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Solid-Acid Catalytic Conversion of Oil Shale: Effects of Sulfonic Acid
Grafting on Oil Yield Enhancing and Quality Improvement
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ABSTRACT: Oil shale is a promising unconventional resource and in situ upgrading technology has been a practical approach for
enhancing oil and gas recovery. Mineral-based clin/SBA-15 has been prepared and subsequently functionalized to get SO;H-SBA-15
catalysts. Compared with the noncatalytic conversion of oil shale under subcritical water, sulfonic acid grafted catalysts have played a
predominant role in enhancing the oil yield by 3—16% and improving oil qualities. The O/C atomic ratio was declined to 0.10—0.11,
while the hydrocarbon yield was sharply increased to 47—60% from 34%. The energy recovery has been elevated to 75—82%, and the
produced oil had a heating value of 35—37 MJ/kg. Compared with that without catalyst, the energy recovery rate is 34.55%, and the
heating value is 23.61 MJ/kg. The overall oil yield showed a linear trend with respect to the medium and strong acid amounts on
SO;H-SBA-15 in the aqueous conversion of oil shale. It was indicated that the SO;H— group assisted in the depolymerization via the
C—C and C—O bond breaking. Upon the addition of SO;H-SBA-15, the activation energies of the oil shale catalytic conversation are
decreased dramatically to 78 kJ/mol. It provided a practical approach for the in situ upgrading of oil shale under milder reaction
conditions.

1. INTRODUCTION efficient approach for enhancing oil and gas recovery.'”"* The
main objective of the oil shale ICP is to yield hydrocarbons as

Oil shale is regarded as one of the maximum energy resources
much as possible under the downhole conditions. This process

in the world, and shale oil reserves converted from oil shale is

689 billion tons.'™ China’s oil shale reserves are abundant, definitely involves breaking the heavy components such as
estimated at 720 billion tons, which is equivalent to 47.6 billion kerogen and bitumen and improving the movability of the
tons of shale oil; therefore, it is likely to become the best derived oil. Kerogen is the main organic matter in oil shale,
substitute for conventional fossil fuels.”® Oil shales are which is the largest and most economical organic carbon
sedimentary rocks containing a high proportion of organic reservoir and hydrocarbon source.'*'® Hydraulic fracture
matter (kerogen),ﬁ which can be converted into a material facilitates the accelerated repining of immature kerogen and
similar to petroleum by heating.”* However, the incomplete promoting kerogen to bitumen conversion as there are high-

transformation of kerogen results in the obtained shale oil
containing a large amount of high-molecular-weight hydro-
carbons. The existence of these components leads to the
instability and high viscosity of shale oil.”'® Therefore, there is
a certain practical significance and theoretical value to finding a
new method to promote the conversion of oil shale into shale
oil as well as improving the oil quality.11

Compared with the conventional utilization of oil shale such
as surface processing and retorting and burning, the in situ
conversion process (ICP) has been developing as an energy-

pressure steam and acidic fracturing fluid.'® Aquathermolysis
has many advantages over other upgrading methods for
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Figure 1. Preparation route of SO;H/SBA-15.
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unconventional heavy oil exploitation,'”” and the most
appropriate catalysts are those containing strong, active sites
that can cleave the C—C, C—0O, and related bonds in resins
and asphaltenes, leading to an incline of saturates and lighter
aromatic hydrocarbons.

The minerals in the shale revealed a slight catalytic effect on
organic conversion under exploitation conditions where hot
water or pressurized steam was injected. More nanocatalysts
have been designed and prepared for the in situ conversion of
heavy oil."® Solid-acid catalysts are mostly supported catalysts,
which can effectively overcome the disadvantages of
homogeneous catalysts and enhance the oil yield of oil shale
in situ exploration. Modified solid-acid catalyst, such as grafting
sulfonic acid group, shows good catalytic activity to some
extent, because of the high density of the sulfonic acid group
(=SO;H) and stability."” ' Sulfonic acid groups (—SO,H)
were grafted to the meso-Y zeolite framework for biodiesel
hydrocracking to jet fuel.”” Sulfonic acid functionalized SBA-
15 catalyst was employed for the highly selective production of
5-hydroxymethylfurfural from fructose.”®

For enhancing the recovery of hydrocarbons from shale oil, a
mineral-based clin/SBA-15 catalyst was made in a lab,”* and
better performance could be obtained with the high density of
strong acid sites on clin/SBA-15. In this manuscript, we
modified clin/SBA-15 with sulfuric acid by grafting the —SH
group and H,O, oxidation, and the SO;H/SBA-15 catalysts
were tested for their activity for enhanced oil recovery (EOR)
of oil shale under 280 °C. The milder reaction conditions of
catalytic conversion may be beneficial to promote the practical
application of in situ oil shale upgrading.

2. MATERIALS AND METHODS

2.1. Catalyst Preparation. SO;H/SBA-15 was prepared
from clin/SBA-15 and (3-mercaptopropyl) trimethoxysilane
(MPTMS) in toluene refluxing at 110 °C for 24 h, with 30%
H,0, oxidation, and 0.5 mol/L H,SO, washing (Figure 1).
The supporter clin/SBA-15 was prepared from clinoptilolite by
the hydrothermal method according to the previous

papers.25’26 The energy-dispersive spectrometry (EDS) and

5837

Fourier transform infrared (FT-IR) spectrum of SO;H/SBA-
1S showed the presence of the sulfur element, which indicates
the grafting of the sulfonic acid group.

2.2. Characterization of SO;H/SBA-15. The synthesized
catalysts were characterized by a X-ray diffractometer (XRD)
(Bruker D8 ADVANCE) for the phase identification with Cu
Ka radiation at 30.0 kV and 20.0 mA. The 26 scan range was
from 0.6 to 7° and 6 to 50°. Scanning electron microscopy
(SEM) and EDS analyses were carried out using ZEISS
(GeminiSEM 300) at 15 kV, and transmission electron
microscopy (TEM) analysis was carried out using (JEM
2100) at 30 kV. The functional groups were analyzed by FT-IR
spectroscopy on Nicolet 380 in the range from 4000 to 400
cm™!. The Brunauer—Emmett—Teller (BET) surface area was
measured by nitrogen adsorption at 77 K in a volumetric static
adsorption instrument (Micromeritics ASAP 2020). Before
measuring the nitrogen adsorption, the sample was degassed in
a vacuum at 180 °C for 3 h. According to the adsorption
branches of the isotherms, the Barrett—Joyner—Halenda
(BJH) method was used to calculate the pore size distribution.

The total acids and medium and strong acids were
determined using both chemical titration and UV spectra. To
determine the total acidity, 0.04 g of catalyst was fully reacted
with 20.0 mL of 0.01 mol/L sodium hydroxide solution for 2 h,
and the supernatant was obtained by centrifugation. Then, the
residual sodium hydroxide in the supernatant was titrated with
0.01 mol/L hydrochloric acid solution of standard concen-
tration, and the acid—base indicator used was a 1% (m/v)
phenolphthalein solution. To determine the medium and
strong acids, 0.02 g of catalyst and S0 mL of 0.632 mmol/L
pyridine cyclohexane solution were ultrasonicated at 298 K for
3 h. The absorbance of the extractions of the samples is
determined at 251 nm, and the amounts of medium and strong
acids were calculated according to the standard curve.

2.3. Oil Shale In Situ Catalytic Conversion. The
properties of oil shale are shown in Table S1. The oil shale
was crushed and screened to <10 mm size. The in situ catalytic
conversion experiment of oil shale to obtain shale oil was
carried out at a final temperature of 280 °C (maintained for 4
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Figure 2. TEM images (a, a, a;), SEM images (b,, b,, bs), and EDS images of the SO;H/SBA-15 (4 mmol/g) catalyst.

h) and a heating rate of 10 °C/min using a SO mL batch
reactor with 20 mL of water, 8 g of oil shale, and 0.8 g of
catalysts. The liquid products of oil shale in situ catalytic
conversion were extracted using dichloromethane; after which,
they were filtered to reach an oil—water separation using
The

schematic diagram for the reactor was provided in our previous

vacuum filters and washed with dichloromethane.

papers.”*
The simulated distillation method SY/T 5779-2008 was
employed to determine the boiling point distribution of the oil

samples.
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Gas chromatography—mass spectrometry (GC—MS) anal-
ysis was conducted using Agilent 7890GC-5975MS to analyze
the liquid productions. The split ratio was set at S:1 for
analyzing the shale oil, and the temperature was maintained at
300 °C. The initial temperature was 50 °C and then heated at
a 25 °C/min temperature ramp to 200 °C and heated at a 3
°C/min temperature ramp until a final temperature of 280 °C
and held for 10 min.

The higher heating value (HHV),” as eq 1, was calculated
based on the elemental analysis.

HHV(M]J/kg) = 0.3383C + 1.422(H — 0O/8) (1)

https://dx.doi.org/10.1021/acsomega.0c06264
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Figure 3. XRD patterns (a) and (b), N, adsorption—desorption isotherms and pore size distributions (c), and FT-IR spectra of the SO;H/SBA-15

catalyst (d).

where C, H, and O are the mass percentage contents of carbon,
hydrogen, and oxygen, respectively.

The energy recovery rate (ER),”” as eq 2, of shale oil is an
important index to evaluate the liquefaction efficiency.

HHVshale oil X oil YIEId
HHVvoil shale

ER = X 100%

@)

2.4. Oil Shale Pyrolysis. The oil shale pyrolysis experi-
ment was performed on STA409PC. The mixture of oil shale
and catalysts with the total mass of around 10 mg (9 mg oil
shale + 1 mg catalyst) was added into the quartz crucible,
heated to 110 °C in an N, flow with a rate of 40 mL/min, and
maintained for 20 min to remove moisture. The mixture was
then heated to 700 °C at a rate of 10 °C/min and in an N,
flow with a rate of 40 mL/min.

The kinetic parameters, pre-exponential factor A and
activation energy E,, were calculated according to the Newkirk
method as shown in eqs 3 and4.

1
t=——In(1 - ) “

(4)

In this equation, « is the reaction fraction, k is the reaction rate
constant, E, is the activation energy (kJ/mol), A is the pre-
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exponential factor, R is the gas constant, 8.314 J/(mol K), and
T is the temperature (K).

3. RESULT AND DISCUSSION

3.1. Catalyst Characterizations. The TEM images (cross
section direction (a;, a,) and perpendicular to the channel
direction (a;)) and the SEM images (b) are shown in Figure 2.
Clin/SBA-15 comprised rope-like domains with a relatively
uniform size. The images showed the longitudinal arrangement
of the mesopores, which was the characteristic of SBA-15
materials. It can be known from the TEM image that the two-
dimensional hexagonal structure of clin/SBA-15 was not
destroyed after the grafting of the sulfonic acid group. The
pore size is ~5 nm, which has good active center accessibility
for heavy components in oil shale. The EDS image of the
SO,;H/SBA-1S catalyst (4 mmol/g) is shown in Figure 2. Also,
the following elements were detected on the surface of the
catalyst: Si, Al, O, C, and S, which indicated that clin/SBA-15
was successfully grafting with the sulfonic acid group. The
presence of mesoporous silica was confirmed by strong O and
Si signals, while Al and S signals detected in the surface area
showed that Al and S elements were evenly distributed on the
catalyst surface. The silicon—aluminum ratio of the SO;H/
SBA-1S catalyst is 77.14, and the loading of S is 3.68 mmol/g.

The wide-angle and small-angle XRD patterns of SO;H/
SBA-15 are shown in Figure 3a,b, respectively. According to
the results, there is an obvious (100) mesoporous diffraction
peak in the small-angle region, which was the typical

https://dx.doi.org/10.1021/acsomega.0c06264
ACS Omega 2021, 6, 5836—5845
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characteristic of SBA-15.”"*" This peak confirmed that the
hexagonal structure was also maintained after the sulfonic
groups were grafted. The nitrogen adsorption—desorption
isotherms and the corresponding pore size distributions of
SO;H/SBA-15 samples are depicted in Figure 3c. The N,
adsorption—desorption isotherm of SO;H/SBA-1S was a type
IV feature with a HI type hzrsteresis loop, which was the typical
characteristics of SBA-15.”"*” The specific surface area of
SO;H/SBA-15 declined to 541.15 m*/g, which was lower than
that of clin/SBA-15 (563 m?/g),”* and the pore size was also
reduced to 4.80 nm. The decrease in the surface area, pore
volume, and pore size of the SO;H/SBA-1S suggested that the
grafting reaction was not only carried out on the surface of the
catalyst but also proceeded in the inside of the pore, resulting
in a certain degree of plugging phenomenon.’” FT-IR was used
as an effective method to determine whether silane was
successfully grafted onto the surface of the supporter.”* The
FT-IR image of SO;H/SBA-15 was shown in Figure 3d. In
addition to the typical absorption peaks of SBA-15>>° at 3468,
1083, 806, 461, and 1643 cm™ !, there was a weak absorption
peak of the S—H bond at 2356 cm™’, indicating that sulfhydryl
has been successfully grafted to the surface of the carrier clin/
SBA-1S. After oxidation by H,0,, the peak disappeared,
indicating that —SH is completely oxidized to —SO;H, which
was consistent with the reports of Xingdong.”” The stretching
vibration of methylene C—H bond in MPTMS is at 2950 cm™".

3.2. Relationship of Shale Oil Yield and Acid Amount.
Table 1 shows the total and medium acid amounts of SO;H/

Table 1. Acid Amounts of SO;H/SBA-15 Catalysts

medium and
strong acid

medium and

total acids strong acid

(mmol/g) (mmol/g) content (%)
SO;H/SBA-15(1 mmol/g) 1.39 1.11 79.86
SO,H/SBA-15(2 mmol/g) 143 1.06 74.13
SO;H/SBA-15(3 mmol/g) 1.45 1.13 77.93
SO,H/SBA-15(4 mmol/g) 145 126 86.90
SO;H/SBA-15(5 mmol/g) 1.47 1.24 84.35
SO;H/SBA-15(6 mmol/g) 1.46 1.25 85.62

SBA-15. The total acid content of SO;H/SBA-15 had a
maximum value of 1.47 mmol/g when the loading was 5
mmol/g, and the medium-strong acid content reached 86.90%
at 4 mmol/g grafting.

The product distribution, oil, residual, and gas- and water-
soluble organics (WSO) of oil shale conversion with the
SO;H/SBA-15 catalyst are shown in Figure 4. The original
amount of the product yield is in the Supporting Information
Table S2. The oil yield of oil shale reached 39.62—55.55% after
adding SO;H/SBA-15, and the highest oil yield reached
55.55% when the loading was 4 mmol/g, which was 42.65%
higher than that of oil shale thermal conversion.

The relationship between the acid content of SO;H/SBA-15
and the oil yield of shale oil is shown in Figure S. It can be seen
that the acid amount was not linearly related to the oil yield,
and there was an extreme point. When the total acid amount
was 1.47 mmol/g, the medium and strong acid amounts were
1.26 mmol/g, accounting for 87%. That is to say, the oil yield
reached the maximum when the loading amount of sulfonic
acid was 4 mmol/g, which was attributed to medium and
strong acid sites.

3.3. Shale Oil Conversion with SO;H/SBA-15. From the
GC—MS analysis (Figure 6), nearly half of the products are
hydrocarbons, and the rest were oxygenated compounds, such
as alcohols, ketones, organic acids, and so on. With the loading
of 3, 4, and 5 mmol/g, the yield of hydrocarbon could reach
58—60%, which was 20% higher than that without catalyst,
while the yield of hydrocarbon decreases when the loading was
up to 6 mmol/g. It could be inferred that the appropriate
amount of acid sites was beneficial to enhance the yield of
hydrocarbons. Deoxygenation was the crucial process for shale
oil upgrading, and it could be promoted by strong acid sites on
the catalyst. This work provided a better understanding of the
role of —SO;H and new insights into the design of the in situ
upgrading catalysts for oil shale exploration.

The carbon number distribution of oil shale catalytic
conversion products is shown in Figure 7 and Table 2. The
carbon number distributions of the catalytic conversion
products of oil shale were all from C6 to C19, and the
reaction products were mainly alkanes and naphthenes. The
SO;H/SBA-15 catalysts with different loadings had different

Yield (%)

1mmol/g 2mmol/g

Il WSOs and Gas [l Oil

3mmol/g

Il Residue

4mmol/g 5mmol/g 6mmol/g

Figure 4. Product distribution map of the SO;H/SBA-1S catalyst for oil shale conversion (280 °C, 4 h, 8 g of oil shale, 0.8 g of catalysts, 20 mL of

water).
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Figure 7. Carbon number distribution of oil shale catalytic conversion products (280 °C, 4 h, 8 g oil shale, 0.8 g catalysts, 20 mL water).
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Table 2. Carbon Number Distribution of Oil Shale Catalytic
Conversion Products (wt %)

Cs—Cpy C1i—Cyo
1 mmol/g 41.51 58.49
2 mmol/g 43.17 56.83
3 mmol/g 47.39 52.61
4 mmol/g 70.84 29.16
S mmol/g 47.72 52.28
6 mmol/g 43.81 56.19

Table 3. Boiling Point Distribution of the Oil Shale
Catalytic Conversion Products (wt %)

100—170 °C 170—350 °C
1 mmol/g 24.60 75.40
2 mmol/g 24.06 75.94
3 mmol/g 27.44 72.56
4 mmol/g 41.44 58.56
S mmol/g 3391 66.09
6 mmol/g 2623 73.77

selectivities to carbon numbers. The selectivity of C9 was the
best when the loading was 4 mmol/g, accounting for about
25%, and the selectivity of C7 was the second, accounting for
21.23%. It can be known from Table 2 that as the loading
increased, the content of naphtha gradually increased. When
the loading was 4 mmol/g, the content of naphtha reached a
maximum of 70.84%); when the load continued to increase, the
content of naphtha decreased instead, which was caused by the
medium-strong acid content of SO;H/SBA-1S. The result
shows that increasing the medium-strong acid content in the
catalyst could better convert the macromolecules to small
molecules and had better selectivity for the catalytic conversion
products.

The boiling point distribution of shale oil conversion
products with SO;H/SBA-1S is shown in Figure 8 and Table
3. The boiling point of the conversion products of shale oil
with SO;H/SBA-15 is between 130 and 330 °C. There was no
vacuum gas oil and residues above 350 °C. From Table 3, the
content of naphtha increased with the increase of the acid
amount in the SO;H/SBA-15. The content of naphtha was the
highest, reaching 37.14%, when the loading was 4 mmol/g.

The elemental analysis of the conversion products of shale
oil with SO;H/SBA-15 is shown in Table 4. The elemental
analysis was performed from the result of GC—MS (Table S3).
Compared with the oil product of thermal conversion, the
content of C in the shale oil conversion products with SO;H/
SBA-15 increased by 33.13—33.89%, the content of O
decreased by 32.99—34.26%, and the H content enhanced to
4.61—5.55%. Moreover, the H/C and O/C atomic ratios in the
conversion products were significantly reduced. The quality of

oil increases when O/C decreases and the decrease of H/C
was attributed to demethylation or further decomposition into
the gas phase. The increase of the C content and the decrease
of the O content in the catalytic conversion sample had a
significant effect on the increase of the high calorific value,
which increased it by 15—8 M]J/kg. At the same time, the
energy recovery rate of catalytic conversion of shale oil
increased significantly, and the energy recovery rate of 4
mmol/g SO3H/SBA-1S5 catalytic conversion of shale oil could
reach 81.51%.

3.4. Oil Shale Pyrolysis. The pyrolysis process of shale oil
is basically divided into three stages:*® the pyrolysis of the low-
temperature section (50—200 °C), this stage is mainly caused
by the water volatilization in the oil shale; the high-
temperature section pyrolysis (300—600 °C) is mainly caused
by the pyrolysis of organic matter in shale oil; and ultrahigh-
temperature section (700—900 °C) is mainly caused by the
pyrolysis of inorganic matter and fixed carbon. Compared with
the low-temperature section and the high-temperature section,
the thermal decomposition process at this stage is less obvious.
Combined with the specific temperature of the oil shale
pyrolysis experiment, the final temperature used in the
thermogravimetric experiment is 700 °C.

Figure 9 shows the TG and differential thermogravimetric
(DTG) curves of shale oil in an N, atmosphere with a heating
rate of 10 °C/min. According to the DTG curve, a small
weight loss peak appeared in the temperature range of 50—200
°C, which is the dehydration peak of the oil shale pyrolysis
process; a very obvious weightlessness peak appeared in the
temperature range of 300—600 °C, which is the weightlessness

30
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20

Yield (%)

‘ih

I 1mmol/g
I 2mmol/g
I 3mmol/g
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Figure 8. Boiling point distribution of the oil shale catalytic conversion products (280 °C, 4 h, 8 g of oil shale, 0.8 g of catalysts, 20 mL of water).
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Table 4. Element Content, HHV Value, and ER Value of the Oil Shale Catalytic Conversion Products

atomic ratio

C (wt %) H (wt %) O (wt %) H/C o/C HHV (MJ/kg) ER (%)
oil shale 47.14 7.62 40.22 1.94 0.64 19.63
without catalyst 53.45 7.72 30.67 1.73 0.43 23.61 34.55
1 mmol/g 80.87 8.17 10.96 1.21 0.10 37.03 74.74
2 mmol/g 80.47 7.30 12.23 1.09 0.11 3543 77.16
3 mmol/g 81.03 7.34 11.63 1.09 0.11 35.78 78.26
4 mmol/g 80.57 7.61 11.82 1.13 0.11 35.98 81.51
S mmol/g 80.93 7.23 11.84 1.07 0.11 35.56 80.32
6 mmol/g 80.27 7.57 12.15 1.13 0.11 35.76 80.07
100 . 0.05
— without catalyst
—— with clin/SBA-15
—— with H/SBA-1
with SO;H/S 5 0.00 -
90
—~ ¥ 005
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= :
80
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Figure 9. TG and DTG curve of oil shale pyrolysis and catalytic pyrolysis.

Temperature(°C)

peak caused by the pyrolysis of organic matter in shale oil,
especially the pyrolysis of asphalt and kerogen.

Shale oil pyrolysis showed a maximum weight loss rate at
459.47 °C, and the temperature for maximum weight loss rate
for shale oil with clin/SBA-15 was 457.91 °C and that with
SO;H/SBA-15 was 451.74 °C, which are both lower than the
maximum weight loss rate temperature of the shale oil
pyrolysis. It shows that after adding catalysts, the pyrolysis
temperature for the maximum weight loss rate moves to the
low-temperature region, and the catalyst promotes the
pyrolysis of shale oil.”’ Thakur and Nuttall** studied the
pyrolysis kinetics of shale oil using isothermal and non-
isothermal thermogravimetry method. The results show that
the pyrolysis process of shale oil follows the first-order kinetics.

The kinetic analysis of the pyrolysis process was performed
using the Newkirk method, and the calculation results are
shown in Table S. The activation energy of oil shale pyrolysis is
107.80 kJ/mol, which is in the range of the activation energy of

Table S. Characteristic Decomposition Temperature and
Activation Energy of Oil Shale Pyrolysis and Catalytic
Pyrolysis (the Newkirk model)

Ty IEN temperature zone
(°C) (kJ/mol) R* 9
thermal 459.47 107.80 0.997 300—600
with clin/SBA-15 457.91 73.1S5 0.998 300—600
with 451.74 78.74 0.998 300—600

SO3H/SBA-15
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shale oil pyrolysis reported by Sun’® et al. After adding clin/
SBA-15 and SO;H/SBA-15, the activation energies were
declined to 73.15 and 78.74 kJ/mol, respectively. The
activation energy of the breaking of the C—C bonds of
heavy oil was about 168.7 kJ/mol (calculated by the Friedman
method),”" and it was much higher than that of catalytic oil
shale pyrolysis. It can be inferred that the addition of catalysts
can converse more components in shale oil, reduce the
conversion temperature of oil shale, and significantly increase
the distillate yield in the lower temperature range.

4. CONCLUSIONS

In this manuscript, by adding the SO;H-SBA-15 catalyst, the
activation energy of oil shale catalytic pyrolysis was reduced,
the conversion of oil shale was promoted, and the relationship
between the acid amount of catalyst and oil production yields
was explored. The quality of product oil was further improved,
including more C5—C11 distillates, declining O/C ratio, and
higher HHV. The Newkirk method was used to analyze the
thermal transformation process of oil shale, and the thermal
transformation of oil shale conforms to follow the first-order
reaction model.
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