effect of pH on the oxidation efficiency of pyrite by ClO, . [0Ox] =0.1 M

The reduction of perchlorate involves the transfer of eight electrons (Eq. 13), which results in a high
standard potential (E° = 1.388 V).

Clo; +8e~ +8H* — CI'+4 H,0 (13)

Despite that, the oxidation of pyrite by this oxidant did not show a significant efficiency. This could be
attributed to the stability of perchlorate. According to the E-pH diagram of the chlorine-water system (Fig. 7),
Clo;y is stable in all the pH ranges, and it can be seen that the potential decreases by increasing the pH value,
indicating that the oxidation seems to be more efficient in acidic media.

Cl - System at 25,00 °C
L
1,5
10 — 

=05 -
2

=00+
[v]
-3

5051

< cl(-)

w

_1’0 -

15 -

2,0

!

L T T T T T T T T T T T T T d
00 10 20 30 40 50 60 7.0 pH 80 90 100 11,0 120 130 140
Element | Molality Pressure
C1__| 1.00E+D00 | 1.00E+000

Fig. 7. Potential-pH equilibrium diagram of the system chlorine-water. Constructed by HSC Chemistry 10.2.2.0 software

In addition, according to Urbansky et al., perchlorate reduction is characterized by slow kinetics and can
occur only in the presence of highly concentrated acid, which agrees with our findings of pyrite oxidation in
alkaline pH. Also, it has been mentioned that even in the range of acid concentration 0.1 to 4.0 M, perchlorate is
not reduced by ferrous iron (Fe?*), which could be released from pyrite (Levakov et al., 2021; Mitra et al., 2020;
Urbansky, 2002).
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Oxidation with Cr, 0%~

The effect of pH on pyrite oxidation by Cr, 07~ was investigated at pH values 2, 4, and 6 since this oxidant
is stable only in this pH range according to the potential-pH equilibrium diagram of the system chromium-water
(Pourbaix, 1974). The results obtained (Fig. 8) show that the oxidation occurs only at pH = 2, while at pHs 4 and
6, the oxidation rate does not exceed 1%. On the other hand, even at pH 2, the oxidation achieves only 15.40%
after 6 hours and increases slightly to 17.36 after 24 hours of reaction.

Dissolved Fe (%)

Time (h)

—4—pH=2 —m—pH=4 —d—pH=6

Fig. 8. Effect of pH on the oxidation efficiency of pyrite by C1, 03_. [Ox]=0.1M

The electrochemical reaction of pyrite oxidation by Cr, 0%~ can be established as given in (Eg. 14), which
can be split into two electrochemical half-reactions: the anodic half-reaction (Eq. 15) and the cathodic half-reaction
(Eq. 16).

Overall reaction: 2FeS; + 5Cr,02~ + 38H"* = 2Fe®* + 4502~ + 10Cr3* + 19H,0 (14)
Anodic reaction: FeS, + 8H,0 = Fe®* + 2502~ + 16H* + 15¢° (15)
Cathodic reaction: Cr,02~ + 14H* + 6e” = 2Cr®* + 7H,0 (16)

However, the low oxidation rate obtained in pyrite oxidation by Cr,0% could be attributed to the
chemisorption of chromium (V1) on the pyrite surface (Chen et al., 2021; Zhang et al., 2022). According to findings
by Antonijevic et al., chromium (V1) present in Cr, 07~ can probably saturate the surface of pyrite and then inhibit
the galvanic interaction between Cr, 0%~ and pyrite (Antonijevic et al., 1993). In addition, it can be concluded that
pH = 2 is the optimum condition for pyrite oxidation by Cr, 0%~ in the range of pHs evaluated in this study. This
is due to the catalytic role of H* ions, which positively affect the oxidation rate of pyrite (Antonijevic et al., 1993).
Similar results were obtained by Chirita, showing that pyrite oxidation increases with the increase in solution
acidity (Chirita, 2003).

Comparison and mechanistic insights of oxidizing agents

By comparing the oxidation efficiency of pyrite by the studied oxidizing agents under their optimum
condition of pH (S,02™ at pH 6, H.O at pH 6, Cl0; at pH 6 and Cr, 0%~ at pH 2) (Fig. 9), it was found that S,03~
is the most efficient oxidant for Fe pyrite oxidation.
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Dissolved Fe (%)

0 5 10 15 20 25
Time (h)

—+—5,0,% —=—H,0, co, —<—Cr,0,*

Fig. 9. Comparison of the oxidation efficiency of pyrite by the studied oxidants. [Ox] =0.1 M

The solid residues of pyrite after oxidation for the four oxidants under their optimum condition of pH have
been characterized by XRD (Fig. 10) and by SEM-EDS (Fig. 11). The result of XRD showed that the pyrite
remains unchanged, and there is no formation of new phases or compounds after the oxidation process.

— H,0,-oxidized pyrite

— ClO;-oxidized pyrite
S,0%-oxidized pyrite

— Cr,02-oxidized pyrite

— Non-oxidized pyrite (Blank)

— L J_LJJ@

I ! I ' I ' I ' 1
10 20 30 40 50 60
26 (°)
Fig. 10. XRD pattern of pyrite residues after the oxidation process

Zhong et al. demonstrated through XRD and XPS analysis that elemental sulfur S° is formed when pyrite
is oxidized by ferric iron Fe3* (Zhong, 2015). However, according to Flatt et al. and Miller et al., the elemental

sulfur S° is known as cyanide consuming agent and can inhibit gold cyanidation by overconsumption of cyanide
to form thiocyanate (Eq. 17) (Flatt and Woods, 1995; Miller and Brown, 2016).

CN" +S° — SCN- (17)
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Therefore, the studied oxidizing agents, especially S,03~, do not adversely affect the cyanidation process
when used in the pretreatment of refractory gold ores, as elemental sulfur is not produced after oxidation.

Moreover, SEM characterization coupled with energy-dispersive X-ray spectroscopy (EDS) showed a
reduction in pyrite particle size in all pyrite residues (Fig. 11). SEM micrographs also showed the presence of
micro-cracks in the pyrite after the oxidation with S, 05~ and H.O; due to the aggressive attack of these oxidants.
In addition, an analysis of elemental composition using the EDS technique for all pyrite residues in different spots
revealed the presence of oxygen, demonstrating the formation of oxide particles that seem to be iron oxides.

EDS Spot 1

EDS Spot 2

<«— Oxide particles

N

Micro-crack % T 0

EDS Spot 1

EDS Spot 2

EDS‘Spotd \ X
® L \
‘ p Oxide particles
EDSSpot2 ..

Oxide particles - EDS Spot 1

EDS.Spot 2
L

® - EDS Spot 2

\

Micro-cracks

S EDS Spot 1

Oxide particles

S ‘ Fe
S EDS Spot 2
EDS Spot 2
Fe
S Fe
20 um L_* l 7

Fig. 11. SEM images and the corresponding EDS spectrum of pyrite after the oxidation process. (a) H,O.-oxidized pyrite,
(b) Cr, 0%~ -oxidized pyrite, (c) S, 02~ -oxidized pyrite, and (d) C1O; -oxidized pyrite

On the other hand, the products formed in the solution have been identified by analyzing the chemical
bonds using FTIR spectroscopy. (Fig. 12) shows FTIR spectra of the solution filtrate after the oxidation of pyrite
for the studied oxidants under their optimum pH condition. The band at 610 cm corresponds to SOZ~ (Das et al.,
2014; Radha et al., 2015), which shows the oxidation of S5~ in pyrite to sulfate. The sulfate formed could attached
to iron and form Fe-SO, according to the band located at 1625 cm™* (Khataee et al., 2016). However, this band is
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strong in H,O; filtrate and weak in S,0%~, Cr,0% and ClO; filtrates. The band at 1230 cm™* appears only in
S, 0% filtrate, which is attributed to the S-O stretching of sulfate species (Caldeira et al., 2003). In addition, the
transmission bands at 870 cm™* and 1090 cm™ correspond to Fe-O and Fe-OH, respectively (Corréa et al., 2016;
Yadav et al., 2020). This suggests that pyrite is oxidized and transformed into iron oxide and iron hydroxide.
Furthermore, it can be seen as a broad band at 3450 cm-1, which is attributed to the stretching modes of the water
molecules (Khataee et al., 2016). This band is large in H,O; filtrate because of the O-H bonds of this oxidant.
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Fig. 12. FTIR spectra of the solution filtrate: (a) H,O; filtrate, (b) S, 03~ filtrate, (c) CLOj filtrate, and (d) Cr, 0%~ filtrate
Conclusions

The extraction of gold from refractory ores poses significant challenges due to the encapsulation of gold
within sulfide minerals, mainly pyrite. This study proposes an effective solution for pyrite oxidation to address
this issue. Four oxidizing agents have been investigated for the oxidation of a high-purity pyrite crystal specimen.
The most efficient oxidant for pyrite oxidation was S,02~, and the oxidation efficiency of iron in pyrite varies in
the following order: S,05~ > H,0, > ClO; > Cr,0%~. The optimum condition of pH for the studied oxidizing
agent were pH = 6 for S,03~ , pH < 6 for H,0,, pH < 6 for ClO;, and pH = 2 for Cr,0%~, which the oxidation
efficiency reached respectively 76.51%, [19.08%; 20.19%], [15.44%; 16.83%], and 15.40% after 6 hours of
reaction. The high oxidation efficiency of pyrite by S,05~ at pH = 6 is explained by the formation of sulfate
radicals (SO;~) produced by the activation of S,03~ with Fe?* released from pyrite. Characterization by XRD of
the solid residues of pyrite after oxidation showed that the pyrite remains unchanged and no new phases or
compounds are formed. SEM-EDS also showed that the size of particles has been reduced and revealed the
formation of oxide particles that seem to be iron oxides. This study will contribute to developing new oxidative
pretreatment processes using persulfate for refractory pyritic gold ores.
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