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Comparative study on the pyrolysis behavior and
pyrolysate characteristics of Fushun oil shale
during anhydrous pyrolysis and sub/supercritical
water pyrolysis
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and Yangsheng Zhao®"°

Injected steam can be converted to the sub/supercritical state during the in situ exploitation of oil shale.
Thus, the pyrolysis behavior and pyrolysate characteristic of Fushun oil shale during anhydrous pyrolysis
and sub/supercritical water pyrolysis were fully compared. The results revealed that the discharged oil
yields from sub/supercritical water pyrolysis were 5.44 and 14.33 times that from anhydrous pyrolysis at
360 °C and 450 °C, which was due to the extraction and driving effect of sub/supercritical water. Also,
sub/supercritical water could facilitate the discharge and migration of shale oil from the pores and
channels. The H, and CO, yields in sub/supercritical water pyrolysis were higher than that in anhydrous
pyrolysis, resulting from the water—gas shift reaction. The component of shale oil was dominated by
saturated hydrocarbons in anhydrous pyrolysis, which accounted for 50-65%. In contrast, a large
amount of asphaltenes and resins was formed during pyrolysis in sub/supercritical water due to the
solvent effect and weak thermal cracking. The shale oil from anhydrous pyrolysis was lighter than that
from sub/supercritical water pyrolysis. Sub/supercritical water reduced the geochemical characteristic
indices and lowered the hydrocarbon generation potential and maturity of solid residuals, which can be
attributed to the fact that more organic matter was depolymerized and released. The pyrolysate
characteristic of oil shale in sub/supercritical water pyrolysis was controlled by multiple mechanisms,
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Introduction

Oil shale is rich in the complexes of organic kerogen, which can
be thermally converted to shale oil and gas.'® Because it is
similar to natural petroleum, shale oil is considered a prom-
ising alternative energy and supplementary resource.*®> China
has the second largest oil shale reserves in the world, which is
approximately 47.6 billion tons (converted into shale oil).®’
Thus, realizing high-efficient exploitation of oil shale is
conducive to meeting China's energy demand and alleviating its
dependence on imports. The ways to obtain shale oil from oil
shale include pyrolysis in a retorting furnace and in situ
conversion.**'® The method of pyrolysis in a retorting furnace
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including solvent and driving effect, chemical hydrogen-donation and acid—base catalysis.

has high exploitation and equipment costs, low utilization
efficiency and causes serious environmental pollution. Thus,
based on these issues, Zhao's team from Taiyuan University of
Technology proposed in situ steam injection technology for oil
shale exploitation, achieving significant progress.'** When
superheated steam is injected over 1000 meters underground, it
transforms into the supercritical state. Furthermore, water in
the sub/supercritical state has many specific physical and
chemical properties, which can not only provide heat exchange,
but also participate in the thermal cracking reaction of oil shale.
Therefore, it is necessary to identify the different effects of an
anhydrous environment and sub/supercritical water on the
pyrolysate characteristics of oil shale and their interaction
mechanism.

When water approaches the critical state (T, = 374.15 °C, P,
= 22.1 MPa), the gas-liquid interface disappears and a homo-
geneous system is formed, and thus its thermodynamic prop-
erties, heat and mass transfer ability and solubility greatly
change.” Compared with the natural water with ambient
temperature and pressure, sub/supercritical water has a lower
polarity, lower dielectric constant, weaker hydrogen bonds, and
higher ionization constant, and thus can provide more
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hydronium cations and hydroxide anions and be considered as
an acidic and basic catalyst.”>'® Siskin et al. reported that
subcritical water is an effective acid-base bicatalyst and its
catalytic effect is enhanced by minerals such as clays and
carbonates.'” Also, sub/supercritical water can act as a reactant
to induce some unconventional pyrolysis reactions, such as
hydrolysis, reforming and methanation reactions, due to its
acid-base catalytic effect.'®* Further, sub/supercritical water
can be used as an efficient heat and mass transfer medium
because of its excellent diffusivity and swelling effect, and thus
can improve the transfer efficiency.”>*' Patrick et al. reported
that the pyrolysis oil remained in the oil shale under high-
pressure anhydrous conditions and cracked into hydrocarbon
gases, whereas 80% of the pyrolysis oil discharged under high-
pressure water conditions and the oil yield also increased.”” The
sub/supercritical water could rapidly bring out shale oil and gas
products because of its swelling effect and facilitate the
formation of pore channels, reducing the secondary cracking of
shale oil. Given that sub/supercritical water can play multiple
roles in the conversion of organic matter, such as reactants,
catalysts and media, it has remarkable advantages and prom-
ising prospects for the exploitation and utilization of oil shale.

In recent years, sub/supercritical water was introduced in
extract shale oil and gas from oil shale, and many scholars have
increasingly focused on its effect on thermal conversion
behavior and hydrocarbon generation from kerogen. Ma et al.
investigated the hydrous pyrolysis mechanism of Liushuhe oil
shale in an autoclave and found that the initial pyrolysis
temperature increased by 70 °C and the generation of hydro-
carbons became easier in the presence of water.”> Wang et al.
selected subcritical water to extract Huadian oil shale under
isothermal conditions and determined the optimum reaction
conditions. They demonstrated that the atomic H/C of bitumen
reached the maximum value when the extraction time was 15 h
and macromolecular hydrocarbons cracked into smaller ones,
which was attributed to the catalytic process and solvent effect
of subcritical water.” Lewan et al. compared the pyrolysate
characteristics of Mahogany oil shale in subcritical water and an
anhydrous closed system, = and revealed that subcritical water
could extract 29% more hydrocarbons and 33% more C15+
hydrocarbons at 350 °C than the anhydrous system, which is
attributed to the dissolution of bitumen in the water and the
supply of hydrogen to stabilize the products of thermal
cracking, promoting the discharge of immiscible o0il.>* Harfi
et al. adopted supercritical water to extract Timahdit oil shale
and concluded that increasing the extraction temperature could
enhance the yields of aromatics and paraffins and reduce the
content of asphaltenes.”® Nasyrova et al. studied the effects of
subcritical and supercritical water on the generation of hydro-
carbons from Domanic shale rocks and showed that the yields
of light hydrocarbons (saturated and aromatic hydrocarbons) in
the shale oil increased from 33.98% to 39.63% and 48.24%,
respectively.””

Fushun oil shale is located in Liaoning Province of China,
with proven reserves of 4.02 billion tons. The oil shale in this
region is characterized by a high ash content, moderate calorific
value and low oil content.”® Thus, it is significant to search for
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an optimum method to obtain high yield and quality shale oil.
In the literature, experiments on the extraction of oil shale with
sub/supercritical water for a long time and low temperature
environment have been widely reported. However, few studies
have focused on the pyrolysate characteristics of Fushun oil
shale with sub/supercritical water from low temperature to high
temperature and progressively and systematically compared
with anhydrous pyrolysis at the corresponding temperature.
Therefore, in this work, the pyrolysis experiments of Fushun oil
shale in an anhydrous environment, subcritical water and
supercritical water were carried out in a simulated in situ
pyrolysis reactor to investigate their effect on the pyrolysis
evolution from 300 °C to 450 °C at high pressure, and the
optimum pyrolysis condition was determined. The pyrolysate
characteristics in different pyrolysis processes including
hydrocarbon gas, discharged/residual oil and solid residuals
were compared in detail. In addition, the relationship between
sub/supercritical water and hydrocarbon generation and their
interaction mechanism were revealed. These results can provide
theoretical support and technical guidance for the efficient in
situ oil shale exploitation with sub/supercritical water.

Material and methods
Sample preparation

The oil shale samples adopted herein were collected from the
Fushun mining area in Liaoning Province of China. The color of
the oil shale was dark brown, with weak greasy luster, and the
rock particles were compact. The Fushun oil shale was crushed
and screened into irregular smaller cylindrical samples (diam-
eter of 10 mm and height of 15 mm), and then dried at 110 °C
for 24 h. The proximate analysis and ultimate analysis of
Fushun oil shale are exhibited in Table 1. As seen in Table 1, the
oil shale in this region had a high ash content and moderate
volatile content.

Also, the H/C and O/C atomic ratios of its kerogen were 1.38
and 0.11, respectively, indicating that the kerogen type of
Fushun oil shale was I-Ila and belonged to immature source
rock according to the kerogen-type paradigm diagram of Tissot
and Welte, as shown in Fig. 1. Therefore, the Fushun oil shale
was in the early stage of the oil generation window and had high
oil generation potential.

The prepared samples (each 60 g) were reacted in an auto-
clave to simulate the in situ pyrolysis experiment under various
conditions. Then, four samples were selected for anhydrous
pyrolysis with the temperature of 300 °C, 360 °C, 450 °C and
500 °C, which were denoted as AN-300, AN-360, AN-450 and AN-

Table 1 Proximate analysis and ultimate analysis of FS oil shale®

Proximate analysis/wad%  Ultimate analysis/wad%

Sample M A v FC C H (o) N Se

FS 3.44 78.08 17.02 1.46 12.57 2.11 11.03 1.09 0.71

% ad = air dried.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Kerogen-type paradigm diagram of Tissot and Welte.

500, respectively. Also, two samples were adopted for simulated
pyrolysis in subcritical water with the temperatures and pres-
sures of 300 °C and 10 MPa and 360 °C and 20 MPa, which were
named SubCW-300 and SubCW-360, respectively. The last
sample was used for simulated pyrolysis in supercritical water,
and the temperature and pressure were set to 450 °C and
27 MPa, respectively, which was termed SCW-450. All experi-
mental and testing results were on the original dry rock basis.

Pyrolysis equipment

The simulated in situ pyrolysis experiments of Fushun oil shale
in anhydrous condition and sub/supercritical water were con-
ducted in a DK-III hydrocarbon generation and expulsion
system for source rock, simulating the pore-heat-pressure of
formation (as shown in Fig. 2). The equipment mainly consisted
of five parts including data acquisition system, high tempera-
ture and pressure reactor, heating system, cooling and separa-
tion system, and product collection system. Before the
experiment, the dried samples were loaded into the reactor and
the air tightness of the system must be checked.

For anhydrous pyrolysis, the final temperatures were set to
300 °C, 360 °C, 450 °C and 500 °C with the heating rate of
1°C min™". Also, the pyrolysis experiments were maintained for

Fig. 2 Schematic diagram of anhydrous and sub/supercritical water
pyrolysis experiment, where 1-computer, 2-heating system, 3-parallel
block, 4-filter block, 5-oil shale sample, 6-sealing plunger, 7-high
pressure balance pump, 8-cold hydrazine Dewar bottle, 9-condenser,
10-buffer airbags, 11-gas volume measurer, and 12-gas collector.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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48 h at the final temperatures to ensure the complete pyrolysis
of organic matter and expulsion of oil and gas. Also, the
generated hydrocarbons were all discharged from the reactor
after the pyrolysis was completed.

For sub/supercritical water pyrolysis, the final temperatures
were set to 300 °C, 360 °C and 450 °C, and the corresponding
pressures were controlled as 10, 20 and 27 MPa. The heating
rate was also 1 °C min~ . Also, 15-45 mL water was loaded into
the reactor to produce the set pressure obtained from the
expansion of steam and the generation of hydrocarbons during
pyrolysis. When the pressure of the system reached the set
value, the generated hydrocarbons were discharged from the
reactor to maintain the specified pressure. This process was
cycled and maintained for 48 h under the final conditions to
ensure the complete pyrolysis of organic matter and expulsion
of oil and gas.

After complete pyrolysis, dichloromethane was used to flush
the pipeline and reactor when the pyrolysis system cooled to
180 °C. The oil in the cold hydrazine Dewar bottle was called
discharged oil I and the oil in the pipeline was called discharge
oil II. The sum of discharged oil I and II was called total dis-
charged oil. The oil extracted from the residual solid was called
residual oil. Finally, the components of oil and gas were iden-
tified by gas chromatography and the residual solids after
extraction were weighed and analysed via a Rock-Eval pyrolysis
experiment.

Characterization of pyrolysis products

The component of pyrolysis gas was detected using a GC-950
and GC 9890A. The GC-950 had two TCDs and two channels.
Its carrier gas was H, with a flow rate of 40 mL min~". The yields
of CH, and CO in pyrolysis gas were tested using a 5A molecular
sieve column, while the yields of CO, and C,-C, hydrocarbons
in the pyrolysis gas were determined using a GDDX-502 column.
In addition, the H, in the pyrolysis gas was analyzed using a 5A
molecular sieve column in the GC 9890A. Its carrier gas was N,
with a flow rate of 40 mL min "

The discharged and residual oil obtained from the pyrolysis
experiments were diluted with toluene and tested using an
Agilent 7890 GC with an online injector and 5795N mass spec-
trum (MS) detector. For GC, the column was an HP-5MS (30 m X
0.25 mm x 0.25 pm) fused silica capillary column. Also, the
carrier gas was helium with the flow rate of 1 mL min~'. The
injection temperature was 280 °C, and the temperature pro-
gramme was 3 min at 50 °C, and then heated to 300 °C at the
heating rate of 5 °C min~" and maintained for 5 min at the final
temperature. For MS, the ionization energy was 70 eV and mass
scanning range 40-400 amu. The electron impact source was EI.

The SARS group component analysis was conducted to
identify the fraction of saturates, aromatics, resins and
asphaltenes by column chromatography. Briefly, aluminum
oxide was adopted as the column chromatography medium to
separate the saturates with n-heptane, aromatics with toluene,
resins with toluene and methanol (1 : 1), and the asphaltenes
were removed by centrifuging at the beginning because of their
insolubility in n-heptane. Trichloroethylene was employed to
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rinse the aluminum oxide off the remaining residue. The
percentage of saturates was calculated by difference due to the
high volatility when separating the saturates and solvents by
boiling them.

The geochemical characteristic of the residual solid product
was determined using a Rock-Eval 6 rock pyrolysis analysis
instrument. The parameters of S, S,, S3 and Ty.x Were deter-
mined, and the hydrogen index (HI) was calculated accordingly.
The temperature for maximum hydrocarbon generation (Toax)
was defined based on the maximum value of the S, peak, which
was regarded as a maturity indicator.

Results and discussion
The mass loss of oil shale in different pyrolysis conditions

The relation between mass loss and temperature of Fushun oil
shale during anhydrous pyrolysis, subcritical and supercritical
water pyrolysis is shown in Fig. 3. It can be seen that the mass
loss of the oil shale samples was enhanced with an increase in
temperature due to the thermal cracking of organic matter,
which was quite different in the various pyrolysis modes.
During anhydrous pyrolysis, the mass loss rapidly increased at
300-450 °C and much more slowly at 450-500 °C, indicating
that the thermal degradation of organic matter was mostly
completed at 450-500 °C. The maximum mass loss of oil shale
was 11.37% at the temperature of 500 °C. By contrast, during
subcritical and supercritical water pyrolysis, the mass loss rates
of oil shale were significantly higher than that during anhy-
drous pyrolysis, which suggests that subcritical and supercrit-
ical water was beneficial for the pyrolysis of organic matter and
promoted the release of volatile oil and gas. The subcritical and
supercritical water had little influence on the pyrolysis of oil
shale at the temperature of 300 °C, which was attributed to the
fact that the kerogen had not begun to be significantly cracked,
but firstly converted to asphaltenes, accompanied by the release
of small molecular gases at this temperature.>»** When the
pyrolysis system reached the states of S,,CW-360 and SCW-450,
the sub/supercritical water had an acid-base catalysis and
swelling effect, which could participate in the cracking of
kerogen and facilitate the pyrolysis reaction, resulting in

—#&— Anhydrous pyrolysis
~—&— Sub/supercritical water

12

°
T

Mass Loss (%)
P

L 1 L 1 1

300 350 400 450 500

Temperature/ °C

Fig. 3 Mass loss of oil shale in anhydrous pyrolysis and sub/super-
critical water pyrolysis.
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a decrease in the yield of the solid residuals.*>'® The mass loss
rate of oil shale reached the highest value (12.30%) at the
temperature of 450 °C and pressure of 27 MPa, which was even
higher than that during anhydrous pyrolysis at 500 °C. Thus,
sub/supercritical water exhibited significant advantages in the
pyrolysis of oil shale and promoted the formation and release of
the oil and gas.

The yields of pyrolysis products

Fig. 4 displays the pyrolysate yields of Fushun oil shale in anhy-
drous pyrolysis, subcritical and supercritical water pyrolysis. As
shown in Fig. 5(a), the yield of pyrolysis gas of oil shale in
different pyrolysis modes enhanced with the increase of
temperature. At the temperatures of 300 °C and 360 °C during
anhydrous pyrolysis, only a small amount of gas was released,
which included some adsorbed gas and micromolecule gas, due
to the insufficient cracking of kerogen at low temperature.>
When the pyrolysis temperature reached 450 °C, the aliphatic
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chains and aromatic side chains of kerogen sequentially cracked,
resulting in the release of pyrolysis gas in major quantities.*
When the final temperature was set to 500 °C, the yield of
pyrolysis gas reached 44.33 mL g~ '. Furthermore, in subcritical
and supercritical water pyrolysis, the yields of pyrolysis gas were
higher than that at the corresponding temperature compared
with anhydrous pyrolysis. At the temperature of 300 °C and
pressure of 10 MPa, it is worth noting that the yield of pyrolysis
gas reached 26.5 mL g~ ', which was 5.22 times that during
anhydrous pyrolysis. The subcritical and supercritical water had
strong extraction ability and promoted the formation and release
of small molecule gas.”® When the pyrolysis system was in the
supercritical state (SCW-450), the yield of pyrolysis gas was
49.67 mL g~ ', which was even higher than that at the tempera-
ture of 500 °C during anhydrous pyrolysis. Therefore, subcritical
and supercritical water can facilitate the generation of gas
product from oil shale during pyrolysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry

As exhibited in Fig. 4(b), the yields of discharged oil from
Fushun oil shale in anhydrous pyrolysis first increased, and
then decreased with an increase in temperature. The macro-
molecule structure of kerogen began to crack when the
temperature increased. Also, the unstable bridge bonds in the
kerogen broke and a large amount of free radicals was
released.*® The free radicals combined to form shale oil, and the
yield of discharged oil increased. The maximum yield of dis-
charged oil was 3.56 mg g~ ' at the temperature of 360 °C. When
the pyrolysis temperature reached 450 °C and 500 °C, the shale
oil underwent a secondary pyrolysis reaction and cracked into
gaseous hydrocarbons in the semi-closed system, leading to
a decrease in the discharged oil and significant increase in
pyrolysis gas.** In addition, in anhydrous pyrolysis, the yields of
discharged oil were in minor quantities, which is consistent
with the result by Patrick.”” The permeability of the oil shale
sample was relatively low at high pressure under anhydrous

RSC Adv, 2022, 12, 16329-16341 | 16333
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conditions, leading to limited seepage channels, and thus weak
migration capacity of shale 0il.*® Thus, the shale oil was hardly
discharged during anhydrous pyrolysis and a secondary
cracking reaction also occurred.

By contrast, the effect of subcritical and supercritical water
on the yields of discharge oil during pyrolysis was obviously
significant at high temperature. When the pyrolysis tempera-
ture was 300 °C and the pressure was 10 MPa, the yield of dis-
charged oil was also in minor quantities due to the low
temperature. When the pyrolysis system reached the subcritical
condition of SubCW-360, the yield of discharged oil sharply
increased by 5.44 times that in anhydrous pyrolysis. Further-
more, When the pyrolysis system reached the supercritical
condition of SCW-450, the yield of discharged oil slightly
decreased, owing to the increase in gas yield as a result of
secondary cracking reactions, but was 14.3-times that in anhy-
drous pyrolysis at the same temperature. This is because sub/
supercritical water had a high ion product constant and could
provide more hydrogen ions, which could promote acid-
catalysed carbocation reactions, resulting in the formation of
organic acids. Subsequently, these organic acids act as transfer
agents for hydride ions and avoid the polymerization into shale
char, promoting the generation of shale oil. Simultaneously,
sub/supercritical water could act as a diffusion medium because
of its strong swelling effect, which was conducive to extracting
and carrying the shale oil accumulated in the pores and chan-
nels of oil shale and reducing its viscosity.*® Thus, the subcrit-
ical and supercritical water had a positive role in the production
of shale oil. The maximum yield of discharged oil occurred
under the condition of SubCW-360 rather than SCW-450, which
was 19.37 mg g~ .

As seen in Fig. 4(c), whether in anhydrous or hydrous
pyrolysis, the yields of residual oil exhibited a trend of
increasing initially, and then decreasing as the temperature
increased. In anhydrous pyrolysis, the yield of residual oil
reached the maximum at the temperature of 360 °C, which was
mainly attributed to the fact that the kerogen cracked into
volatile oil and gas, but hardly discharged in time at this
temperature in the high-pressured semi-closed system. There-
fore, a large amount of shale oil remained in the pores and
channels of the residual solid. When the pyrolysis temperature
reached 450 °C and 500 °C, there was a small amount of
residual oil in the residual solid, but a large amount of pyrolysis
gas was generated, which is due to the fact that the shale oil
remaining in the residual solid cracked into micromolecule gas
in the pores and channels and released. While, in subcritical
and supercritical water pyrolysis, the yields of residual oil were
lower than that in anhydrous pyrolysis. According to Fig. 4(a)-
(c), the supercritical water could extract the most oil and gas in
the oil shale, and there was extremely less residual oil in the
residual solid, which was 0.53 mg g~ " (in SCW-450). The sub/
supercritical water with a higher diffusion coefficient and
lower viscosity had driving and swelling effects during pyrolysis
of oil shale.’” These effects could make the phase interface
disappear and reduce the interfacial tension, thereby reducing
the viscosity and improving the fluidity of the oil. Also, the
generated oil was dissolved in sub/supercritical water to form
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a miscible phase due to their strong solubility and easily
migrated to the outside.*® Simultaneously, the generated CO,
was also in the supercritical state under this condition, and it
also had driving and swelling effects, but their ability was
weaker than that in sub/supercritical water.*>*° Consequently, it
could be obviously seen that the subcritical and supercritical
water had an advanced effect on the generation, migration and
release of volatile oil and gas during pyrolysis because of their
special properties.

Analysis of pyrolysis gas

Fig. 5 displays the gas composition of Fushun oil shale at
different final temperatures collected from anhydrous,
subcritical and supercritical water pyrolysis. As shown in
Fig. 5(a), during anhydrous pyrolysis, the yield of H, continued
to rise as the final temperature increased because the C-H bond
cracked and more hydrogen radicals were generated during
pyrolysis, which combined to form H,. Also, the H, produced by
the pyrolysis of FS oil shale was derived from the dehydroge-
nation of aromatic rings, the cyclization of aliphatic alkanes,
and the aromatization of naphthenes at low temperatures, and
mainly from the polycondensation reactions of aromatic
structures and heterocyclic compounds and water-gas shift
reaction at high temperatures.** Thus, there was a small amount
of H, before 360 °C, which was less than 1.5 mL g~ '. When the
pyrolysis temperature was 500 °C, the yield of H, was the
maximum and reached 4.05 mL g~ '. While, in sub/superecritical
water pyrolysis, the yields of H, also exhibited an increasing
trend initially, and then decreasing trend, which were higher
than that during anhydrous pyrolysis at the corresponding
temperature. Especially, the yield of H, under the condition of
SubCW-360 was 3.29 times that under the condition of AN-360,
which reached the maximum value of 4.51 mL g~ ' and even
higher than that under the condition of AN-500. The main
reason for this was that the water-gas shift reaction (CO + H,O
— CO, + H,) occurred in the presence of sub/supercritical water
during the pyrolysis of oil shale and sub/supercritical water
provided a large amount of hydrogen source, which led to an
improvement in the production of H,.*> Simultaneously, the
results of gas chromatography revealed that CO was not detec-
ted at different temperatures, which is because CO was
consumed by a large amount of sub/supercritical water to
produce H,. When the pyrolysis system reached the supercrit-
ical state, the water—gas shift reaction was inclined to proceed in
the reverse direction due to the higher temperature, which
resulted in a decrease in the H, yield.

As presented in Fig. 5(b), during anhydrous pyrolysis, the
yield of CO, continued to increase with an increase in temper-
ature. Before the pyrolysis temperature of 360 °C, a small
amount of physically adsorbed CO, in the oil shale escaped.
When the pyrolysis temperature further increased, the carboxyl
and ester groups in kerogen began to crack, and thus decar-
boxylation and hydrolysis reactions occurred, forming CO,.*
The yield of CO, reached the maximum value at the temperature
of 500 °C, which was 13.8 mL g~ '. In contrast, under the effect
of subcritical and supercritical water, the CO, yields of oil shale
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slightly decreased as the pyrolysis temperature increased, which
were higher than that during anhydrous pyrolysis. There were
three reasons for this phenomenon, where the first is that some
CO, during the sub/supercritical water pyrolysis of oil shale
originated from the water-gas shift reaction, the second was
that sub/supercritical water facilitated the process of decar-
boxylation reaction, and the third was that sub/supercritical
water, as an acid-base catalyst, catalyzed the hydrolysis of
ester to produce carboxylic acid and alcohol.*® Also, sub/
supercritical water could promote the decomposition of
carboxylic acid and alcohol into CO,. Furthermore, compared
with the supercritical water condition, the hydrolysis of ester
occurred more easily in subcritical water.**

As exhibited in Fig. 5(c), the yields of CH, generally increased
as the pyrolysis temperature rose during anhydrous pyrolysis
and sub/supercritical water pyrolysis. The released CH, in the
pyrolysis gas was derived from low-temperature desorption and
hydrogenation of methyl and methoxy groups on the aromatic
rings and aliphatic chains.** Thus, the yield of CH, before the
temperature of 360 °C was in minor quantities because it orig-
inated from the physically adsorbed gas in the oil shale pores.
When the pyrolysis temperature reached 450 °C, the methyl and
methoxy in kerogen began to crack and a large amount of CH,
was generated. Thus, the yield of CH, reached the maximum
value at the temperature of 500 °C, which was 17.5 mL g *
during anhydrous pyrolysis. While, during sub/supercritical
water pyrolysis, it was found that the yields of CH, were
higher than that during anhydrous pyrolysis at the same
temperature. This is because sub/supercritical water had the
activity of promoting the cracking of methyl and methoxy side
chains and enhanced the yield of CH,, which was ascribed to
the fact that sub/supercritical water could provide more
hydrogen source and acid-base catalytic effect. Meanwhile, as
the pyrolysis temperature increased, the secondary reaction of
volatile hydrocarbons in half-closed system intensified, which
resulted in an improvement in the CH, yield.

As shown in Fig. 5(d), the total yields of C,H, and C,Hs in the
pyrolysis gas of FS oil shale continuously rose with an increase
in temperature during both anhydrous pyrolysis and sub/
supercritical water pyrolysis. The total yields of C,H, and
C,H¢ of FS oil shale during sub/supercritical water pyrolysis
were higher than that during anhydrous pyrolysis. The C,H,
and C,H, yields were low below 360 °C, and then rose sharply
when the pyrolysis temperature reached 450 °C. Also, the
concentration of total C,H, and C,H¢ at the temperature of
360 °C during subcritical water pyrolysis was 3.49 times that in
anhydrous pyrolysis, which indicates that the subcritical water
could promote the release of C,H, and C,H,. Furthermore, the
concentration of total C,H, and C,H¢ at the temperature of
450 °C during subcritical water pyrolysis was even higher than
that at the temperature of 500 °C during anhydrous pyrolysis,
which was the maximum value of 6.09 mL g~'. The C,H, and
C,Hg in the pyrolysis gas of oil shale originated from the alkyl
radicals in kerogen losing or receiving a hydrogen free radical.
The presence of sub/supercritical water could improve the
breaking of the aliphatic hydrocarbon and aromatic ring side
chains or secondary cracking reaction. Also, relevant literature
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showed that in the atmospheres of CH,~CO, at high tempera-
ture and CO-H,O in the sub/supercritical state, more "H free
radicals could be provided, which resulted in an improvement
in the C,H, and C,H, yield.***

The yields of aliphatic hydrocarbons included C; and C,. in
the pyrolysis gas, as shown in Fig. 5(e) and (f), respectively,
which exhibited an increasing trend initially, and then
decreasing trend during anhydrous pyrolysis, and a continuous
upward trend during sub/supercritical water pyrolysis. This is
because a higher pyrolysis temperature induced the cracking of
the long-chain aliphatic hydrocarbon and aromatic ring side
chains, while a further increase in temperature exceeding
450 °C led to the cleavage of C; and C,. into short-chain
hydrocarbons, e.g., propane could crack into methane and
ethylene at 500 °C.*® Therefore, the yields of aliphatic hydro-
carbons C; and C,, reached the maximum values at the
temperature of 450 °C. Also, the sub/supercritical water facili-
tated the release of the aliphatic hydrocarbons of C; and C,. at
a lower temperature. Furthermore, the yields of C; and C,. in
the pyrolysis gas of oil shale during sub/supercritical water
pyrolysis were higher than that during anhydrous pyrolysis
except for the yield of C,, at the temperature of 450 °C. Thus, the
yields of C; and C,. during sub/supercritical water pyrolysis
were 3.10 and 2.89 times than that during anhydrous pyrolysis
at the temperature of 360 °C, respectively. This is attributed the
fact that sub/supercritical water has ability of promoting the
cleavage of aliphatic hydrocarbon and aromatic ring side chains
due to their solvent effect and provides more "H free radicals
and CH,—CO, and CO-H,O atmosphere, reducing the bond
energy of C-H/C-H. Also, under the effect of supercritical water,
the aliphatic hydrocarbons of C,, were inclined to crack into
short-chain ones, resulting in a lower amount than that during
anhydrous pyrolysis.

Analysis of shale oil

The component of discharged oil. The group components of
the discharged oil from anhydrous pyrolysis and sub/
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a
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ﬂrb 0,
n

Fig. 6 Components of discharged oil from anhydrous pyrolysis and
sub/supercritical water pyrolysis.
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Table 2 The component distribution of discharged oil from two pyrolysis modes

Pyrolysis mode/% Saturated hydrocarbon Aromatic Resin Asphaltene
AN-300 50.08 13.69 24.64 11.60
AN-360 65.43 14.31 13.35 6.91
AN-450 60.08 13.54 18.87 7.51
AN-500 49.07 10.89 23.17 16.86
SubCW-300 32.20 12.89 29.54 25.37
SubCW-360 29.36 22.81 31.07 16.75
SCW-450 26.20 8.02 19.11 46.66
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Fig. 7 Carbon number distribution of discharged oil from two pyrol-
ysis modes.

supercritical water pyrolysis of FS oil shale were obtained, as
shown in Fig. 6 and Table 2. The discharged oil was divided into
four parts, including saturated hydrocarbons, aromatics, resins
and asphaltenes. As displayed in Fig. 7, the yields of saturated
hydrocarbons, aromatics, resins and asphaltenes exhibited
firstly and increasing, and then decreasing trend with an
increase in temperature during anhydrous pyrolysis, and they
all reached the maximum values at the temperature of 360 °C,
which is consistent with the yield of the discharged oil.
Consequently, the proportions of saturated hydrocarbons and
aromatics were the highest and the fractions of resins and
asphaltenes were the lowest at this temperature, as seen in
Table 2. This is attributed to the fact that some saturated
hydrocarbons and aromatics cracked into small molecule gas
with an increase in temperature, reducing their proportions in
the discharged oil.

Furthermore, the yields of saturated hydrocarbons,
aromatics and resins displayed firstly an increasing, and then
decreasing trend as the temperature increased during sub/
supercritical pyrolysis, but the asphaltenes yield continued to
increase. The contents of the four components in the shale oil
from sub/supercritical water pyrolysis were higher than that
from anhydrous pyrolysis at the same temperature. The reason
for this is that the oil shale was pyrolyzed in a hydrogen-rich
environment, and the alkyl and aromatic hydrocarbons could
readily combine with the hydrogen source to form saturated
and aromatic hydrocarbons, which inhibited the polymeriza-
tion of the coking reaction. Also, the component of shale oil was
dominated by saturated hydrocarbons in anhydrous pyrolysis,
which accounted for 50-65% of the total oil. While, during sub/

16336 | RSC Adv, 2022, 12, 16329-16341

supercritical water pyrolysis, a large amount of resins and
asphaltenes formed in the shale oil, especially in the super-
critical water state. This is because sub/supercritical water has
dissolving capacity, and thus could directly extract the resin and
asphaltene macromolecules from the kerogen. The organic
matter in the oil shale was inter-crosslinked with inherent
minerals through chemical bonds and the organic matter was
adsorbed on the inherent mineral surface. The oxygen-
containing bonds in the resin and asphaltene were combined
on the inherent minerals in the form of coordination bonds and
ionic bonds.*” The presence of sub/supercritical water could
weaken the adsorption of organic matter on the inherent
minerals, reduce their bond energy, and generate a large
amount of macromolecule resin and asphaltenes due to the
weak thermal cracking. Also, the sub/supercritical water could
induce acid-catalysed carbocation reactions and cleave the
ether and ester bonds, which depolymerized the macromole-
cule kerogen, resulting in an enhancement in the resin and
asphaltene yield." When the pyrolysis temperature increased
from 360 °C to 450 °C, the resins could transform into asphal-
tenes by condensation reaction due to their weak thermal
stability.* Under the condition of SCW-450 °C, the content of
resin and asphaltene in the shale oil reached the highest, which
accounted for 65.77%.

According to their carbon number, the components of the
discharged oil were further classified as five parts to deeply
compare the influence of the anhydrous environment and sub/
supercritical water on the chemical composition of the dis-
charged oil. As illustrated in Fig. 7, the distribution of carbon
numbers (from short-chain to long-chain) exhibited first an
increasing, and then decreasing trend, and the diesel (C14-C18)
and lubricant (C19-C25) were dominant in the discharged oil in
both pyrolysis modes. During anhydrous pyrolysis, the contents
of light fractions (C9-C13) and medium fractions (C14-C18)
were enhanced, and the heavy fractions (C19+) declined with an
increase in temperature. The heavy oil firstly precipitated at low
temperature, and then light oil released because of sufficient
cracking as the temperature increased. Also, at 300 °C during
anhydrous and subcritical pyrolysis, the presence of light frac-
tions (C9-C13) was not detected. Thus, the discharged oil at
high temperature was lighter than that at low temperature in
anhydrous pyrolysis. While, during sub/supercritical water
pyrolysis, the contents of light fractions (C9-C13) and medium
fractions (C14-C18) and heavy fractions (C19-C25) increased
first, and then decreased with an increase in temperature, while

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the heavy fractions (C26-C30 and C30+) exhibited the opposite
trend. Thus, the discharged oil under the condition of S,,CW-
360 was lighter than that of S,,CW-300 due to its higher
temperature. Also, the discharged oil during supercritical water
pyrolysis was heavier than that during subcritical water pyrol-
ysis. Generally, sub/supercritical water could enhance the yields
of discharged oil, while the discharged oil obtained from sub/
supercritical water pyrolysis was heavier than that from anhy-
drous pyrolysis. This result is consistent with the group
component analysis of the discharged oil, which contained
a large amount of resin and asphaltene with higher carbon
numbers due to the solvent effect. Also, the ionic product and
solvating power of supercritical water are less than that of
subcritical water. Thus, the discharged oil from subcritical
water pyrolysis had a higher quantity and lighter quality than
that from supercritical water pyrolysis.

The component of residual oil. The yields and mass fractions
of the four components in the residual oil during anhydrous
pyrolysis and sub/supercritical water pyrolysis of FS oil shale are
displayed in Fig. 8 and Table 3. As seen in Fig. 8 and Table 3, the
heavy components of resins and asphaltenes with high boiling
points were dominant in the residual oil. The yields of the four
components in the residual oil exhibited first an increasing, and
then decreasing trend, and reached the maximum values at the
temperature of 360 °C, which is consistent with the yields of
residual oil. Also, when the temperature reached 450 °C, the
amount of the four components was in minor quantities, which
was less than 1 mg g '. This is attributed to the fact that

(3/3w) spPRIX

Fig. 8 Components of residual oil in anhydrous pyrolysis and sub/
supercritical water pyrolysis.
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a higher temperature significantly promoted the release and
migration of shale oil. Furthermore, the mass fractions of
saturated and aromatic hydrocarbons continuously increased
as the temperature increased, while the mass fractions of resins
and asphaltenes exhibited the opposite trend in the two pyrol-
ysis modes. This is because a higher temperature induced the
deeper cracking of resins and asphaltenes. In the two pyrolysis
modes, the amounts of resins and asphaltenes were much
higher than saturated and aromatic hydrocarbons in the
residual oil. Therefore, the heavy components of resins and
asphaltenes easily remained in the residual oil. This is because
the resins and asphaltenes were released less readily from the
pores and channels in the oil shale, which was due to their high
viscosity and weak migration capacity. Also, the sub/
supercritical water could extract macromolecule fragments in
kerogen at a lower temperature and form resins and asphal-
tenes due to the solvent effect. Thus, according to Table 3, the
mass fractions of resins and asphaltenes of the residual oil from
sub/supercritical water pyrolysis were higher than that from
anhydrous pyrolysis at the same temperature.

As illustrated in Fig. 9, the carbon number distribution (from
short-chain to long-chain) of the residual oil of each sample
increased initially, and then decreased during anhydrous
pyrolysis and sub/supercritical water pyrolysis. Also, the light
fractions (C9-C13) in the residual oil disappeared and were
released from the pores and channels of oil shale due to their
low viscosity and strong migration capacity, and thus the heavy
fractions (C19+) were dominant in the residual oil. In both
pyrolysis modes, the carbon number distribution of residual oil
exhibited a fluctuating trend with an increase in temperature.
While, the variation trend of the medium fractions (C14-C18)
was opposite to that of the heavy fractions (C26-C30), and the
variation trend of heavy fractions (C19-C25) was opposite to
that of the heavy fractions (C31+) in the two pyrolysis modes.
Thus, the heavy fractions (C26-C30) of residual oil may crack
into the lighter fractions (C14-C18), and the heavy fractions
(C31+) may break into lighter fractions (C19-C25) as the
temperature increased. Consequently, the heavy fractions in the
residual oil during sub/supercritical water pyrolysis were higher
than that during anhydrous pyrolysis because of the presence of
resin and asphaltenes.

Analysis of solid residue

The solid residues of FS oil shale after anhydrous pyrolysis and
sub/supercritical water pyrolysis were analyzed using Rock-Eval

Table 3 The component distribution of residual oil in two pyrolysis modes

rolysis mode/% Saturated hydrocarbon Aromatic Resin Asphaltene
y: y P
AN-300 16.63 7.52 30.75 45.10
AN-360 28.27 9.42 28.80 33.51
AN-450 39.87 11.39 27.75 20.99
AN-500 48.80 13.20 26.20 11.80
SubCW-300 12.23 4.96 34.94 47.87
SubCW-360 24.37 7.30 32.79 35.54
SCW-450 34.88 10.11 29.28 25.73

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Carbon number distribution of residual oil in two pyrolysis
modes.

pyrolysis equipment, and the geochemical characteristics are
exhibited in Fig. 10. As shown in Fig. 10, the total organic
carbon content (TOC) of the solid residuals from anhydrous
pyrolysis and sub/supercritical water pyrolysis were more than
6% and 4%, respectively. Also, the TOC of the original oil shale
was 7.9% according to previous work, and thus a large
proportion of organic carbon remained in the oil shale in both
pyrolysis modes. Also, the parameters of TOC content and
pyrolysable carbon content (PC) decreased with an increase in
temperature, indicating that the organic matter of solid resid-
uals decreased. This is because the organic matter in kerogen
gradually cracked and depolymerized as the temperature rose.
While, the TOC and PC contents of the solid residuals from sub/
supercritical water pyrolysis were lower than that from anhy-
drous pyrolysis at the same temperature, which was attributed
to the fact that sub/supercritical water could improve the
conversion of organic matter into oil and gas. Also, the
declining rates of TOC and PC contents with an increase in
temperature during sub/supercritical water pyrolysis were
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higher than that during anhydrous pyrolysis. The lowest TOC
and PC contents of the solid residuals were from supercritical
water pyrolysis at 450 °C, which were 4.38% and 0.11%,
respectively. Thus, the supercritical water had the strongest
influence on the conversion of organic carbon in kerogen
during pyrolysis.

The hydrocarbon generation potential (S1 + S2) of solid
residuals followed a decreasing trend with an increase in
temperature. The S1 + S2 content of the original FS oil shale was
51.95 mg g~ ' rock, suggesting a superior hydrocarbon genera-
tion potential. When the pyrolysis temperatures were 300 °C
and 360 °C, the S1 + S2 contents of the solid residuals still
exceeded 10 mg g~ ' rock in the two pyrolysis modes, and thus
a large proportion of generated hydrocarbons remained in the
oil shale at this temperature. When the pyrolysis temperature
reached 450 °C, the S1 + S2 contents of the solid residuals were
less than 1 mg g~ rock, indicating that most of the hydrocar-
bons in the kerogen was released. While, the solid residuals
from sub/supercritical water pyrolysis contained less S1 + S2
contents than that from anhydrous pyrolysis, which was due to
the fact that the sub/supercritical water could promote the
cracking of kerogen to form more hydrocarbons. The lowest S1
+ S2 content of solid residual existed in the condition of SCW-
450, which was 0.72 mg g ' rock. Accordingly, the supercrit-
ical water had the best effect on the release and migration of
generated hydrocarbons during the pyrolysis of oil shale,
resulting in the least hydrocarbons in the solid residuals.

In addition, the hydrogen index (HI = S2/TOC) also declined
as the temperature increased, which is also another index of
kerogen type and hydrocarbon generation potential.* The HI
index of the original FS oil shale was 647.5 mg g™ *, and thus the
kerogen of FS oil shale was type I. Also, at the temperature of
300 °C during anhydrous pyrolysis and subcritical water pyrol-
ysis, the HI indices of the solid residuals were 530 and 445 mg
g™, respectively, indicating that the solid residuals were still
fair source rock with II1 type kerogen. This is because less
organic matter in kerogen cracked at low temperature. When

TOC/% S1+S2/(mg/g) HI/(mg/g) PC/% Tmax/°C
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Fig. 10 Geochemical characteristics of solid residues in two different pyrolysis modes.
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the temperature reached 360 °C in the two pyrolysis modes, the
HI indices of the solid residuals decreased to 130-145 mg g™ ".
Thus, the kerogen of the solid residuals had evolved into type
11, which mainly produced hydrocarbon gas. Also, the most
shale oil was formed and released from oil shale at the
temperature of 360 °C in two pyrolysis modes, which was
consistent with the yield of shale oil in Section 3.2. Further-
more, as the pyrolysis temperature exceeded 450 °C, the HI
indices of the solid residuals were reduced to less than 20 mg
g~ '. The hydrocarbon generation potential of kerogen
decreased to the minimum level, which was due to the fact that
most of the kerogen was converted into oil and gas and
released. While, the HI indices of the solid residuals from sub/
supercritical water pyrolysis were lower than that from anhy-
drous pyrolysis at the same temperature, which demonstrates
that sub/supercritical water facilitated the formation and
release of oil and gas during pyrolysis due to the solvent effect
and thermal cracking. The lowest HI index existed in the
condition of SCW-450, and thus the supercritical water had
superior ability for the extraction of hydrocarbons compared to
subcritical water.

The index of Ty,ax indicates the thermal maturity status of
the source rock,* which exhibited first an increasing, and then
decreasing trend with an increase in temperature during
anhydrous pyrolysis and sub/supercritical water pyrolysis. The
Tmax index of the solid residuals was 438-445 °C in two the
pyrolysis modes at the temperature of 300 °C and 360 °C. Thus,
the solid residuals in these pyrolysis modes were still in the
stage of oil generation, given that most of the potential oil and
gas in the kerogen of oil shale had not yet been generated and
released at these temperatures. Also, the subcritical water had
little effect on the T, of the solid residuals at the temperature
of 300 °C and 360 °C. When the temperature further increased,
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the Tax of the solid residuals in two pyrolysis modes was lower
than 450 °C, suggesting that they were in the immature status.
Also, there was little hydrocarbon remaining in the solid
residuals at high temperatures. Furthermore, the supercritical
water reduced the Tp,.x value of the solid residual compared
with that from anhydrous pyrolysis at the same temperature,
resulting in the lower maturity of the solid residual.

Discussions

The pyrolysis mechanism of oil shale is affected by many
factors, such as operating condition, pyrolysis atmosphere and
heating method. The above-mentioned experimental results
and analysis revealed that the pyrolysis behavior of oil shale in
a sub/supercritical water atmosphere is controlled by multiple
mechanisms, including a series of physical effects and chemical
reactions, as shown in the schematic diagram in Fig. 11.
According to the above-mentioned results, sub/supercritical
water could enhance the yield of oil and gas during the pyrol-
ysis of oil shale; however, a large amount of heavy components
such as resin and asphaltene existed in the shale oil. This
demonstrated that the solvent and driving effects of sub/
supercritical water played a dominant role in the pyrolysis
process of oil shale. The sub/supercritical water had the char-
acteristics of higher diffusion coefficient, higher solvation
energy and lower dielectric constant compared with natural
water. Thus, sub/supercritical water have the ability to directly
extract oil and gas from oil shale Also, they could weaken the
bond energy between kerogen and the inherent minerals,
thereby resulting in the dissociation and desorption of organic
macromolecules from the inherent minerals. However, the
thermal cracking of kerogen was still weak compared with high
temperature pyrolysis, which led to the formation and release of
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Fig. 11 Multiple mechanism of sub/supercritical water during the pyroly
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macromolecule resin and asphaltene. Also, the sub/
supercritical water as a heat carrier had a driving effect and
enhanced the recovery rate of shale oil. This is because they
could facilitate the migration of shale oil and carried the shale
oil to rapidly escape from the pores and fractures, hindering
their secondary cracking. Also, they also provided a homoge-
neous environment and reduced the viscosity of shale oil,
thereby relieving the seepage resistance.

Furthermore, from the perspective of chemical reaction, sub/
supercritical water could provide more hydrogen due to their
higher ion product and induced more hydrogenation reactions.
According to the results of pyrolysis gas, the increase of H, yield
originated from the occurrence of a water gas shift reaction,
where ethyl combines with hydrogen in sub/supercritical water
to form ethane. Also, sub/supercritical water promoted the
cracking and release of other small molecule gas. According to
the results of shale oil, the macromolecule cracked oil frag-
ments obtained from the extraction of sub/supercritical water
combined with them and underwent a reforming reaction. The
sub/supercritical water can be considered an acid-base catalyst,
which can catalyze some reactions such as hydrolysis, addition,
cracking, rearrangement, alcohol dehydration and carbenium
reactions during the pyrolysis of oil shale. For example, in the
shale oil, the C=C bonds in alkene underwent an addition
reaction with sub/supercritical water to form more alkane under
the catalysis of the acid-base catalyst. Also, methyl tert-butyl
ether (MTBE) would be catalytically hydrolyzed to produce
butene.'® Sub/supercritical water also facilitated the cracking of
the macromolecule oil fragments from kerogen.

Conclusions

(1) The existence of sub/supercritical water increased the mass
loss of FS oil shale during pyrolysis and improved the release of
oil and gas. The discharged oil yields from sub/supercritical
water pyrolysis were 5.44 and 14.33 times than that from
anhydrous pyrolysis at 360 °C and 450 °C, respectively, which
was mainly due to their solvent effect. Also, the sub/
supercritical water reduced the yield of residual oil and facili-
tated the migration of shale oil owing to their driving effect.

(2) The yields of H,, CO, and hydrocarbons from sub/
supercritical water pyrolysis were higher than that from anhy-
drous pyrolysis because of the chemical hydrogen-donating and
acid-base catalytic effect. The water-gas shift reaction occurred
during sub/supercritical water pyrolysis, resulting in an
increase in the H, and CO, yields. Also, sub/supercritical water
could promote the cracking of the aliphatic and aromatic side
chains of kerogen, leading to an increase in hydrocarbon gas.

(3) The component of shale oil was dominated by saturated
hydrocarbons in anhydrous pyrolysis, which accounted for 50—
65%. In contrast, a large amount of asphaltenes and resins was
generated in shale oil during sub/supercritical water pyrolysis
due to the solvent effect and weak thermal cracking. The shale
oil in anhydrous pyrolysis was lighter than that in sub/
supercritical water pyrolysis, and the heavy fractions easily
remained in the solid residuals.
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(4) The sub/supercritical water reduced the indices of TOC
and PC of the solid residuals and improved the cracking of
organic matter in kerogen. The hydrocarbon generation
potential of the solid residuals in anhydrous pyrolysis was
superior to that in sub/supercritical water pyrolysis. The
kerogen of the solid residuals gradually evolved from type I to
type III as the temperature increased. The supercritical water
reduced the T, value and lowered the maturity of the solid
residual.
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