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ABSTRACT

The role of thermochemical sulfate reduction (TSR) is one of the main causes of high contents of
hydrogen sulfide (H,S) in coal and rock formations. Sulfurous gas coal was selected from the
Jurassic Xishanyao Formation in the Xishan coal mine of the Urumqi Anomaly Accumulation
Area, using high-temperature and high-pressure reactors to simulate eight temperature-level
experiments at 250°C—600°C. Four reaction systems of coal, coal + water, coal + water +sulfate, and
coal + water + calcium sulfate and the evolution characteristics of gaseous products were analyzed.
The TSR reaction has three stages of initial non-autocatalytic reaction, autocatalytic reaction, and late
non-autocatalytic reaction. In the initial low temperature stage, physical desorption mainly occurs and
TSR is weak. With the progress of the TSR reaction, hydrocarbon gases increase and non-hydrocarbon
gases decrease. TSR can greatly promote the formation of hydrocarbon gases, especially methane
gas, and methane is difficult to participate in TSR. TSR action occurs with the generation of heavy
hydrocarbons. The TSR reaction leads to the drying of gaseous components, that is, the TSR reaction
is more likely to occur in gaseous hydrocarbons with more carbon numbers. The change of CO, yield
from down to rising can be better characterized as the characteristics of TSR. The yield of H, the
change is wavy, which may be related to the supply and consumption of sulfur radicals and hydrogen
in the coal and the formation of H,S. In the coal and coal + water reaction systems, H,S production
is less; it is a low degree of response to the TSR reaction, mainly the hydrocarbon thermal cracking;
the water in the process of the pyrolysis of coal into a gas cracking process plays an enormous role.
The addition of calcium sulfate and magnesium sulfate promotes the TSR reaction and accelerates
the cracking of heavy hydrocarbon gases. MgSO, initiates the TSR reaction more easily than CaSO,.

Keywords: Coal-bearing water; Thermochemical sulfate reduction (TSR); Simulation experiment;
Hydrogen sulfide; Evolution characteristic

1. Introduction

During the coal mining process, the abnormal outflow
and accidents caused by hydrogen sulfide (H,S) in coal mines
are more and more frequent. It is widely believed that the
thermochemical sulfate reduction (TSR) is the main reaction
for the formation of H,S which caused the hydrogen sulfide
abnormal enrichment in coal rock in coal mines [1,2]. TSR is

* Corresponding author.

a geological-geochemical process of organic-inorganic-fluid
interactions in deep high-temperature reservoirs where
sulfate minerals are reduced to sulfides by hydrocarbons
under thermal stress and hydrocarbons are oxidized.

In recent years, scholars at home and abroad have carried
out TSR simulation experiments, identification signs, sulfur
compounds, initiation mechanisms, control factors, reaction
mechanisms, boundary temperatures, kinetic characteristics,
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and geochemical characteristics of products in petroleum
geology. A large number of in-depth studies attempted to
reproduce the process of TSR under long actual geological
conditions [3-10]. In this paper, on the basis of previous TSR
simulation experiments of oil and gas, we used an inde-
pendently designed device to carry out thermal simulation
experiments on coal under different media conditions to
explore the laws of coal thermal simulation products (H,S)
in order to study the formation and enrichment of H,S in
coal rock formations. The collection and distribution laws,
the identification of the evolution process, and the origin
of H,S in coal and rock formations, which are beneficial to
the prevention and control of coal mine H,S gas, the clean
conversion and utilization of coal, and the protection of the
environment are of great significance.

2. Samples and experiments
2.1. Experimental sample

The coal of gas coal used for this experiment was selected
from the Xishanyao fomation of the Xishan coal mine in
Urumgi, which the H,S anomaly enrichment. The freshly
exposed coal sample was taken from the coal mine under
sampling and sealed with tin foil and plastic bags to prevent
coal oxidation. Samples were crushed to 200 mesh in advance
and dried in a thermostatic drying oven at 50°C for 4 h. The
prepared samples were bottled and sealed with nitrogen.
Samples were subjected to industrial analysis, elemental anal-
ysis, sulfur content, and coal vitrinite reflectance (R ) measure-
ments. Table 1 shows the measured values of each parameter.
The deionized purified water was used for the water sa mple.
Since the calcium sulfate and magnesium sulfate were not
prone to pyrolysis reaction, pyrolysis occurred only when the
atmosphere was reduced to approximately 800°C. Therefore,
this analysis of pure drugs selected magnesium sulfate and

Table 1
The parameter test results of experimental samples
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anhydrous calcium sulfate, the purity is greater than 99.0%,
prepared into a concentration of 200 mg L™ solution.

2.2. Experimental apparatus, methods

The experimental system mainly includes vacuum degas-
sing device, loading device, pyrolysis device, and analysis
system. The experimental system is shown in Fig. 1. The
reactor kettle body is made of stainless steel and has a rapid
cooling function. The internal volume of the kettle is 5000 mL,
the temperature is up to 650°C, the temperature control accu-
racy is #1°C, the maximum pressure is up to 25.0 MPa, and
the control pressure accuracy is +0.5 MPa. To reduce exper-
imental errors, large-scale coal samples were used. A quartz
tube containing 1000 g of coal sample was placed in a kettle
and rinsed repeatedly with helium gas to remove air from the
kettle. The entire system was degassed after closed for more
than 12 h until the vacuum degree was <20 Pa and stable for
more than 2 h. A 500 mL solution was then tightly injected
into the kettle from the loading device feed tube. The initial
pressure in the kettle is 5.0 MPa, and the final pressure of the
reaction system is between 12.0 and 20.0 MPa. The reaction
was first heated to 250°C within 5 h and then heated at a
heating rate of 20°C h™, simulating a point at 50°C within the
temperature range of 250°C-600°C. A total of 8 temperature
points were sampled for gaseous products. The duration of
heating in each simulation experiment period is 24 h. The gas
product was collected from the gas collection system using an
H_S sampling pump and a Tedlar gas bag, as shown in Fig. 2.

The product was analyzed using an Agilent 7890B gas
chromatograph, and the analysis error was less than 1.0%.
The temperature control program for the furnace tempera-
ture rise was as follows: The initial temperature was set to
50°C, the thermostat was preheated for 5 min, and then it was
ramped up to 180°C at a ramp rate of 10°C min™ and then
kept at a constant temperature for 10 min [11].

Proximate analysis (%) Elemental analysis (%) Composition of sulfur (%) R, (%)
Mad Ad Vdaf C H N O Sf,d Ss,d Su,d Sp,d
423 8.15 39.45 83.18 6.10 1.25 7.33 2.17 0.08 0.53 1.56 0.61

~1112

13

Fig. 1. Schematic diagram of the experimental apparatus and photos of the experimental apparatus. 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-body of reactor, 10-hole for cooling circulating, 11-vacuum pump, 15-computer, and 16-gas

chromatograph.
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Fig. 2. Tedlar gas sample bags and gas sampler.

3. Experimental results

The four-reaction series have similar experimental condi-
tions. The difference of gaseous products can be considered
to be caused by different reactants and reaction processes.

(1) Methane. The formation of CH, is usually related to
five aspects:

CH, adsorbed in coal pores is thermally desorbed.
Methoxy is detached.

The decomposition of alkyl side chains.

The secondary decomposition of pyrolysis products and
decomposition of aromatic rings.

® The characteristics of CH, changes are shown in Fig. 3.

From Fig. 3, it can be seen that the yield of CH, was
not high at the initial stage of the reaction, and then, the
CH, yield sharply increased, indicating that the tempera-
ture controls the amount of CH, generated. The formation
of CH, in coal includes four stages. Desorption of adsorbed
CH, in the first stage at 300°C and formation of aryl, alkyl,
and ether bondss in the second stage at 400°C—450°C. The
bond of the C-C bond to —CH, is weak, and the —CH, side
chain of the aliphatic hydrocarbon is cleaved to generate
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Fig. 3. Variation characteristics of gas products of CH,

CH, at a lower temperature. The third stage is at a tempera-
ture of 500°C-550°C resulting from relatively stable cleav-
age of the chemical bond, such as methyl functional group.
After the fourth stage of 550°C, mainly aromatic nucleus by
polycondensation is formed.

(2) HS. Sulfur in coal includes organic sulfur and
inorganic sulfur. The main forms of organic sulfur are
aromatics, fatty thioethers, aliphatic thiols, disulfides, epi-
thioethers, thiophenes, and thianthrene. Inorganic sulfur
usually occurs in the form of sulfides or sulfates, including
pyrite and pyrite, chalcopyrite, and gypsum, and is domi-
nated by pyrite [12]. Fig. 4 shows that in the initial stage of
the reaction, the yield of H.S is very low, indicating that the
decomposition of various forms of sulfur in coal is slow and
the TSR reaction is slow. A small amount of H,S may come
from unstable organic sulfur (such as thioether, mercaptan,
and disulfide). Broken key. As the temperature rises, ali-
phatic sulfur decomposes at about 300°C, aromatic sulfur
releases at about 400°C, and pyrite begins to decompose at
450°C. At 650°C, pyrite has basically reacted completely.

In the reaction stage of 350°C-500°C, the yield of H,S
gradually increases. The H, or H radicals induce the cracking
of aromatic rings, including the breakage of side chains, ali-
phatic chains, ether bonds, and mercaptans. A lage of sulfur
radical fragments was resulted, the H, with hydrogen radi-
cals combine to form H,S. It may be completed by the follow-
ing reactions:

2RSH — R,S + H,5 )
RSH +H,0 — ROS + H,S @)
RSSR’ + RH — RSR' + H,S ®)

C-S bond is directly broken in the pyrolysis of
benzenethiol with the production of benzene ring radicals
and —SH radicals, -SH combines with H radicals to form H,S
[13]. The degradation pathway of sulfur in thiophenol can be
described in Fig. 5.
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Fig. 4. Variation characteristics of gas products of H,S.
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Fig. 5. Degradation pathway of sulfur in thiophenol.

The maximum at 450°C-500°C indicates that the pyrite
begins to decompose at this time, and the reaction of pyrite
is the most complete. The decomposition of pyrite can gen-
erate intermediate products such as FeS, COS, H,S, and S°,
which can be further reacted to generate H,S as shown in

Eqgs. (4)~(8).

FeS, + CO — FeS + COS )
FeS, »>FeS+S ®)
S+CO—COS ©)
COS +H, — CO +H,S )
COS +H,0 — CO, +H,S (8)

In the 450°C/500°C-600°C stage, H,S is mainly
formed from sulfur reduction of thiophene structure and
decomposition of FeS. Under hydrogen-rich conditions, het-
erocyclic compounds such as methyl, ethyl, and thiophenes
can undergo TSR reactions to generate H,S. The conversion
reaction is as shown in Egs. (9)—(16).

RCH,CH, +S° — RCH = RCH, + H,5$ )

RCH, + 38° + 2H,0 - RCHOOH + 3H,S (10)
ORH +25° > RSR + H,S (11)
CH,
CHj
H
©j\> — é + @A\CHS +Hs  (12)
S
S HyC—
\\ // + Hy —— —cH, + HS (13)

Hz
+ HS

(14)
S
RS 7 + 259 —» R&\ J] F2Has (15)
S
RC,Hy + 2505 R ) +H,S (16)

Since the S atom in the thiazide structure is bonded to the
benzene ring, unlike the benzothiophene does not contain
benzene ring or thiophene compound contains one benzene
ring, aldehyde cannot be formed by isomerization after one
pyrolysis, there is no subsequent aldehyde-based pyrolysis
to form carbon monoxide, hydrogen, and carbon dioxide.
However, catechol produced by secondary pyrolysis can
produce ethylene, carbon dioxide, hydrogen, and H,S.

The aquathermolysis reaction route of thianthrene can be
described in Fig. 6.

The pyrolysis process of benzothiophene contains pro-
tonation, cracking, secondary cracking, isomerization,
aldehyde-based pyrolysis, and other reaction processes.
Since the structure contains a benzene ring and the benzene
ring structure is stable and is not easily destroyed, the reac-
tion products are mainly methyl, hydroxyl of benzene, H,S,
and carbon dioxide. The crack route of benzothiophene can
be described in Fig. 7.

Dibenzothiophene produces H,S and 2,2’-dihydroxybi-
phenyl after two pyrolysis reactions.

The aquathermolysis reaction route of dibenzothiophene
can be described in Fig. 8.

After 600°C, the H,S escaped very little. This may be due
to the gradual consumption of available sulfur radicals in
the coal. H,S may be derived from decomposition reactions
of organic aliphatic thiols, disulfides, etc. in coal. Aliphatic
ethers are relatively unstable and may decompose into unsat-
urated compounds and H,S during hydrogen-containing
pyrolysis. Thiols and disulfides can be decomposed into
unsaturated hydrocarbons and H,S in hydrogen-containing

pyrolysis.
RSH+H,0 - ROH +H,S (17)

(3) Carbon dioxide. The sources of CO, from low
temperature to high temperature are adsorption release,

s SH
©i :@ protonation pyrolysis©i
—_—
S S

OH
protonation pyrolysis

OH
OH

Fig. 6. Aquathermolysis reaction route of thianthrene.
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Fig. 8. Aquathermolysis reaction route of dibenzothiophene.

cleavage of carboxyl functional groups, aliphatic bonds,
partially aromatic weak bonds, oxygen-containing carboxyl
functional groups, cleavage of ethers, oximes and oxy-
gen-containing heterocycles, and decomposition of carbon-
ates. As can be seen from Fig. 9, the amount of CO, produced
in the initial stage is relatively high. The reason for this is
that the CO, content in the raw gas component itself is large,
and the initial stage is mainly the precipitation of adsorbed
CO,; At 300°C-500°C stage, mainly fragmentation by macro-
molecule structure (aromatic weak bonds, oxygen-containing
carboxyl functional groups), (aromatic weak bonds, oxy-
gen-containing carboxyl functional groups), after a deep

secondary cracking OH
+ H,S
CH,CHO
l pyrolysis
. OH
secondary cracking @E + M
CH,
+
co

as conversion

H,0 + CO =—=

hydrodesulfurizati
+ 1, Nydrodesuffuriza |0n©\ + Hys
R

H, + CO,

TSR reaction occurs at 500°C, CO, changes from decreasing
to slowly increasing to slowly rising, and to a certain extent,
CO, can be characterized as the progress of TSR reaction.

(4) Heavy hydrocarbon. Mainly C,H, is produced from
the -OHOH reaction formed by the -OH reaction at the inter-
mediate position of the C atom in the aliphatic hydrocarbon
chain. Its formation method can be described as Egs. (18)-(20)
and in Fig. 10.

R-C(OH), -CH, -CH, —» R - COOH + C,H, (18)

R-CH, -C(OH), -CH =CH, -»R-CH, -COOH+C,H, (19)

R-CH, -C(OH), - CH, -CH, - CH, - R - CH, - COOH + C,Hj
(20)

As can be seen from Fig. 10, the yield of heavy hydrocar-
bons increases first and then decreases with the increase of
the thermal evolution temperature. When the thermal evo-
lution temperature is at 400°C, the yield reaches the highest,
and then, as the thermal evolution temperature increases, its
yield drops sharply. At 600°C, its yield tends to zero, and its
subsequent temperature point is inferred. The yield will tend
to zero.

In the initial stage of the reaction, the cleavage of various
functional groups in the coal itself leads to a gradual increase
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Fig. 10. Variation characteristics of gas products of C,H,

in the yield of heavy hydrocarbons. In the high-temperature
stage above 400°C, the heavy hydrocarbon yield continuously
decreases. The possible reasons are as follows.

¢ Due to the previous consumption, the supply of raw
materials used for cracking to generate heavy hydro-
carbons in the later period is insufficient and the rate of
heavy hydrocarbon generation decreases.

* The generated heavy hydrocarbons are also involved in
the cracking reaction to generate methane, and the pro-
duction rate of the heavy hydrocarbon itself is less than
the cracking rate.

* The role of TSR accelerates the reaction of heavy
hydrocarbons with sulfur-containing compounds, which
exacerbates the decline in the yield of heavy hydrocar-
bons. Possible reaction formulas are shown in Eqgs. (21)
and (22).

3s" + C,H, +2H,0 - 3H,S+ CH, + CO, (21)

6S’ + C,H, +4H,0 — 6H,S + CH, +2CO, (22)

* Minerals and added sulfates react with heavy
hydrocarbons, resulting in a decrease in the yield of
heavy hydrocarbons. The possible reaction pathways are
as follows.

6C,H,,., +(4n+2)SO;" — (4n+2)0* +(5n+1)CO, +
(4n+2)H,S+(2n+4)H,0+(n-1)C (n=1,2,3,4,5,6)
(23)

(5) Hydrogen. The source of H, can be divided into two
stages. Before the low temperature of 400°C in the first stage,
it includes the oxidation of alkanes by minerals and the sec-
ondary cracking of light alkanes produced by pyrolysis.
The second stage is H, at 400°C-600°C. The slow formation
phase may be due to the condensation formed between the
free radicals. From Fig. 11, it can be seen that as the thermal
evolution progresses, the H, yield reaches a maximum at
300°C, indicating that most of the hydrogen released in the
coal combines to form H,. Between 300°C and 450°C, the
yield of H, decreased significantly. H, obtained by C-H bond
cleavage first generated TSR interaction with sulfur radicals,
H,S was formed, and H, was formed when there was little
surplus, and the yield of hydrogen decreased. After 450°C,
the supply of sulfur radicals in coal may be insufficient and
deep reactions occur in coal. For example, H, is formed by
water decomposition, H, is formed by CO and water, and the
hydrogen yield is increased.

(6) Drying factor (C,/C, ) is as shown in Fig. 12.

As can be seen from Fig. 12, the drying coefficient
showed a decreasing trend before 350°C—400°C and then
gradually increased, while the yield of CH, increased
steadily during the thermal evolution. The decrease of the
drying coefficient before 350°C-400°C may be due to the
rapid increase of heavy hydrocarbons, and the increase of
the drying coefficient after 350°C—400°C may be the result
of heavy hydrocarbons participating in the TSR reaction and
being continuously consumed.

(7) Log (H,S/H,) x 10. H,S/H, can be seen as an important
indicator of the degree of TSR response.

Fig. 13 shows that at 250°C-500°C, various substance
concentrates ware pyrolyzed, releasing a large amount of
carbon, sulfur, and hydrogen radicals, which play a role in
hydrogenation in the course of thermal evolution and pro-
mote the production of a large amount of H,S. However,
when the temperature rose to 450°C-500°C, the H.S yield
began to decline, but the hydrogen supply continued to
increase, resulting in a downward trend in H,S/H,.

4. Discussion of generation simulation of TSR

(1) The molecular structure of coal can be described as
shown in Fig. 14(a). When the simulated temperature is
increased to 300°C, the adsorbed moisture, CH,, and CO,
in the coal can escape from the coal pores, and the two
hydroxyl groups condense. One ether bond is generated
while releasing one molecule of water. This process is called
pyrolysis stage 1, as shown in Fig. 14(b). When the simu-
lated temperature rises to 300°C—600°C, the reaction gradu-
ally intensifies, mainly by breaking the alkyl side chain and
decomposing the functional groups to generate light gas
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and bridging bonds. This stage is called pyrolysis stage 2,
as shown in Fig. 14(c). The carboxyl group is cleavable to
produce CO,, the fatty methyl group is exfoliated to gener-
ate CH, and H,, the carbonyl group is cleaved to produce
CO, and the bridging of the aliphatic bridge (-CH,-CH,-)
bonds with the sulfide (thiol radical) to form H,S, etc.
(-O—CH,-) is cleaved to form one hydroxyl group and one

aryl methyl group. The hydrogen radicals in this stage are
mainly derived from dehydrogenation of cyclic aliphatic
hydrocarbons.

The characteristics of the gas products of the four reaction
systems are shown in Fig. 15.

According to the analysis of the characteristics of the
gaseous products after the reaction, we can notice the following;:

(1) Water plays a huge role in the cracking of coal into
gas [14]. With the participation of water, the production of
H,S and CO, increased significantly, indicating that water
participates in the coal pyrolysis and gasification process.
The TSR reaction can be described as the reaction between
water-soluble sulfate and water-soluble organic matter [15],
as shown in Eq. (24).

S0,

(liquid

| +C(XC,. H)+ H0—29" 5 H,S+ CO, + HCO, (n>1)
(24)

Coal contains a lot of micropores, and water vapor can
enter micropores with pore diameter >0.6 nm, while CO, can
only enter micropores with pore diameter >1.5 nm; so water
can penetrate deeper into the finer pores of coal and occu-
pies more active surface and reacts with carbon [16]. Second,
the hydrogen bonds that form water molecules are weaker
than the double bonds that form CO, molecules. H,O is more
likely to dissociate oxygen than CO, and participates in the
gasification reaction. Therefore, when the H,O gasifies, the
fat rings and aromatic rings in the coal are more likely to be
split into molecular weights of small aliphatic hydrocarbons,
benzene rings, and aromatic hydrocarbons. Fatty chains and
aromatic hydrocarbons can form polycyclic aromatic hydro-
carbons in the high-temperature process. Oxygen-containing
non-phenolic compounds are also prone to phenols, making
the amount of phenols and polycyclic aromatic hydrocarbons
more and also aliphatic hydrocarbons and oxygen-containing
non-phenolic compounds. The content of heterocyclic com-
pounds is lower than that of CO, gasification. In addition to
the above reasons, H,O gasification may occur as Eq. (25).
C+H,0->CO+H,, C+2H,0—-CO,+2H, (25)

(2) Among the above four kinds of reaction systems, the
“coal” and “coal + water” series belong to the TSR reaction
with a low degree of reaction, and the yield of H,S is low. The
reaction system is mainly based on the cracking reaction of
hydrocarbon itself. The TSR reaction of coal + water + MgSO,
and coal + water + CaSO, series is fierce. The reaction first
promotes the cleavage of -CH and CC bonds. The hydro-
gen radicals formed by the cleavage combine with the sulfur
radicals to form a large amount of H,S. In the initial stage,
more hydrogen radicals combine with each other to form H,,
which leads to an exponential increase in the H, yield curve.
The concentration of sulfur radicals that can participate in
TSR increases, and the sulfur consumes hydrocarbon gases
and hydrogen and H_S, to form a large number of H,S.

Dissolved Mg can pierce and bond to the free SOZ" sur-
rounding water molecule layer to form [MgSO? ], which is
an effective oxidant for inducing TSR response [6,17]. When
the start-up reaction produces a sufficient amount of H,S, the
entire TSR reaction system will enter the H,S autocatalytic
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Fig. 14. Structural change characteristics of the coal pyrolysis.

stage. At this time, the hydrocarbons will react with H,S
to generate unstable S-containing compounds, which will
further cleave to generate sulfur-containing free radicals.
The free radical reaction, which is more easily oxidized or
initiates cleavage, is shown in Egs. (26) and (27).

R"-C-C-SH

R-H+H,5—
RV_SX _RU

}—A>R’—C—C—SO+HQS
(26)

R'-C-C-Se+HSO, —2»CH, +CO, +SO> +S+H,S+R"~H
(27)
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The increase of the concentration of Mg*" in the solution
will inevitably lead to the increase of the active structure of
HSO; content [18]. The presence of magnesium sulfate and
calcium sulfate in the pyrolysis system has a higher H_S yield,
which indicates that the increase of the content of active sul-
fate in the solution promotes the TSR reaction during the
formation of cracked gas. The production of heavy hydrocar-
bons in the pyrolysis system with the addition of magnesium
sulfate and calcium sulfate solutions has been significantly
reduced. In the reaction system in which magnesium sulfate
and calcium sulfate are present, the cracking of heavy hydro-
carbons is significantly faster than the other two systems,
indicating that TSR reaction occurs between active sulfate
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Fig. 15. Variation characteristics of gas products in four reaction systems.
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Fig. 16. Three stages of TSR.

and heavy hydrocarbons, accelerating the decomposition of
heavy hydrocarbons [19-24].

(3) There are multiple initiation phases of the TSR
response [25-28]. In the first stage of the initial non-
autocatalytic reaction, the isotope fractionation is the kinetic
isotopic fractionation effect; after the start-up phase, the
presence of H.S in the system will catalyze the reaction to
continue to the second stage, which is reflected in the sulfite
[29-32]. The root ion is an important intermediate product
for catalytic TSR reaction. The isotope fractionation effect is
the effect of ionization equilibrium fractionation. The disso-
lution of sulfate will cause the TSR fractionation to be rela-
tively insignificant [33,34]. This is the autocatalytic reaction of
TSR reaction. When the main body of the reaction enters the
gaseous hydrocarbon stage, the reaction rate decreases and
enters the third stage of the late non-autocatalytic reaction,
as shown in Fig. 16.

5. Conclusion

e Itis generally believed that TSR is one of the main causes
of high H,S content in coal formations, and TSR can
significantly promote the thermal cracking and ther-
mochemical reduction of coal. Its gaseous products are
mainly non-hydrocarbon CO, and hydrocarbon CH,, and
their reaction energy is large. It promotes the formation
of hydrocarbon gases, especially methane gas, with little
participation of methane in TSR reactions.

e The TSR reaction has three initial stages of initial
non-autocatalytic reaction, autocatalytic reaction, and
late non-autocatalytic reaction. At the initial stage of low
temperature, mainly physical desorbing occurs, TSR is
weaker, and the amount of H,S produced is small. With
the progress of the TSR reaction, hydrocarbon gases
are on the rise, non-hydrocarbon gases are on a down-
ward trend, H.S yield is increased significantly, and the
higher the sulfur content in the coal, the more likely
the TSR occurs. The role of TSR occurs with the gener-
ation of heavy hydrocarbons. Heavy hydrocarbons first
showed an increasing trend and then decreased, and
the gas drying coefficient also first showed a decreasing
trend and then increased, which was consistent with the

rule that the drying coefficient of gaseous components
became larger due to TSR reaction.

® In the coal and coal + water reaction system, the produc-
tion of H,Sis less, and it is a TSR reaction with a relatively
low degree of reactivity. It is mainly based on the thermal
pyrolysis of hydrocarbons, and the addition of calcium
sulfate and magnesium sulfate promotes the TSR reac-
tion and accelerates the heavy hydrocarbons. MgSO,
easier start TSR reaction than CaSO,; water in the coal gas
into the cracking process plays a huge role.
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