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It is generally considered that the thermochemical sulfate reduction is one of the
main origins of high content of hydrogen sulfide (H2S). Thermochemical sulfate
reduction simulation experiments at different temperatures ranging from 200 ℃
to 600 ℃ were carried out to study the output of gaseous products, which include
CO2, CH4, H2S, and heavy hydrocarbon (C2-6). Thermochemical sulfate reduction
can promote the formation of CH4 and H2S, and can preferentially consume
heavy hydrocarbons. The CH4 is difficult to participate in the reaction of formation H2S. The concentrations of CO2 and hydrogen are closely related to the
evolution characteristics of H2S. The intermediate sulfur-containing products
from thermochemical reaction and thermal cracking of coals can promote the
progress of thermochemical sulfate reduction and possible formation of H2S.
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Introduction
In a coal mining, abnormal emissions and accidents aroused by the high content of
H2S occur frequently [1-3]. It is widely believed that the thermochemical sulfate reduction
(TSR) is one of the main factors of high H2S content in coal seams, and the TSR has been
proposed and accepted as the principal source of H2S and predominant mechanism for highquality deeply-buried hydrocarbon reservoirs rich in H2S around the world, especially for
deep carbonate gas reservoirs [4-6]. While TSR simulation experiment can be conducted under well-defined conditions to exclude many interference factors in geological conditions, directly aiming at reaction mechanism and control conditions. Although it is difficult for laboratory TSR experiment to simulate conditions resembling nature, it is still one of the most important methods to enhance the understanding of detailed TSR process. At present, different
kinds of TSR simulation experiments were carried out to study the influence of threshold
temperature, sulfate species, pH, hydrocarbon type, and H2S presence on TSR reaction [1, 79]. Besides, simulation experiments provide systematic isotopic and yield data to study the
kinetic process of TSR, which can extend the experimental results to different geologic condi––––––––––––––
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tions. This paper will use a reaction device under high pressure and high temperature to carry
out thermal simulation experiment under different medium conditions to explore the gasproducing characteristics of coals containing H2S, so that the formation and enrichment of
H2S in a coal rock can be elucidated. The original formation of H2S in coal and rock is beneficial to the prevention and control of H2S in coal mines.
Experimental samples

The coal samples used in the experiment were collected from Xishan Coal Mine and
Liuhuanggou Coal Mine, the Jurassic Xishanyao Formation in Urumqi, China, where H 2S is
abnormally enriched. The parameters were tested, and the results were shown in tab. 1, where,
Mad is air-dried moisture, Ad is ash dry, Vdaf is dry-ash-free volatile, St,d is dry basis total sulfur, So,d is dry basis organic sulfur, Sp,d is dry basis pyretic sulfur, R0 is vitrinite reflectance of
coal, XS1 and XS2 are coal samples of Xishan Coal Mine, and LHG1 is coal sample 1 of
Liuhuanggou Coal Mine.
Table 1. Test results of experimental samples
Samples
XS1

Proximate analysis [%]

Ultimate analysis [%]

Sulfur composition [%]

Mad

Ad

Vdaf

C

H

N

O

St,d

So,d

Sp,d

4.20

8.14

39.56

82.97

6.36

1.32

7.81

3.16

0.75

2.41

R0 [%]
0.69

XS2

3.01

9.35

39.84

82.01

5.85

1.40

9.92

1.74

0.78

0.96

0.56

LHG1

3.49

13.89

40.93

83.69

5.03

1.33

8.69

1.21

0.43

0.78

0.47

Experimental instruments and methods

The experiment system mainly includes a vacuum degasser, a loading device, a pyrolysis device, a gas collector and an analyzing apparatus [7]. The highest temperature of the
reactor can reach 650 ℃, and the temperature control accuracy is ±1 ℃. The highest pressure
of this reactor can reach 25.0 MPa, and the control accuracy is ±0.5 MPa. The diagram of experimental instrument is illustrated in fig. 1.

Figure 1. Diagram of experimental instruments; 1, 12, 13, 14 – carrier gas cylinder, 2 – controller,
3 – pressure device, 4 – loading device for liquid, 5 – pressure sensor, 6 – temperature measuring device,
7 – water circulating cooling device, 8 – liquid outlet, 9 – the body of reactor, 10 – cooling circulating hole,
11 – vacuum pump, 15 – computer, 16 – gas chromatograph or micro-coulomb titration

A coal sample of 1000 g was put into the reactor, and the helium was used to wash
repeatedly each sample to remove the air sealed in the reactor for 12 hours until the vacuum
degree was less than 20 Pa. Then the underground water of 500 mL was injected into the reactor. The initial pressure in the reactor was set to 5.0 MPa, the final pressure ranged from
12.0 MPa to 20.0 MPa. The heating rate was 20 ℃ per hour, the temperature ranged from
200 ℃ to 600 ℃. Gases were collected at nine temperature spots: 200 ℃, 250 ℃, 300 ℃,
350 ℃, 400 ℃, 450 ℃, 500 ℃, 550 ℃, and 600 ℃, respectively. The heating time was set to
24 hours in each stage of each experiment.

Experimental result
Output of CH4

The concentration change of CH 4 vs. temperature was shown in fig. 2. When the
temperature was less than 250 ℃, CH 4 was mainly released from desorbed coals. At the stage
of 300-500 ℃, the formation of CH4 was mainly related to the shedding of fat side chains and
the removal of oxygen-containing functional groups. After 500 ℃, CH4 was mainly formed by
cracking of short-chain fat structure and aromatization and polycondensation of cyclic alkanes.
The yield of CH4 was not high at the beginning of the reaction. Subsequently, the output of
CH4 increased sharply, indicating that the temperature controls the amount of CH 4, and the
TSR effect promotes the formation of methane [8-10]. Its reaction equations can be shown:

(C6 H5 )OCH3  (C6 H5 )O • CH3 •

(1)

CH3 • (C6 H5 )OCH3  CH4  (C6 H5 )OCH2 •

(2)

Output of heavy hydrocarbon

The output of heavy hydrocarbon (C2-6) mainly including C2H6 and C3H8 at different temperatures was shown in fig. 3. When the temperature was changed from 350 ℃ to
450 ℃, the output of C2-6 was highest. The C2-6 was mainly produced from the -OHOH
reaction formed by the -OH reaction at the intermediate position of the carbon atom in the
aliphatic hydrocarbon chain [11, 12]. Its reaction equations can be shown:
R  C(OH)2  CH2  CH3  R  COOH  C2 H6

(3)

R  CH2  C(OH)2  CH  CH2  R  CH2  COOH  C2 H4

(4)

R  CH2  C(OH)2  CH2  CH2  CH3  R  CH2  COOH  C3H8

(5)

Figure 2. Variation characteristics of
gas components of CH4

Figure 3. Variation characteristics of
heavy hydrocarbon (C2-6)

When the temperature was larger than 400 ℃, TSR accelerated the reaction of heavy
hydrocarbons, C2-6, with compounds contained with sulfur, C2-6 began to undergo secondary
cracking, resulting in a significant decrease in the output of C2-6. Its possible reaction equations can be shown:

3S0  C2H6  2H2O  3H2S  CH4  CO2

(6)

6S0  C3H8  4H2O  6H2S  CH4  2CO2

(7)

6Cn H2n2  (4n  2)SO24  (4n  2)O2  (5n  1)CO2 
(4n  2)H2S  (2n  4)H2  (n –1)C n  (1,2,3)

(8)

Output of H2S

The output of H2S was changed with temperature as shown in fig. 4. When the temperature was less than 300 ℃, the output was low and changed slowly, indicating that TSR
was very weak, a small amount of H2S might come from the unstable organic sulfur (such as
thioether, mercaptan, and disulfide) [13-16].
With the development of thermal evolution,
the output decreased rapidly. When the temperature reached higher than 450 ℃ or
500 ℃, the output decreased with the increase of the temperature.
In the reaction stage of 350-500 ℃, the
hydrogen radicals induced the cracking of
aromatic rings, including the breakage of
Figure 4. Variation characteristics of H2S
side chains, aliphatic chains, ether bonds
and mercaptans. A large amount of sulfur radical fragments was produced, and H2S was
formed when combined with hydrogen radicals. Its possible reaction equations can be shown:

2RSH  R 2S  H2S

RSSR'  RH  RSR '  H2S

(9)
(10)

The maximal output at the stage of 450-500 ℃ indicated that the pyrite begins to be
decomposed. The decomposition of pyrite can generate intermediate products such as FeS,
COS, H2S, and S0, which can be further reacted to generate H2S. As shown:

FeS2  CO  FeS  COS

(11)

FeS2  FeS  S

(12)

S  CO  COS

(13)

COS  H2  CO  H2S

(14)

COS  H2O  CO2  H2S

(15)

In the 450/500-600 ℃ stage, H2S was mainly formed from sulfur reduction of thiophene structure. The conversion reaction was as shown:

RCH2CH3  S0  RCH  RCH2  H2S

(16)

RCH3  3S0  2H2O  RCHOOH  3H2S

(17)

2RH  2S0  RSR  H2S

(18)

S

S

H2C

H2

HS H2

H2

H2
S

CH2 + H2S

+ H2

CH2 + H S
2

(19)
(20)

+ H2S

SH

(21)

After 600 ℃, the output of H2S was very low. It may be due to the gradual consumption of available sulfur radicals in the coal. The H2S may be derived from decomposition reactions of organic aliphatic thiols, disulfides, etc. in coal. The conversion reaction was as shown:

RSH  H2O  ROH  H2S

(22)

In the stage of large amount of hydrogen sulfide generation, CH4 was not only consumed, but also increased, while heavy hydrocarbon gas saw a downward trend, indicating
that CH4 was rarely involved in the hydrogen sulfide reaction, and TSR reaction preferentially
consumed heavy hydrocarbons.
Output of CO2

The output of CO2 was shown in fig. 5. The oxygen-containing functional groups in
coals mainly include carboxyl group, phenol carboxyl group, mercapto group, methoxy group,
ether bond and hetero-epoxy group. It is generally considered that CO 2 was produced from the
thermal decomposition of oxygen-containing
functional group such as carboxyl group or ester
in coals [17, 18]. The carboxyl group decomposes to form CO2 at a temperature above 200 ℃,
and a large amount of CO2 was derived from the
desorption of the adsorbed state in the raw coal,
so that the maximum amount of CO2 can be released at a lower temperature. In the high temFigure 5. Variation characteristics of CO2
perature stage, CO2 was mainly formed by decarboxylation of fatty acids by heat. After the deep TSR happened at the temperature of 450 ℃,
the output of CO2 changed from decreasing steadily to rising slowly, therefore, to some extent,
CO2 can represent the reaction progress of TSR, reflecting the positive correlation. In addition,
the sulfur element formed during the reaction easily reacts with hydrocarbons to form H2S and
CO2. The conversion reaction was as shown in eqs. (23)-(25):

4S0  1.33(CH2 )  2.67H2O  4H2S( g)  1.33CO2

(23)

RCOOH  RH  CO2

(24)

Ar  COOH  HOOC  Ar  Ar  O  Ar  H2O  CO2

(25)

where Ar represents an aromatic ring in the coal macromolecule.
Output of H2

The output of H2 was given in fig. 6. The hydrogen release was mainly the result of
polycondensation and dehydrogenation of aromatic structures in coals [19]. Before 450 ℃, H 2
was formed mainly by dehydrogenation of the aliphatic side chain connected with the oxygencontaining functional group in the coal macromolecular structure. After 500 ℃, as the
pyrolysis temperature increases, the aromatic
ring with a smaller number of rings transformed into a more fused aromatic hydrocarbon with a larger number of rings, and the
cyclodeductive dehydrogenation of polycyclic concentration occurred, resulting in the
formation of hydrogen [20, 21]. When the
Figure 6. Variation characteristics of H2
temperature was between 300 ℃ and 450 ℃,
the H2 content decreased remarkably, the possible reason was that the TSR had occurred between the sulfur free radicals in coals and the generated H 2, resulting in the generation of H 2S,
thereby leading to the decrease of the output of H 2. When the temperature was higher than
300 ℃ and lower than 450 ℃, since H2 produced by the breakage of C-H bond might react
with sulfur free radicals firstly, and was transferred immediately, resulting in the generation of
H2S, thereby leading to the decrease of the output of H 2. After the temperature of 450 ℃, it
was probably because the sulfur free radicals in coals were consumed and could not be provided sufficiently, resulting in the rise of the output of H 2. The conversion reaction was as shown:
+

H3C (CH2)4 CH3

4H2

(26)
+

3H2

(27)
Change characteristic of aridity
coefficient (C1/C1-6)

The characteristics of aridity coefficient
was shown in fig. 7. With the progress of
thermal evolution, before the temperature of
350-400 ℃, the aridity coefficient presented a
Figure 7. Characteristics of aridity coefficient
decreased trend, and increased gradually
thereafter. But the productive rate of CH 4 in
the process of thermal evolution increased steadily. So the decrease of aridity coefficient before 350-450 ℃ was probably caused by the rapid growth of gases of C1-6 components, and
the aridity coefficient increased after 350-450 ℃, the reason may be that gases of C1-6 were
involved in the TSR to generate H 2S, and the heavy hydrocarbon was consumed constantly
[12, 22-24].

Conclusions

It is generally believed that TSR is one of the main causes of high content of H2S in
coal seams, TSR can distinctly prompt the thermal cracking and thermal chemical reduction
reaction of coals.
The TSR has a significant modification effect on the composition of gaseous products, it can promote the formation of CH4 and H2S, and can preferentially consume heavy hydrocarbons. It was difficult for CH4 to participate the TSR to formation of H2S. The characteristics of CO2 and hydrogen change were closely related to the evolution characteristics of
H2S. The thermochemical reaction or thermal cracking intermediate of the coal, mercaptan,
and sulfide can promote the progress of the TSR and form H2S. The higher the sulfur content
in the coal, the more H2S was formed. The occurrence of TSR was accompanied with the
generation of heavy hydrocarbon, the most drastic stage of TSR was also the stage that generates the largest amount of heavy hydrocarbon gases.
In recent years, there were a lot of consensus on the new understanding of the thermochemical reduction mechanism of coal sulfate and the newly formed organic compounds.
In the future, attention should be paid to the impact of TSR on the evolution or formation of
coal, and the use of computer simulation to reproduce TSR process research, and the fractal
calculus [25-35] can be effectively applied to study the effect of the porous structure on the
gas release property.
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