
Chemical Engineering Journal Advances 7 (2021) 100122 

Contents lists available at ScienceDirect 

Chemical Engineering Journal Advances 

journal homepage: www.elsevier.com/locate/ceja 

An environmentally friendly method for efficient atmospheric oxidation of 
pyrrhotite in arsenopyrite/pyrite calcine 

Lin Li a , b , Jingxiu Wang 

a , Chengqian Wu 

a , Ahmad Ghahreman 

a , ∗ 

a Hydrometallurgy and Environment Laboratory, The Robert M. Buchan Department of Mining, Queen’s University, 25 Union St., Kingston, ON K7L 3N6, Canada 
b National Research Council Canada, Ottawa, ON K1A 0R6, Canada 

a r t i c l e i n f o 

Keywords: 

Calcine 
Oxidation 
Pyrrhotite 
Thermal phase transformation 
Sulfur balance 
Pyrolysis 

a b s t r a c t 

Pyrite and arsenopyrite are the most common hosts for invisible gold, but pyrite and arsenic are refractory during 
conventional sulfide oxidation, which significantly challenges subsequent gold extraction. One option is high- 
temperature pretreatment of arsenical materials to sequester > 90% of the arsenic as a gas, then convert it to a 
stable form. This process produces a calcine similar in composition to pyrrhotite (Fe 1- x S) but with higher porosity. 
In this study, the calcine product is oxidized with an efficient, cost-effective atmospheric process using acidic and 
near-neutral solutions. A sulfur mass balance analysis method based on iron sulfide thermal transformation in 
nitrogen atmosphere was developed to quantify the oxidation efficiency of pyrrhotite leaching. The optimization 
confirmed that > 90% of the calcine was oxidized by Fe 3 + (5 and 10 g/L) and O 2 (0.5 L/min) at pH 1 after 
48 h and at 95 °C even without ultrafine grinding. Elemental sulfur was the main oxidation product when the 
oxidation pH was 1,2. This study provides the foundation for the development of a low-cost and environmentally 
friendly process option for pretreatment of arsenical sulfide refractory gold materials. 
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. Introduction 

Gold extraction from refractory sulfide ores has attracted recent in-
erest from mining companies because there is significant potential to
xploit “invisible ” gold (i.e., finely disseminated Au particles < 1 𝜇m in
ize) in common sulfide minerals such as pyrite and arsenopyrite [ 4 , 25 ].
fficient pyrite and arsenopyrite oxidation is essential to permit subse-
uent cyanide leaching to extract this gold. As a refractory sulfide min-
ral, pyrite has been the subject of many hydrometallurgical studies of
ts oxidation behavior (e.g., [ 7 , 23 , 31 ]). Further, numerous environmen-
al science studies have focused on geochemical oxidation of pyrite as
he main source for acid mine drainage (e.g., [ 13 , 24 , 33 ]). 

There have been many methods to remove As from arsenopyrite,
ncluding roasting, chlorination, pressure oxidation, chemical and bac-
erial leaching [19] . Roasting is the most attractive technology due to
he adaptivity, easy operation, low cost, and reliability. Two-stage roast-
ng is the conventional industrial treatment for refractory arsenopyrite
q. (1 ). The first stage is a de-arsenification process to transform ar-
enic into gas phase under lower temperature (450 °C to 550 °C) in
n oxygen-deficient atmosphere, producing a sulfide calcine with low
rsenic content similar to pyrrhotite (Fe 1- x S, x = 0–0.2) for further pro-
essing [11] . The calcined product is generally porous and spongy. The
econd stage relates to oxidation of calcine to Fe 2 O 3 and SO 2 in surplus
xygen conditions at higher temperature (600 °C to 700 °C) for a highly
∗ Corresponding author. 
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orous product. 

 𝐹 𝑒𝐴𝑠𝑆 ( 𝑠 ) + 5 𝑂 2 → 𝐹 𝑒 2 𝑂 3 ( s ) + A s 2 O 3 ( g ) + 2S O 2 ( g ) (1)

Two-step roasting has high capital and operating costs and the As 2 O 3 
nd SO 2 emissions cause environmental problems [1,28] . Arsenopyrite
yrolysis in an inert environment containing N 2 or CO 2 was a suit-
ble alternative to two-stage roasting to prevent gaseous SO 2 emissions
12] . However, gold recovery from cyanidation of the pyrolysis products
mainly pyrrhotite) was < 50%: significant amounts of gold remained in
he calcine as a solid solution. Calcine is refractory: its direct cyanida-
ion often results in low gold recovery. 

Unlike pyrite, research on pyrrhotite oxidation is scarce, and the ox-
dation mechanism is poorly understood. Pyrrhotite chemistry can be
omplicated due to the uncertainty of the Fe/S ratio: the x in Fe 1- x S
an range from nearly 0 (FeS) to 0.125 (Fe 7 S 8 ). The extent of iron de-
ciency in the crystal structure can affect pyrrhotite oxidation [29] ,
hough how it is affected has not been conclusively quantified [22] . Con-
roversy regarding the mechanism of pyrrhotite oxidation encompasses
he intermediate and final oxidation products and reaction routes [16] .
yrrhotite oxidation by either O 2 or Fe 3 + —the most common oxidants
or sulfide mineral oxidation —can produce sulfate and elemental sulfur
S 0 ), depending on the availability of H 

+ , and involve polysulfide and
ron-deficient sulfide intermediates [8] . Eqs. 2 and 3 describe the main
eactions when O 2 is the primary oxidant at near-alkaline conditions.
21 
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Table 1 

Comparison of conventional pyrrhotite oxidation process. 

Method Conditions and results Merits Drawbacks Ref. 

Mechanical activation Mechanically active for 10-40 min, the 

leaching recovery of Fe is 10–30 

times more. 

1. Accelerated reaction rate; 

2. Reduced leaching temperature 

1.Agglomereation of fine particles; 

2. Relatively low energy efficiency 

[34] 

Acid pressure oxidation At 80-110 °C, pyrrhotite oxidation fast 

in 2 h and significantly slow down. 

At 130-180 °C, the pressure oxidation 

was totally inhibited due to molten 

sulphur. 

High initial oxidation rate 1. High capital cost, 

2. Not completed oxidation. 

[14] 

Hot nitric acid leaching At 95 °C, 93% of pyrrhotite was 

oxidized after 150 min. 

1. Rapidly reaction rate; 

2. Atmospheric condition. 

1. NO and NO 2 gas formation 

2. Expensive lixiviate agents; 

3. Customized reaction equipment 

( [10] 
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a  

c  

E

𝐶 𝑒 + 𝐹 𝑒 → 𝐶 𝑒 + F e (6) 
t low pH, oxidation may occur as given in Eqs. 4 and 5 since Fe 3 + is a
tronger oxidant than O 2 in acids [29] . 

 𝑒 1− 𝑥 𝑆 ( 𝑠 ) + 

(
2 − 

𝑥 

2 

)
𝑂 2 + 𝑥 𝐻 2 𝑂 → ( 1 − 𝑥 ) 𝐹 𝑒 2+ + 𝑆𝑂 

2− 
4 + 2 𝑥 𝐻 

+ (2)

 𝑒 1− 𝑥 𝑆 ( 𝑠 ) + 

(
2 − 

𝑥 

2 

)
𝑂 2 + 2 ( 1 − 𝑥 ) 𝐻 

+ → ( 1 − 𝑥 ) 𝐹 𝑒 2+ + 𝑆 

0 + ( 1 − 𝑥 ) 𝐻 2

(3) 

 𝑒 1− 𝑥 𝑆 ( 𝑠 ) + ( 8 − 2 𝑥 ) 𝐹 𝑒 3+ + 4 𝐻 2 𝑂 → ( 9 − 3 𝑥 ) 𝐹 𝑒 2+ + 𝑆𝑂 

2− 
4 + 8 𝐻 

+ (4)

 𝑒 1− 𝑥 𝑆 ( 𝑠 ) + ( 2 − 2 𝑥 ) 𝐹 𝑒 3+ → ( 3 − 3 𝑥 ) 𝐹 𝑒 2+ + 𝑆 

0 ( 𝑠 ) (5)

Previous studies have investigated atmospheric oxidative leaching
f pyrrhotite in terms of incomplete oxidation, oxidation products, and
etastable intermediates such as thiosulfate, polythionate, and S 4 O 6 

2–

 26 , 27 ], yet few have addressed the effect of pH on pyrrhotite oxida-
ion. Pyrrhotite oxidation by Fe 3 + and O 2 can be either acid-generating
qs. 2 , (3) or -consuming Eqs. 4 , (5) , reflecting the complex nature of
yrrhotite oxidation. Therefore, pH is a crucial factor when designing a
yrrhotite oxidative leaching system. Effective pH control can prevent
recipitation of Fe 3 + . 

Although pyrrhotite is highly reactive [3] , the oxidative leaching
fficiency of natural pyrrhotite can be low due to extensive passiva-
ion arising from S 0 deposition on the surfaces of partially oxidized
yrrhotite minerals. Mechanical activation [34] , acid pressure oxida-
ion [14] , and hot nitric acid oxidation [10] have been shown to in-
ibit passivation, but mechanical activation and acid pressure oxidation
re associated with high operating costs, and the hot nitric acid pro-
ess requires customized reaction equipment ( Table 1 ). High-pressure
xidation also has to deal with a molten sulfur product that passi-
ates partially oxidized minerals. In view of all these shortcomings,
t is thus necessary and noteworthy to find a viable method to leach
yrrhotite effectively to liberate invisible gold from the pyrrhotite lat-
ice prior to cyanidation. In this study, we propose a viable hydromet-
llurgical process to fully oxidize calcine with O 2 and Fe 3 + as oxi-
ants at 95°C and atmospheric pressure environmentally friendly and
conomically. 

Calcined pyrrhotite could have different oxidation kinetics than nat-
ral pyrrhotite. The loss of As and S is expected to form a highly porous
alcine product ( Fig. 1 ), which has better oxidation kinetics in sulfuric
cid solutions than natural pyrrhotite. 

Given that a significant portion of the iron can be oxidized to
oethite and remain in the leach residue-even at pH 1-using the iron
issolved into solution to calculate the calcine oxidation efficiency does
ot yield a representative value. Calcine mainly contains quartz and
ron sulfides with trace impurities, and quartz is highly thermostable
p to 800°C [3] . Therefore, we also developed a sulfur balance analysis
ethod based on the phase transition of iron sulfides to evaluate calcine

xidation. 
2 
. Materials and methods 

.1. Materials and characterization 

The mineral phases in the as-received iron-arsenic sulfide concen-
rate and the calcines were analyzed by X-ray powder diffraction (XRD)
sing a Philips X’Pert Pro powder diffractometer. Co K 𝛼 radiation ( 𝜆 1.79
) at a step size of 0.02° 2 𝜃 and 1.0 s/step was employed. The chemi-
al composition was determined by several methods: atomic absorption
pectroscopy for iron concentration; carbon/total sulfur analysis on a CS
00 Carbon/Sulfur machine; thermogravimetry (TGA) in a nitrogen at-
osphere with a NETZSCH STA 449 F3 Jupiter® thermal analyzer for S 0 

nd sulfide content; inductively coupled plasma optical emission spec-
rometry after aqua regia digestion for other element concentrations;
aser particle size analysis; scanning electron microscopy (SEM) to visu-
lize calcine morphology; and automated gas sorption to measure the
pecific surface area according to the Brunauer-Emmett-Teller theory.
he calcine was subjected to density separation to remove the quartz
nd leave behind mostly pyrrhotite. 

In the hydrometallurgical oxidation experiments, 95.0–98.0% sul-
uric acid was used to provide the acidic environment, 97% ferric
ulfate hydrate (Sigma Aldrich) was a source of Fe 3 + , and 20 wt.%
 2 SO 4 solution or CaCO 3 slurry (Powder/Certified ACS; Fisher Chem-

cal) were the pH control agents. To obtain specific particles sizes
or some tests, wet grinding was used (see Fig. S2 in Supplementary
aterial). 

.2. Oxidative leaching tests 

Oxidative leaching tests were conducted in a 2-L glass reactor con-
aining 1 L of solution surrounded by a jacketed heater to control the
emperature at 95°C under a constant 800 rpm mixing rate ( Fig. 2 ).
H control solutions were added via an Etatron pH/ORP Pump Control
ystem. A pH change of 0.1 triggered the pump system to add H 2 SO 4 
olution or CaCO 3 slurry into the reaction vessel. Tests were conducted
n oxidizing conditions with Fe 3 + and O 2 or O 2 only as oxidants. The
xygen flow rate was constant at 0.5 L/min, and tests were conducted
or 48 h. 

Solution samples were collected during leaching tests to monitor
e and As concentrations. After leaching, the final slurry was vacuum
ltered. Residues retained on the filter were analyzed for total sulfur
ontent and S speciation distribution (wt.% S 0 and sulfides). Residues
or TGA analysis were washed in 15% HCl at 60°C for 1 h to re-
ove metal oxides formed during leaching and then dried in air at
0°C for 24 h. The filtrate (leachate) was analyzed for dissolved Fe
nd As concentration using atomic absorption spectroscopy. Fe 2 + con-
entrations were measured by 0.01 M ceric sulfate titration, based on
q. (6 ): 

4+ 2+ 3+ 3+ 
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Fig. 1. Schematic of porous pyrrhotite formation from calcination of pyrite/arsenopyrite. 

Fig. 2. Schematic of the atmospheric oxidative leaching experimen- 
tal set-up. 

Table 2 

Experimental design to test four factors. 

Factor Initial pH Initial Fe 3 + (g/L) Pulp density(% w/v) Particle size (P80: 𝝁m) 

Initial pH 1 10 5 36.2 

2 10 5 36.2 

4 0 5 36.2 

5.5 0 5 36.2 

Initial Fe 3 + 1 1 5 36.2 

1 5 5 36.2 

1 10 5 36.2 

Pulp density 1 1 5 36.2 

1 1 10 36.2 

1 1 20 36.2 

Particle size 1 5 5 32.6 

1 5 5 27.5 

1 5 5 21.8 
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.3. Oxidative leaching optimization design 

The four factors tested in triplicate oxidative leaching optimization
xperiments were initial pH, initial Fe 3 + concentration, pulp density,
nd particle size ( Table 2 ). Since non-oxidative leaching of pyrrhotite
an occur at very low pH and release H 2 S, a range of pH values was
ested. All designed tests are presented in Supplementary Material (Ta-
le S1). 
3 
.4. Sulfur balance analysis and oxidation efficiency calculation 

Fe precipitates at near neutral pH, making it impossible to determine
he oxidation rate based on the Fe concentration, thus sulfur specia-
ion analysis was required. The weight percentages of S 0 and untreated
yrrhotite were quantified according to the thermal iron sulfide phase
ransition based on a method using TGA analysis. Pyrrhotite oxidation
as calculated by the oxidation percentage of sulfide, relating to the
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Table 3 

Elemental analysis of the concentrate and the calcine. 

Element (wt. %) As Al Ca Cu Fe Ni S Si O 

Untreated concentrate 2.60 2.34 1.66 0.22 20.35 0.15 17.65 25.68 29.35 

Pyrrhotite calcine 0.21 2.60 1.84 0.24 22.26 0.15 14.70 27.07 30.93 

Fig. 3. (a) XRD patterns and (b) particle size distribution of the concentrate and calcine. 
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ulfur species distribution (elemental sulfur, sulfate, and sulfide) of the
nal oxidation products. 

. Results and discussion 

.1. Characterization of calcine 

Arsenic content was dramatically lower in the calcine than untreated
oncentrate ( Table 3 ), confirming that the As removal method is highly
fficient. The Fe:S molar ratio was higher in the calcine (0.87:1) than
oncentrate (0.67:1), indicating S loss during calcination. 

Based on element analysis ( Table 3 ) and XRD phase analysis
 Fig. 3 a), the undissolved part of the concentrate and calcine samples
fter aqua regia digestion was mainly quartz (JCPDS card No. 46-1045)
45.3 and 49.3 wt.%, respectively). Other major phases in the concen-
rate were pyrite (JCPDS card No. 42–1340) and pyrrhotite (JCPDS card
o. 29-0724). The expected arsenopyrite peaks corresponding to 2% As
ontent in the material were absent, nor was pyrite detected in the cal-
ine. Calcination did not change the particle size ( Fig. 3 b). 

Thermal treatment removed As from the concentrate and simultane-
usly transformed pyrite to pyrrhotite by thermal decomposition, con-
istent with previous studies showing that pyrolysis of arsenopyrite Eq.
1 ) and pyrite Eq. (7 ) yields pyrrhotite as the calcination product [18] .

 𝑒 𝑆 2 = 𝐹 𝑒 𝑆 𝑥 ( 𝑠 ) + 

2 − 𝑥 

𝑛 
𝑆 𝑛 ( 𝑔 ) (7)

here x is between 1 and 2. 
Based on the major element (Fe, As, S) contents and excluding quartz

nd other trace elements, the concentrate and the calcine can be written
s Fe 0.67 As 0.06 S and Fe 0.87 S, respectively. The iron sulfide content in the
alcine is similar to pyrrhotite (Fe 0.875 S), suggesting that the calcine is
 mixture of quartz and pyrrhotite. This has been confirmed by studies
n the phase transition of iron sulfide minerals (e.g., [ 5 , 9 ]), where the
ransformation of pyrite to pyrrhotite Eq. (8 ) occurred between 520 and
50°C [6] . 

 𝑒 𝑆 2 = 

8 
𝐹 𝑒 0 . 875 𝑆 + 

3 
𝑆 2 (8)
7 7 

4 
Both calcine and natural pyrrhotite samples contained free and ag-
lomerated submicrometric-sized grains ( Fig. 4 ). However, the porous
tructure and significant roughness on the calcine (enlarged images in
ig. 4 b) are very unlike typical pyrrhotite ore ( Fig. 4 a) and are thought
o be produced during the high-temperature arsenic removal process.
he higher specific surface area of calcine (1.46 m 

2 /g) than natural
yrrhotite (0.97 m 

2 /g) can greatly influence the oxidative leaching rate
y increasing the effective surface area and diffusion of the lixiviant into
ores [30] . Therefore, the pyrrhotite generated from calcination should
e more amenable to atmospheric oxidative leaching than refractory
atural pyrrhotite. The SEM image of untreated concentrate is shown in
ig. S1 in Supplementary Material. Clearly the solid particle size is larger
han that of the calcine with more agglomerates. The untreated ore con-
ains significant amount of quartz comparing to the natural pyrrhotite.
owever, no obvious difference can be found due to the main loss of
rsenic and sulfur. 

.2. Oxidative leaching of calcine 

.2.1. Effect of pH 

The pH control system maintained the leaching solutions within ±
.5 V of target pH values ( Table 2 , Fig. 5 a). At low pH, the initial
xidation-reduction potential (ORP) was high and vice versa ( Fig. 5 b).
he Fe 3 + /Fe 2 + ratio in the leach solution controls the metal sulfide ox-

dation reaction. Therefore, when Fe 3 + existed in the solution at pH 1
nd 2, the ORP decreased slightly during the leach ( Fig. 5 b), which is
ttributed to pyrrhotite oxidation leading to Fe 2 + production. At pH 4
nd 5, the ORP decreased significantly within 3 h and then remained
lmost stable. 

.2.1.1. Fe and As concentrations. When O 2 was the oxidant in the so-
ution at pH 4 and 5.5, dissolved Fe concentrations remained very low
 Fig. 6 a). When 10 g/L Fe 3 + was the oxidant at pH 1 and 2, the total
e drastically decreased with leaching time, especially in the first 12 h,
uch that approximately 31.8 and 14.5%, respectively, remained after
8 h ( Fig. 6 a). This can be ascribed to the formation of goethite un-
er experimental conditions. The Fe 3 + concentration strongly depends
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Fig. 4. Scanning electron micrographs of (a) natural pyrrhotite and (b) the calcine. 

Fig. 5. (a) pH and (b) ORP during calcine oxidative leaching (see Table S1 for test conditions). 
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𝐹 0 . 87 2  
n pH and temperature ( Fig. 6 b): Fe 3 + begins to precipitate as Fe(OH) 3 
t pH 2 at 20°C. The two dashed lines in Fig. 6 b show that at 95°C,
e 3 + is favorably precipitated as goethite at all pH levels tested, even
H 1. Goethite precipitation to remove iron from leach liquor is widely
dopted in the industry. 

In sulfuric acid solutions at atmospheric pressures, goethite precipi-
ates when iron ions and dissolved oxygen are present Eqs. (9 ) and ( (10) .

 𝑒 3+ + 2 𝐻 2 𝑂 = 𝐹 𝑒𝑂 𝑂 𝐻 + 3 𝐻 

+ (9)

 𝐹 𝑒 2+ + 0 . 5 𝑂 2 + 3 𝐻 2 𝑂 = 2 𝐹 𝑒𝑂 𝑂 𝐻 + 4 𝐻 

+ (10)

The Fe 3 + and Fe 2 + speciation can further explain the relationship
etween Fe 3 + and pyrrhotite. At pH 1, Fe 2 + concentration increased
ithin 24 h and then slowly decreased and stabilized at 48 h ( Fig. 6 c),
hich could be related to more rapid oxidation of Fe 2 + to Fe 3 + Eq. (11 )

han reduction of Fe 3 + to Fe 2 + (i.e., pyrrhotite oxidation). 

 𝐹 𝑒 2+ + 0 . 5 𝑂 2 + 2 𝐻 

+ = 2 𝐹 𝑒 3+ + 𝐻 2 𝑂 (11)

By comparison, the Fe 3 + concentration decreased dramatically
 Fig. 6 c). The disproportionate change in Fe 3 + /Fe 2 + concentration
aused the decrease in total Fe concentration and Fe 3 + /Fe 2 + ratio, which
grees well with the ORP changes in Fig. 5 b. 

Relative to Fe, dissolved As concentrations in solution were low
ig. 6 d). The rapid release of As in the first hour resulted from arsenopy-
ite oxidation ( Eqs. (12 ) and ( (13) ). 

 𝐹 𝑒𝐴𝑠𝑆 + 11 𝑂 2 + 6 𝐻 2 𝑂 → 4 𝐹 𝑒 2+ + 4 𝐻 3 𝐴𝑠 𝑂 3 + 4 𝑆 𝑂 4 
2− (12)

 𝐹 𝑒𝐴𝑠𝑆 + 14 𝐹 𝑒 3+ + 9 𝐻 2 𝑂 → 16 𝐹 𝑒 2+ + 2 𝐻 3 𝐴𝑠 𝑂 3 + 𝑆 2 𝑂 

2− 
3 + 12 𝐻 

+ 
5 
(13) 

At pH 1 and 2, As concentrations spiked in the first hour and then
ramatically decreased, whereas at higher pH, they did not show a clear
pike and decreased slightly or remained stable Fig. 6 d). Most likely,
he As was initially oxidized to H 3 AsO 3 ( Eqs. (12 ) and ( (13) ) and then
urther oxidized to As(V) Eqs. (14 ) and ( (15) ) [ 20 , 21 ]. 

 𝐻 3 𝐴𝑠 𝑂 3 + 𝑂 2 → 2 𝐻 2 𝐴𝑠 𝑂 4 
− + 2 𝐻 

+ (14)

4 𝐹 𝑒 2+ + 2 𝑂 2 + 4 𝐻 2 𝐴𝑠 𝑂 4 
2− + 4 𝐻 2 𝑂 = 4 

[
𝐹 𝑒𝐴𝑠 𝑂 4 ⋅ 2 𝐻 2 𝑂 

]
( 𝑠 ) (15)

Finally, As(V) likely formed ferric arsenate or scorodite or was ab-
orbed onto the leach residue surface. Goethite and jarosite have been
eported as effective As(V) absorbents in highly acidic solutions [2] . 

.2.1.2. Sulfur oxidation. Based on studies of iron sulfide pyrolysis in
oal, where pyrite and organic sulfur are the two major forms of sul-
ur [17] , pyrite pyrolysis largely determines the distribution of sulfur
n solid and gaseous products. Thermal decomposition of pyrite and
yrrhotite can be used as an analytical technique for differentiating the
wo. Thermal decomposition of pyrite to pyrrhotite begins at 400°C, and
yrrhotite tends to decompose to troilite (FeS) at 600°C [32] . Decompo-
ition of FeS to Fe and S can only occur at temperatures higher than
,000°C in a N 2 atmosphere [32] . Results of this study showed that
yrrhotite (Fe 0.877 S) is stable at temperatures up to 465°C. At higher
emperatures, pyrolysis proceeds to form troilite via Eq. (16 ) [3] . 

 𝐹 𝑒 1− 𝑥 𝑆 = 2 ( 1 − 𝑥 ) 𝐹 𝑒𝑆 + 𝑥 𝑆 2 ( 𝑔 ) (16)

In fact, pyrolysis of pyrrhotite in this study in N 2 atmosphere can be
ritten as Eq. (17 ): 

 𝑒 S = 0 . 87 𝐹 𝑒𝑆 + 0 . 065 𝑆 ( 𝑔 ) (17)
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Fig. 6. (a) Total Fe concentration in calcine leaching solution over 48 h at 95°C; (b) predominance area diagram of iron compounds in the Fe-O-H system (modified 
from [15] ); (c) Fe speciation in pH 1 calcine leach solution; (d) As concentration in calcine leaching solution over 48 h at 95°C. 

Fig. 7. (a) Thermogravimetric curves of calcine oxidative leaching residues after HCl washing and (b) sulfide oxidation and sulfur speciation as a percentage of total 
oxidized sulfide in calcine at four pH values. 
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Using the iron sulfide transformation reaction, the wt.% of unre-
cted pyrrhotite was calculated from TGA test results in N 2 atmosphere
 Fig. 7 a). Thus, the oxidative leaching efficiency of the calcine can be de-
ermined by S speciation analysis. Sulfur evaporates at 200–350°C. Thus,
he sulfur speciation in the residue can also be analyzed. The wt.% of S 0 

nd unreacted pyrrhotite after HCl leaching in all residues are given in
able S1. The TGA curves of all HCl-washed residues showed two stages
f weight loss ( Fig. 7 b): 
6 
1 At temperatures of 170–465°C, S 0 powder was completely re-
moved. More weight loss was observed at pH 1 and 2 (24.3
and 18.3%, respectively) than pH 4 and 5.5 (2.9 and 3.8%,
respectively). 

2 The unreacted pyrrhotite began to convert to FeS at approxi-
mately 465°C and continued until 800°C. Weight loss was negli-
gible at pH 1 and 2 and was 2.9 and 3.8% at pH 4 and 5.5,
respectively. 
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Fig. 8. (a) Thermogravimetric curves of calcine oxidative leaching residues after HCl washing and (b) sulfide oxidation and sulfur speciation as a percentage of total 
oxidized sulfide in the calcine at three Fe 3 + concentrations at pH 1. 

Fig. 9. (a) Thermogravimetric curves of calcine oxidative leaching residues after HCl washing and (b) sulfide oxidation and sulfur speciation as a percentage of total 
oxidized sulfide in calcine at pH 1, 1 g/L Fe 3 + , and three initial pulp densities. 

Fig. 10. (a) Thermogravimetric curves of calcine oxidative leaching residues after HCl washing and (b) sulfide oxidation and sulfur speciation as a percentage of 
total oxidized sulfide in the calcine at pH 1, 5 g/L Fe 3 + , and three particle sizes. 
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Calcine oxidation with respect to the sulfur balance can be calculated
sing Eq. (18 ). 

𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 % = 

𝑆 𝑡𝑜𝑡𝑎𝑙 % × 𝐹 𝑒𝑒𝑑 − 𝑆 

2− 
2 % × 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑆 𝑡𝑜𝑡𝑎𝑙 % × 𝐹 𝑒𝑒𝑑 
(18)

The overall pyrrhotite oxidation rate over 48 h decreased with in-
reasing pH ( Fig. 7 b). At pH 1 and 2 with Fe 3 + and O as combined
2 

7 
xidants, the oxidative leaching efficiencies were 94.7 and 86.0%, re-
pectively. The major oxidative leaching product was S 0 rather than
ulfate ( Fig. 7 b). At pH 4 and 5.5 with only O 2 as the oxidant, oxidative
eaching efficiencies were 32.4 and 30.6%, respectively, and S° consti-
uted only 40–50% of the oxidation products. Therefore, the oxidation
echanisms of Fe 3 + and O differ. 
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Fig. 11. Flowsheet of gold recovery from pyrite/arsenopyrite calcine. 
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.2.2. Effect of initial Fe 3 + concentration 

The effect of Fe 3 + concentration on calcine oxidative leaching was
tudied at pH 1. Residues were subjected to TGA analysis and oxidative
eaching efficiencies were calculated based on the sulfur balance. In the
 evaporation stage (170–465°C) of the TGA test, the obvious inflection
oint at approximately 350°C ( Fig. 8 a) is probably related to entrapment
f some S 0 in calcine pores that requires more heat and time to escape.
ncreasing the initial Fe 3 + concentration produced more S 0 ( Fig. 8 b),
ndicating a higher oxidative leaching efficiency pyrrhotite. At 1 g/L
e 3 + , lower oxidation efficiency may have resulted from Fe 3 + precipita-
ion as goethite, making it unavailable for oxidation. Sulfide oxidation
as higher at 10 and 5 g/L Fe 3 + (95 and 91%, respectively) than 1 g/L
e 3 + (66%). More than 87% of the oxidation products were S 0 , confirm-
ng that the dominant oxidation product of calcine at 95°C and pH 1 is
 

0 . 

.2.3. Effect of initial pulp density 

The S 0 wt.% was lower at lower pulp density ( Fig. 9 a), suggesting
hat pulp density affects oxidative leaching of calcine. The sulfide oxi-
ation rate decreased with increasing pulp density: at 5% pulp density,
8.0% of the calcine was oxidized, and at 20% pulp density, 67.1% of
he calcine was oxidized ( Fig. 9 b). At the low Fe 3 + concentration used
1 g/L), maximum pyrrhotite oxidation was not achieved, even at a low
ulp density of 5 g/L. By increasing the pulp density from 5 to 20%,
he S 0 /SO 4 

2 − ratio of the oxidation products increased from 2.0 to 6.8
 Fig. 8 b). 

.2.4. Effect of particle size 

Particle size had little influence on calcine oxidation efficiency. TGA
urves showed negligible differences between the three particle sizes
 Fig. 10 a). The leaching efficiency and main oxidation product (S 0 

 80%) were higher for a smaller particle size ( Fig. 10 b), but the in-
rease in the oxidation rate was minimal. Since the initial calcine was
lready very fine (P80 = 36.2 𝜇m), size reduction is not economically
eneficial due to the high energy requirements for grinding. 

. Conclusions 

This study demonstrated the feasibility of fully oxidizing a cal-
ined product (mainly quartz and pyrrhotite) from a pyrite/arsenopyrite
oncentrate under atmospheric oxidative leaching conditions. Conven-
ional hydrometallurgical processes to treat refractory pyrrhotite min-
8 
rals must be conducted at high pressure and temperature to avoid se-
ere passivation from S 0 accumulation on pyrrhotite surfaces at atmo-
pheric pressure conditions. Atmospheric oxidative leaching of the cal-
ined pyrrhotite achieved oxidation rates of > 90%, which is attributed
o the high porosity of the calcine after arsenic removal. Theoretically,
t is possible that all encapsulated fine gold particles could be released
rom the iron sulfide hosts due to the high reactivity of the calcined
yrrhotite with a high specific surface area. A sulfur mass balance anal-
sis methodology was developed as a tool to quantify the oxidation ef-
ciency of pyrrhotite. An optimal oxidative leaching efficiency of 95%
as achieved at low pH ( < 2), 5 g/L Fe 3 + , 95°C, 800 rpm, O 2 flow rate
f 0.5 L/ min, pulp density of 5%, and 48 h reaction time. A significant
mount of iron precipitated as goethite. Grinding of the calcine had a
egligible effect on oxidative leaching since the initial particle size was
ne. 

This study provides an efficient oxidative leaching process for cal-
ined pyrrhotite and a promising pre-oxidation process for gold ex-
raction from refractory pyrite/arsenopyrite hosts. Further research will
larify the recovery of the gold by developing a complete flowsheet of
old recovery ( Fig. 11 ). 
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