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Abstract: Carbonate decomposition of carbonic refractory gold ore and the following pressure oxidation were studied. In the
carbonate decomposition procedure, the effects of liquid-to-solid ratio and reaction time on decomposition ratio of carbonate were
investigated. The experimental result shows that the decomposition ratio of carbonate is 98.24% under the conditions of
liquid-to-solid ratio of 5:1, Fe3+ concentration of 20 g/L, sulfuric acid concentration of 20 g/L, reaction temperature of 80 °C and
reaction time of 2 h. Then, the slurry obtained from carbonate decomposition was put into the titanium autoclave for pressure
oxidation leaching. Effects of liquid-to-solid ratio, temperature, time and oxygen partial pressure on sulfur oxidation ratio were
studied during pressure oxidation. With the prolonged time, pyrite and arsenopyrite are oxidized to ferric subsulfate, hydrated ferric
sulfate and jarosite, resulting in the increasing residue ratio. The residue ratio and the sulfur content in the residue can be decreased
by ferric subsulfate dissolution. The oxidation ratio of the sulfur is 99.35% under the conditions of oxidation time of 4 h, temperature
of 210 °C, oxygen partial pressure of 0.8 MPa and stirring speed of 600 r/min.
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1 Introduction
Refractory gold ores are characterized by low gold
leaching ratio during direct cyanide leaching [1]. The
gold in such so-called refractory ores is contained within
sulphide minerals, such as particular pyrite and
arsenopyrite present commonly in the form of
microscopic
or
submicroscopic
particles
and
impregnated ores. Besides, other impurity elements also
affect the cyanide process. So, suitable pretreatment
methods should be used to open inclusion in the minerals
and eliminate the obstacles of cyanide leaching [2].
Carbonic refractory gold ore is one of the most
difficultly-recovered materials due to the fact that its
carbon generally exists in the forms of carbonate, organic
carbon and graphite carbon. This is because
carbonaceous material adsorbs the solubilised gold from
the cyanide leaching solution, which is preg-robbing
behavior in metallurgical operations, and appropriate
pretreatment is required to destroy or passivate the
carbonaceous material before cyanide leaching [3−5].
Currently, the main options for the pretreatment of

refractory gold ores include ultrafine grinding, biological
oxidation [6−7], oxidizing roasting [8−10], hypochlorite
oxidation and pressure oxidation [10−11]. Ultrafine
grinding cannot effectively remove carbonaceous
material and also has no obvious recovery of gold by
cyanide leaching [1]. Biological oxidation can promote
the recovery of gold from refractory gold ore [12−13],
and LANGHANS et al [12] have used this method to
open the inclusion of refractory gold ore bearing arsenic,
and then concluded that cyanide leaching ratio of gold
increases from 49% to about 80%. But, its defect lies in
that the oxidation time is too long [14].
Although atmospheric pressure hypochlorite
oxidation method has a positive effect on decarburization
and oxidation of the pyrite, it has no improvement on
decomposition of arsenopyrite and pyrrhotite, and cannot
effectively open the mineral inclusions of gold [10,
15−16]. Oxidizing roasting method can prompt the
recovery of gold from refractory ore containing
carbonate and arsenical, but the pollution gas including
SO2 and As2O3 is produced in the process, limiting
its industrial application [17].
Acid pressure oxidation pretreatment is an
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extremely effective method to improve the gold recovery
by cyanide leaching [18]. GUDYANGA et al [19] have
studied the acid pressure oxidation process of the
concentrate from the roasting plant and the result
shows that the recovery ratio of gold can be significantly
improved. However, carbonaceous material especially
carbonate in the acid pressure oxidation leaching would
produce CO2, resulting in pressure instability of the
autoclave and security issues. Furthermore, ferric
subsulfate produced in the process of acid pressure
oxidation can absorb gold grains and inhibit cyanide
leaching of gold.
In order to solve these above problems from direct
acid pressure oxidation of carbonic refractory gold ore,
the acid leaching of decarburization has been firstly
proposed to eliminate carbonate phase. And then,
pressure oxidation leaching is used to oxidize pyrite and
arsenopyrite to open the inclusion of gold. Finally, basic
ferric sulfate dissolution is carried out to decrease the
residue amount. This work provides a valuable and
effective method for the pretreatment of refractory gold
ore.

2 Experimental
2.1 Materials
The carbonic refractory gold ore with particle size
less than <212 μm was supplied by the Jinchiling Gold
Mine of Zhaojin Mining Industry Co., Ltd (China).
The chemical composition of the refractory gold ore is
given in Table 1.
Table 1 Chemical composition of refractory gold ore
w(C)/%

w(S)/%

w(Fe)/%

w(Cu)/%

w(As)/%

2.28

19.46

19.25

1.01

4.95

w(Sb)/%

w(Pb)/%

1.28

0.216

−1

−1

w(Au)/(g·t ) w(Ag)/(g·t ) w(K)/%
43.14

250.5

1.80

w(Ca)/%

w(MgO)/%

w(Al2O3)/%

w(SiO2)/%

2.78

2.00

12.07

32.53

The analysis results of sulfur phase and carbon
phase are given in Table 2 and Table 3, respectively. It
can be seen from Table 3 that, the total carbon in the
refractory gold ore is 2.28%, with 1.13% existing in the
form of carbonate. The other components are graphite
carbon and organic carbon. From Table 2, the total sulfur
in the gold ore is 19.46%, most of which is sulfide.
Table 2 Sulfur phase analysis of refractory gold ore (%)
Total sulfur

Elemental sulfur

Sulfide

Sulfate

19.46

0.01

19.40

0.05

Table 3 Carbon phase analysis of refractory gold ore (%)
Total carbon

Carbonate

2.28

1.13

Graphite carbon Organic carbon
1.04

0.11

2.2 Carbonate decomposition
The carbonate decomposition experiments were
performed in a 1 L beaker placed in a thermostatic water
bath. The initial leaching solution of 20 g/L Fe3+
concentration and 20 g/L sulfuric acid concentration was
prepared by adding analytically pure ferric sulfate and
98% sulfuric acid. With the solution heated to the settled
temperature, 120 g gold mineral was added into the
initial solution by a certain liquid-to-solid ratio and then
the stirring device was turned on. After a period of
reaction, the heating device was turn off. The pH value
of the solution was measured when the solution was
cooled to room temperature. Then, the slurry was filtered,
washed and dried. Finally, the residue ratio was
calculated and carbon phase in the residue was analyzed.
2.3 Pressure oxidation
The slurry from the acid leaching pretreatment was
added into a 1 L titanium autoclave after reacting at
80 °C for 2 h. The liquid-to-solid ratio was controlled
during the decarbonization process. When the autoclave
was heated to the settled temperature, stirring device was
turned on. And then, the oxygen partial pressure was
adjusted to the desired value and the oxygen was pumped
into the autoclave. After a period of reaction, the heating
device and the oxygen were shut down, and the
autoclave was rapidly water-cooled to ambient
temperature. With the pressure removed, the autoclave
was turned on. Finally, the solid residue in the autoclave
was filtered, washed and dried. The chemical
components of sulfur phase and other metals in the dried
residue were analyzed.
2.4 Ferric subsulfate dissolution
120 g gold concentrate was decarburized by acid
pressure leaching of 600 mL initial leaching solution at
80 °C for 2 h. Then, the slurry was added into a 1 L
titanium autoclave to perform pressure oxidation under
the conditions of 210 °C temperature, 800 r/min stirring
rate and 0.8 MPa oxygen partial pressure while the time
of pressure oxidation experiments were 2, 4, 6 and 8 h.
In order to avoid the dried procedure bringing impact,
two groups of experiments were run under the same
conditions above, respectively. In the first group, the
obtained slurry was sampled to analyze the contents of
sulfur and iron, and then, the left was transmitted into the
beaker and stirred for 6 h at 90 °C. The variation of the
phases containing sulfur and the change of the iron
contents in the dissolved basic ferric sulfate were
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determined. In the second group, the obtained slurry was
directly stirred at 90 °C for 6 h. Then, the residue ratio
was calculated and the contents of the major elements in
the residue were determined.

3 Results and discussion
3.1 Carbonate decomposition
1) Effect of liquid-to-solid radio on carbonate
decomposition ratio
As is shown in Fig. 1, the carbonate decomposition
ratio increases with the increase of liquid-to-solid ratio.
When the ratio is up to 2:1, the carbonate decomposition
ratio exceeds 90%. Moreover, the carbonate is nearly
completely decomposed under the condition of
liquid-to-solid ratio 4:1 and 5:1. The reason can be
inferred that the decomposition ratio of the carbonate
increases with the increased acidity under the condition
of higher liquid-to-solid ratio.
2) Effect of time on carbonate decomposition ratio
The effect of time on the carbonate decomposition
ratio is shown in Fig. 2. It can be observed that the

decomposition ratio of the carbonate increases with the
prolonged time. After 0.5 h reaction time, the carbonate
decomposition ratio is 93.78%. When the reaction time
exceeds 1 h, the decomposition ratio of carbonate is over
98%. Therefore, the available reaction time with high
carbonate decomposition ratio is from 1.5 h to 2 h for the
acid leaching process.
3) Comprehensive experiment of carbonate
decomposition
The initial solution with Fe3+ concentration of
20 g/L and sulfuric acid concentration of 20 g/L was
prepared by adding 120 g refractory gold ore, ferric
sulfate and sulfuric acid by the liquid-to-solid ratio of 5:1.
The experiment was run for 2 h at the temperature of
80 °C. The effect of the comprehensive conditions on the
ratio of carbonate decomposition was studied.
The acid leaching residue ratio obtained under the
comprehensive conditions is 96.50%, where the carbon
content is 1.08% and decomposition ratio of the
carbonate is 98.24%. Furthermore, the major elements in
the residue were analyzed with the results shown in
Table 4.
Table 4 Chemical composition of acid leaching residue
w(C)/%

w(S)/%

w(Fe)/%

w(Cu)/%

w(As)/%

1.08

21.37

19.95

0.99

5.10

−1

w(Sb)/% w(Pb)/% w(Au)/(g·t )
1.32

Fig. 1 Effect of liquid-to-solid ratio on carbonate
decomposition ratio (Conditions: 20 g/L Fe3+ concentration,
20 g/L sulfuric acid concentration, 80 °C and 3 h)

Fig. 2 Effect of time on carbonate decomposition ratio
(Conditions: 20 g/L Fe3+ concentration, 20 g/L sulfuric acid
concentration, liquid-to-solid ratio of 4:1 and 80 °C)

0.22

44.70

−1

w(Ag)/(g·t )

w(K)/%

259.60

1.87

w(Ca)/%

w(MgO)/%

w(Al2O3)/%

w(SiO2)/%

2.88

2.07

12.50

33.71

In Table 4, it can be observed that the ratio of
carbonate decomposition is over 98% during acid
leaching, indicating that nearly complete decomposition
of the carbonate is achieved under the condition,
beneficial to the further pressure oxidation. The
comparison of X-ray diffraction patterns of the raw ore
and the residue obtained by acid leaching is shown in
Fig. 3.
From Fig. 3, it can be found that remarkable peaks
representing FeS2 and SiO2 are observed in the X-ray
diffraction pattern of both raw ore and acid leaching
residue. There is very little difference between Fig. 3(a)
and Fig. 3(b). The reason can be attributed to the fact that
that it is easy to dissolve carbonate in the acid leaching
system, but it has no obvious effect on other components.
3.2 Pressure oxidation
1) Effect of liquid-to-solid radio on pressure
oxidation
After the above acid leaching pretreatment, solution
with the corresponding liquid-to-solid ratios of 2:1, 3:1,
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2FeAsS+13Fe2(SO4)3+16H2O=28FeSO4+2H3AsO4+
13H2SO4
(4)
However, elemental sulfur can be also produced
during the oxidation process when oxidation reaction is
incomplete. The reaction equations can be expressed as
follows:

4:1 and 5:1 was added into titanium autoclave. Pressure
oxidation was run for 1.5 h at 210 °C, with stirring speed
of 600 r/min and the oxygen partial pressure of 0.8 MPa.
The effect of liquid-to-solid ratio on pressure oxidation is
given in Table 5.
From Table 5, it can be seen that when the pressure
oxidation lasts for 1.5 h, the total sulfur content reduces
and the oxidation ratio of sulfur increases with the
increased liquid-to-solid ratio, while pH value of the
solution gradually decreases. The reason is that the pyrite
is oxidized to ferrous sulfate and sulfuric acid during
pressure oxidation. The corresponding reaction equations
can be expressed as follows:
(1)

2FeAsS+5.5O2+H2O=2FeSO4+2HAsO2

(2)

With oxidation proceeding, ferrous sulfate and
arsenious acid are oxidized to ferric sulfate and arsenate.
And then, Fe3+ in the sulfuric acid system reacts with
pyrite and arsenopyrite. The reaction equations can be
expressed as follows:
FeS2+7Fe2(SO4)3+8H2O=15FeSO4+8H2SO4

(5)

FeS2+Fe2(SO4)3=3FeSO4+2S

(6)

As is shown in the equations and the results,
elemental sulfur and SO 24  are produced during the
oxidation process. Because elemental sulfur hinders the
cyanide leaching of the residue, the elemental sulfur
should be avoided and the related condition experiments
should be carried out to obtain a thorough oxidation
reaction result.
2) Effect of temperature on pressure oxidation
The solution with the corresponding liquid-to-solid
ratio of 5:1 was added into titanium autoclave. Pressure
oxidation was run for 5 h at 200, 210 and 220 °C, with
stirring speed of 600 r/min and the oxygen partial
pressure of 0.8 MPa. The effect of liquid-to-solid ratio on
pressure oxidation is given in Table 6.
From Table 6, it can be known that the oxidation
ratio of sulfur remains over 98% while the temperature
ranges from 200 °C to 220 °C. Generally, the
temperature during pressure oxidation of refractory gold
ore under acidic condition should be controlled at a value
higher than 160 °C. Therefore, temperature range should
be selected to ensure a relatively complete oxidation of
sulfur and promote the conversion of intermediate
elemental sulfur to sulfuric acid or ferric sulfate.
3) Effect of oxygen partial pressure on pressure
oxidation
The solution with the corresponding liquid-to-solid
ratio of 5:1 was added into titanium autoclave. Pressure

Fig. 3 X-ray diffraction patterns: (a) Carbonic refractory gold
ore; (b) Acid leaching residue

2FeS2+7O2+2H2O=2FeSO4+2H2SO4

2FeAsS+7Fe2(SO4)3+8H2O=2H3AsO4+16FeSO4+
2S+5H2SO4

(3)

Table 5 Effect of liquid-to-solid radio on pressure oxidation
Liquid-to-solid
Terminal pH
Leaching residue
w(Total sulfur)/%
ratio
(25 °C)
ratio/%

w(Elemental
sulfur)/%

w(Sulfur in form
of sulfate)/%

Sulfur oxidation
ratio/%

2:1

1.30

88.04

20.02

0.74

1.68

20.08

3:1

1.44

84.73

18.58

1.34

1.69

32.13

4:1

1.01

76.69

17.63

1.34

6.17

59.68

5:1

0.92

80.53

16.21

0.96

7.41

67.20

w(Total sulfur)/%

w(Elemental
sulfur)/%

w(Sulfur in form
of sulfate)/%

Sulfur oxidation
ratio/%

Table 6 Effect of temperature on pressure oxidation
Terminal pH
Leaching
Temperature/°C
(25 °C)
residue ratio/%
200

0.77

92.08

9.06

0

8.81

98.82

210

0.75

93.58

7.71

0

7.97

99.98

220

0.83

98.16

8.01

0

7.82

99.04
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oxidation was run for 5 h at 210 °C with stirring speed of
600 r/min and the oxygen partial pressure of 0.8 MPa.
The effect of liquid-to-solid ratio on pressure oxidation is
given in Table 7.
As is shown in Table 7, the oxygen partial pressure
has no remarkable effect on the oxidation ratio of sulfur
in the pressure range of 0.4−0.8 MPa. The higher oxygen
partial pressure can ensure oxygen concentration in the
solution and the oxidation reaction of pyrite and
arsenopyrite. And under these conditions, most of the
sulfur is oxidized to sulfate. Based on industrial
production, low oxygen partial pressure may result in
backward flow of solution into the pipe and longer
reaction time, unfavorable for operation efficiency.
However, higher oxygen partial pressure may lead to
accidents. The available oxygen partial pressure range is
supposed to be 0.4−0.8 MPa.
4) Effect of reaction time on pressure oxidation
The liquid-to-solid ratio of the corresponding initial
solution is 5:1. The experiment was run under the
conditions of reaction temperature of 210 °C, oxygen
partial pressure of 0.8 MPa and stirring speed of
600 r/min. After a period of reaction, the available slurry
was filtered, washed, dried and weighed. Then, sulfur
phase in the residue was analyzed. The analysis results
are given in Table 8.
From Table 8, it can be observed that the oxidation
ratio of sulfur increases gradually with the increase of
reaction time. When the reaction time is over 4 h, the
oxidation ratio of sulfur keeps constant. However, the
higher content of total sulfur and lower content of sulfate
in the residue are observed at 2 h reaction time. It can be
deduced that the oxidation ratio of sulfur is low due to
incomplete oxidation reaction. Moreover, when the
reaction time is 6 h or 8 h, the ratio of solid residue goes
up and the sulfate content in the residue is higher. In
Fig. 4, the presence of FeS2 indicates that reaction time

of 2 h is insufficient to ensure a complete oxidation
reaction. When reaction time is 4 h, SiO2 and jarosite
appear. And the hydrated ferric sulfate exists in the
residue from 6 h to 8 h reaction, showing that the
oxidation process proceeds and ferric sulfate in the
solution combines with water to form hydrated ferric
sulfate. Most of the ferric sulfate is left in the solution
and the content of hydrated ferric sulfate in the residue is
low with reaction time of 4 h. With oxidation reaction
proceeding, the hydrated ferric sulfate increases and
gradually precipitates out.
It can be concluded that the ferric sulfate is
hydrolyzed to basic ferric sulfate, hematite or jarosite
and then enters into the solid residue with increasing the
reaction time. The reaction equations can be expressed as
follows:
Fe2(SO4)3+2H2O=2Fe(OH)SO4+H2SO4

(7)

Fe2(SO4)3+3H2O=Fe2O3+3H2SO4

(8)

3Fe2(SO4)3+14H2O=2H3OFe3(SO4)2(OH)6+5H2SO4 (9)
The generated precipitate such as basic ferric sulfate
Fe(OH)SO4 or jarosite H3OFe3(SO4)2(OH)6, enters into
the residue, resulting in the high content of sulfur
existing in the form of sulfate. The selected reaction time
of pressure oxidation is 4 h for the purpose of ensuring
complete oxidation of sulfur to sulfate and low residue
ratio.
5) Ferric subsulfate dissolution
Ferric subsulfate dissolution experiments were
conducted using the residue obtained from pressure
oxidation process under the above-mentioned conditions.
Sulfur and iron content was analyzed before and after
ferric subsulfate dissolution experiments, with the results
given in Table 9. No. 1, No. 3 and No. 5 are the residues
from different pressure oxidation time, and No. 2, No. 4
and No. 6 are the residues obtained from the ferric

Table 7 Effect of oxygen partial pressure on pressure oxidation
Oxygen partial
Terminal pH
Leaching
w(Total sulfur)/%
pressure/MPa
(25 °C)
residue ratio/%

w(Elemental
sulfur)/%

w(Sulfur in form
of sulfate)/%

Sulfur oxidation
ratio/%

0.4

0.86

89.08

8.20

0

7.91

98.67

0.6

0.72

83.69

7.46

0

7.21

98.92

0.8

0.75

93.58

7.71

0

7.97

99.79

w(Total sulfur)%

w(Elemental
sulfur)/%

w(Sulfur in form
of sulfate)/%

Sulfur oxidation
ratio/%

Table 8 Effect of reaction time on pressure oxidation
Terminal pH
Leaching
Time/h
(25 °C)
residue ratio/%
1.5

0.92

80.53

16.21

0.96

7.41

67.20

2

0.85

70.32

8.80

0.90

2.27

79.68

4

0.75

87.42

1.51

0

1.40

99.51

6

0.70

107.91

9.34

0

9.19

99.16

8

0.71

116.34

9.73

0

9.80

99.96
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Fig. 4 X-ray diffraction pattern of pressure oxidation at
different time: (a) 2 h; (b) 4 h; (c) 6 h; (d) 8 h
Table 9 Sulfur and iron content analysis results after ferric
subsulfate dissolution
Pressure
w(Total
w(Elemental
No.
w(Iron)/%
oxidation time/h sulfur)/%
sulfur)/%
1

4

5.35

4.14

15.35

2

4

4.50

2.25

10.68

3

6

8.30

5.80

17.92

4

6

4.14

2.93

12.19

5

8

11.22

7.69

21.73

6

8

2.79

1.05

7.93

subsulfate dissolution after different pressure oxidation
time, respectively. The corresponding XRD patterns are
shown in Fig. 5.
It can be seen from Table 9 that the content of sulfur
and iron increases with increasing oxidation time. As the
reaction time increases to 8 h, sulfur content and iron
content in the residue are up to 7.69% and 21.73%,
respectively. The results show that jarosite and

hydrated ferric sulfate form in the residue with prolonged
oxidation time. After the residue is subjected to ferric
subsulfate dissolution experiment, the content of sulfur
and iron in the residue shows a descent tendency,
indicating that effective decrease of sulfur and iron
content and residue ratio are achieved by ferric
subsulfate dissolution.
Figure 5 shows that peaks of the residue from the
pressure oxidation and ferric subsulfate dissolution with
different oxidation time are basically identical. The main
phases in the residue are SiO2, jarosite and calcium
sulfate. Compared with Fig. 4, hydrated ferric sulfate is
absent in the residue, indicating that hydrated ferric
sulfate is dissolved into the solution during the
experiments. It can be concluded that ferric subsulfate
dissolution can decrease the residue ratio, which is
beneficial to the subsequent cyanide leaching.
3.3 Comprehensive experiment
The pressure oxidation experiment was performed
with a 1 L titanium autoclave using slurry obtained after
the carbonate decomposition process. The liquid-to-solid
ratio of the corresponding initial solution was 5:1. The
experiment was run for 4 h under the conditions of
temperature of 210 °C, oxygen partial pressure of
0.8 MPa and stirring speed of 600 r/min. Four repeated
experiments were conducted. After 4 h of reaction, the
obtained slurry was mixed, sampled, washed and dried.
Sulfur phase and the content of main elements in the
treated residue were analyzed and calculated. Detailed
analysis results of sulfur phase and content determination
of main elements are given in Tables 10 and 11.
The results of the experiment performed with
temperature of 210 °C, oxygen partial pressure of
0.8 MPa, stirring speed of 600 r/min and oxidation time
of 4 h are given in Table 10. The ratio of solid residue is
Table 10 Results from comprehensive experiment of pressure
oxidation
Terminal Leaching w(Total
w(Sulfur Sulfur
w(Elemental
pH
residue sulfur)/
in form of oxidation
sulfur)/%
(25 °C) ratio/%
%
sulfate)/% ratio/%
0.78

89.43

1.31

0

1.17

99.35

Table 11 Chemical composition of pressure oxidation residue

Fig. 5 X-ray diffraction patterns of residue from ferric
subsulfate dissolution under different conditions: (a) After 4 h
pressure oxidation; (b) After 6 h pressure oxidation; (c) After
8 h pressure oxidation

w(Fe)/%

w(Cu)/%

w(As)/%

w(Sb)/%

13.68

0.034

1.01

1.71

w(Pb)/%

w(Au)/(g·t−1)

w(Ag)/(g·t−1)

w(K)/%

0.24

48.24

280.10

2.01

w(Ca)/%

w(Mg)/%

w(Al)/%

w(Si)/%

3.11

1.34

7.02

16.90
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89.43% and the sulfur is nearly completely oxidized with
oxidation ratio of 99.35%. Only 0.034% copper is
determined in the residue, suggesting that effective
leaching of copper is realized in the process of pressure
oxidation, while such elements as arsenic and antimony
are partly leached. Furthermore, low iron content of the
residue is observed and iron mainly exists in the form of
basic iron sulfate or jarosite.

4 Conclusions

[5]

[6]

[7]

[8]

1) The optional experimental conditions of acid
pretreatment are liquid-to-solid ratio of 4:1 or 5:1, 2 h,
Fe3+ concentration of 20 g/L and sulfuric acid
concentration of 20 g/L. The decomposition ratio of
carbonate is proven to be over 98%, which is beneficial
for further pressure oxidation.
2) The results of pressure oxidation experiments
show that sulfur content in the solid residue is lower with
oxidation time of 4 h. The content of sulfur and iron
increases with the reaction time prolonging to 6 and 8 h.
Therefore, it is necessary to precisely control the
experimental conditions of pressure oxidation in the
production process. Ferric subsulfate dissolution can
decrease the residue ratio and the sulfur content. Under
the conditions of oxidation time of 4 h, temperature of
200−220 °C, oxygen partial pressure of 0.6−0.8 MPa and
stirring speed of 600 r/min, the residue ratio is 89.43%
and the sulfur oxidation ratio is over 98%.

[9]
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