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Abstract: The effect of shale ash (SA)-based catalysts (SA as carriers to support several transition
metal salts, such as ZnCl,, NiCly-6H,O, and CuCl,-2H,0) on oil shale (OS) pyrolysis was studied.
Results showed that SA promoted OS pyrolysis, and the optimum weight ratio of OS:SA was found
to be 2:1. The SA-supported transition metal salt catalyst promoted the OS pyrolysis, and the catalytic
effect increased with increasing load of the transition metal salt within 0.1-3.0 wt%. The transition
metal salts loaded on the SA not only promoted OS pyrolysis and reduced the activation energy
required but also changed the yield of pyrolysis products (reduced shale o0il and semi-coke yields
and increased gas and loss yield). SA-supported 3 wt% CuCl,-2H,O catalyst not only exhibited the
highest ability to reduce the activation energy in OS pyrolysis (32.84 k]J/mol) but also improved the gas
and loss yield, which was 4.4% higher than the uncatalyzed reaction. The supporting transition metal
salts on the SA also increased the content of short-chain hydrocarbons in aliphatic hydrocarbons in
shale oil and catalyzed the aromatization of aliphatic hydrocarbons to form aromatic hydrocarbons.
The catalytic activity of the transition metal salt on the SA-based catalyst for OS pyrolysis decreased
in the order of CuCl,-2H,0O > NiCl,-6H,O > ZnCl,.
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1. Introduction

Since the 20th century, the massive use of traditional fossil fuel has led to rapid depletion of its
reserve. The lack of fossil fuel encourages some countries to develop alternative energy sources, such
as synthetic oil from coal and other fossil fuels. For many countries, oil shale (OS) represents a valuable
potential source of liquid hydrocarbons and energy. In China, OS resources are estimated at 978 billion
tons; of which, OS resources in extensional basins are approximately 632 billion tons, which account
for 65% of the China’s total OS resources or approximately 32 billion tons of in situ shale oil [1-4].
Shale oil has high H/C atomic ratio and is similar to crude oil. OS has become an ideal substitute for
fossil fuel [5].

Dry distillation is an attractive conversion method, where OS is converted into different phases,
including shale oil, semi-coke, and gas. Many influencing factors, including shale particle size,
pyrolysis atmosphere, pyrolysis temperature, heating rate, and residence time, have been studied to
improve the production of shale oil and its quality [6,7].

Various types of catalysts have been investigated for the catalytic pyrolysis of OS. Williams et
al. [8,9] studied the effect of zeolite catalysts in a two-stage reactor and reported that the catalysts
decrease the overall contents of N and S and the yield of the derived Pakistan shale oil. Gai et al. [10]
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studied the effect of pyrite on OS pyrolysis; inherent pyrite improves the oil yield, but additional pyrite
increases the amount of volatiles. Hu et al. [11] found that montmorillonite and gypsum enhance
oil formation and minimize residue formation during kerogen pyrolysis, whereas calcite inhibits oil
formation. Jiang et al. [12] investigated the catalytic effects of CoCl, and MnSO, on OS pyrolysis.
The results showed that CoCl; can function as an activation center to accelerate the decomposition
of chemical bonds in organic matter, thereby increasing the shale oil yield. Chang et al. [13] studied
the effects of FeCl,-4H,0, CoCl,-6H,0, NiCl,-6H,0, and ZnCl, on OS pyrolysis by fixed bed and
thermogravimetric analyses. These pyrolysis experiments indicated that all transition metal salts
can enhance the secondary cracking of shale oil, thereby reducing the oil production and increasing
pyrolysis the gas production. Transition metal salts can also catalyze the aromatization of aliphatic
hydrocarbons to obtain aromatic hydrocarbons.

Coal chars have a good catalytic effect on coal pyrolysis and can be used as a carrier to support
metal chloride and maximize the utilization of its surface. Metal minerals and metal chlorides inside
the coal char synergistically lead to heavy tar cracking effect [14,15]. Coal and OS are fossil fuel sources
with similar properties. Thus, the solid product shale ash (SA), after pyrolysis or combustion of OS
has good catalytic effect similar to coal char. Shi et al. [16] studied the effect of SA on the pyrolysis
of Huadian OS. SA exerts a negligible effect on product yield but significant effect on gas and oil
components. Lai et al. [17] demonstrated that OS ash has a catalytic effect on the secondary cracking
and upgrading of shale oil to facilitate the conversion of the heavy oil fraction to light oil and gas.

Up to now, few studies pay attention to the effect of catalysts loaded with the carrier of Cu and
SA on pyrolysis of the OS. Therefore, the mixed pyrolysis behavior of the Fushun OS and SA based
catalyst was investigated, as well as the effect of SA loaded with a different transition metal salt (ZnCly,
NiCl,-6H;,0, and CuCl,-2H,0) on the pyrolysis behavior and product.

2. Experimental

2.1. Materials

OS and SA were obtained from Fushun City, Liaoning Province, China, and their main properties
are shown in Table 1. The OS samples were pulverized by a jaw crusher (Zhengzhou, China) and
screened with molecular sieves. The OS sample had a particle size of 40-60 mesh. Before the
experiment, the OS samples were washed seven to eight times with deionized water and dried
overnight at 80 °C [12,18-20]. Transition metal salts such as ZnCl,, NiCl,-6H;0O, and CuCl,-2H,0
were all analytically pure. The transition metal salt loading referred to herein is the transition metal
loading, with values of 0.1, 0.5, 1, and 3 wt%, which are the ratio of transition metal quality to the sum
of transition metal and SA. The OS:SA mass ratios were 1:0, 2:1, and 1:1, and the loss of SA in the
thermogravimetric and pyrolysis experiments was considered negligible. SA-based catalysts were
prepared by equal-volume impregnation.

Table 1. Industrial analysis and elemental analysis of oil shale (OS) and shale ash (SA).

Industrial Analysis, % Elemental Analysis, %
Sample Maq Aad Vad FCaq * Cad Haq Nag Oad * Sad
(O 2.88 77.19 17.76 2.17 10.86 1.89 0.74 6.16 0.28
SA 0.55 90.69 597 2.79 4.98 0.56 1.16 1.31 0.75

* subtraction method.

The sample with SA-based catalyst mixed with OS was denoted as OS-SA-Q, where Q represents
the type of the transition metal element used. For example, OS-SA refers to an OS sample mixed
with OS and SA, and OS-SA-NIi refers to an OS sample mixed with OS and SA-loaded NiCl,-6H,O.
Furthermore, the pyrolyzed semi-coke sample is denoted as M-SC, where M represents the pyrolyzed
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sample used. For example, OS-SA-SC refers to a semi-coke sample, and SC refers to a semi-coke after
pyrolysis with OS alone.

The components of Fushun OS and SA were analyzed by X-ray diffraction (XRD). The XRD
spectrum indicated that the minerals in the OS were mainly composed of quartz and aluminosilicates,
of which the aluminosilicates included kaolinite and illite. In addition, a small amount of carbonates,
such as siderite, existed. The composition of SA was mainly composed of SiO,, and the signals of
Fe;O3 and MnO; could also be clearly detected. However, some metal oxides or salts may not be
crystallized after high-temperature treatment; as such, even high levels cannot be detected by XRD
analysis. In addition, some peaks overlap and cannot be fully recognized [16]. In this regard, SA
composition was also analyzed by X-ray fluorescence (Table 2).

Table 2. Ash XRF (X-ray fluorescence) analysis of Fushun oil shale.

Constituent SiO; Al,O3  Fey03 SO;3 K,O MgO TiO, P,05 CaO Other
Content, % 58.14 23.19 10.27 1.51 1.44 1.42 1.36 1.27 1.07 0.33

Table 2 shows that Fushun SA was mainly composed of 5iO,, Al;O3, and Fe,O3, which account
for 91.6% of the total composition. Small amounts of K,O, MgO, TiO,, and CaO were also present.

2.2. OS Pyrolysis

Thermal behavior analysis: As one of the most important thermochemical methods,
thermogravimetric analysis was applied to observe changes in the pyrolysis behavior of OS samples
with/without SA-based catalysts. The thermal analyzer used (US TA company, Shenyang, China) has
microbalance sensitivity of less than +0.1 °C and temperature accuracy of £0.5 °C. In each experiment,
the initial weight of the sample loaded into the crucible was 10 + 0.5 mg to avoid heating transfer
limitation, and then was set to increase the temperature from room temperature to 900 °C at a heating
rate of 10 °C/min. The Ar, as carrier gas and shielding gas, was maintained at 50 and 20 mL/min during
the whole experiment process to ensure the inert atmosphere. The influence of buoyancy and weight
loss of the crucible was calibrated by the baseline carried out with a blank experiment before the sample
experiment. To ensure the reasonable reproducibility, all the potentiodynamic polarization tests were
normally repeated at least three times under the same condition. The conversion rate formula used in
the thermogravimetric analysis is as follows.

o = T (1)
mpy — Meo
where m is the initial mass of the oil shale, m; is the remaining mass of the oil shale at time t, and 1,
is the mass of the final non-decomposable residue.

Pyrolysis experiment: A homemade fixed bed pyrolysis device was used. The device was mainly
composed of five parts, namely, a feeding device, a pyrolysis device, a condensing device, a drying
device, and a gas analysis device. The pyrolysis unit was decomposed into a three-part pyrolysis
furnace. Cool water was added to the furnace mouth and tail to ensure appropriate operation of the
unit. In each experiment, the samples (10 + 0.5 g) were placed in a pyrolysis furnace and purged with
Ny to ensure the inertness of the pyrolysis atmosphere. The temperature was then raised at a rate of 5
°C/min from room temperature to 520 °C, which was maintained for 20 min. The volatile products
formed by pyrolysis were purged by Ny into the system for condensation. The non-condensable gas
was passed through an infrared in-line analyzer after drying for real-time detection. The yield of the
pyrolysis product was then obtained according to the work of Jiang et al. [12].

2.3. Analytical Methods

The characteristics of shale semi-coke and shale oil were analyzed by Fourier transform attenuated
total reflection infrared spectroscopy (ATR-FTIR, Nicolet iS50 model, Shanghai, China). Spectral
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recording was conducted between 400 and 4000 cm~! with a spectral resolution of 4 cm~!. An Agilent
7890A gas chromatograph equipped with an Agilent 5975C mass spectrometer (Shenyang, China) was
used to detect the chemical composition of the product.

3. Results and Discussion

3.1. Influence of SA Content on OS Pyrolysis

Figure 1 shows the TG (Thermal Gravity) and DTG (Differential Thermal Gravity) curves of
the mixed pyrolysis of OS and SA. The TG curve shows that the thermal decomposition of the OS
sample without catalysts could be outlined in three stages. The first stage, which occurred from room
temperature to 300 °C, mainly involved the dehydration of water. A drum wind drying oven was used
prior to the trial, and the weightlessness was relatively gentle. The second stage occurred from 300 °C
to 600 °C, at which the weight loss rate was as high as 16.8 wt%, accounting for 80.6 wt% of the total
weight loss. Therefore, the second stage was the main stage of thermal decomposition. The third stage
occurred from 600 °C to 900 °C, at which organic matter was completely degraded. The decomposition
reaction of some clay minerals and siderite was observed [21] but was relatively weak. This finding
indicates that the Fushun OS contained less carbonate minerals [22], which conforms to the XRD
analysis results.
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Figure 1. (a) TG (Thermal Gravity) and (b) DTG (Differential Thermal Gravity) curves for different
mass ratios of OS:SA.

Figure 1 shows the same trends of the three TG and DTG curves. In the TG curve, the total weight
loss rate of pyrolysis gradually decreased with gradually increasing SA content because of the dilution
of OS organic matter as the SA ratio increased. Moreover, the volatile matter remained in the pyrolysis
system for a long time, resulting in a secondary reaction and changing the oil yield and composition.
The secondary reaction of volatile materials during diffusion in the reactor is primarily due to the
coking of the hydrogen-depleted species and the cracking of the aliphatic portion [23]. The coking
causes the shale oil to form solid product or coke, which is dominant at relatively low temperatures
such as below 450 °C [24,25]. The catalytic action of SA caused the cracking and coking of organic
matter at relatively low temperatures.

The DTG curve shows that the maximum weight loss rate gradually decreased as the SA ratio
increased. The corresponding temperature was approximately 5 °C lower than that at the maximum
weight loss rate of OS when the OS:SA ratio was 2:1. However, when the ratio of OS: SA was 1:1, the
decreasing temperature at the maximum weight loss rate was less than 5 °C. Thus, the ratio of OS:SA
quality was 2:1.
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Figure 2 shows the conversion curves for different mass ratios of OS:SA. The graph shows that at
less than 434 °C, the conversion rate of OS gradually increased as the SA ratio increased; the conversion
rate of OS:SA (2:1) was higher than the other two at 434-500 °C. At greater than 500 °C, the conversion
rate of the individual OS pyrolysis was the largest possibly because of the good thermal conductivity
of SA [26], resulting in rapid decomposition of the organic matter of OS containing a high ratio of SA;
most of which was decomposed at lower than 500 °C. Above this temperature, the decomposition of
minerals in the OS mainly occurs.
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Figure 2. Conversion curves of different mass ratios of OS and SA.

In summary, SA as a catalyst promoted OS decomposition. However, the SA ratio should not be
large. When SA was used as the supported metal catalyst, the optimum ratio of OS:SA was 2:1.

3.2. Effects of Different Loading of Transition Metal Salts on SA on OS Pyrolysis

Figure 3 shows the TG, DTG, and conversion curves of the mixed pyrolysis of OS and SA-based
catalysts. The pyrolysis of the supported transition metal salts and OS on SA considerably differed from
that of OS. Figure 3a,d,g show that when OS and SA-Q were mixed and pyrolyzed, the total weight
loss rate of the OS was less than the weight loss rate of the mixed pyrolysis of OS and SA. In addition,
the initial pyrolysis temperature of the OS gradually decreased with increasing transition metal salt
loading. This result may have been due to the fact that the supported transition metal salt reduced
the activation energy required for OS pyrolysis, thereby allowing OS organics to pyrolyze in the low
temperature range [27,28]. When the temperature increased, the volatile substances remaining in the
pyrolysis system for a long time undergo a secondary reaction, which leads to an increase in carbon
deposits and a consequent decrease in the weight loss rate. Figure 3b,e,h show that the maximum
weight loss rate of OS-SA-Ni and OS-SA—Cu at different loadings was lower than that of OS-SA.
However, the maximum weight loss rate was lower than OS-SA when ZnCl, has the largest amount in
OS-SA-Zn. In addition, when the transition metal salt loading was low, the temperature corresponding
to the maximum weight loss rate did not change. When the transition metal salt loading was 3 wt%, the
temperature of the maximum weight loss rate changed remarkably and was approximately 5 °C lower
than the OS-SA pyrolysis temperature. The conversion curve Figure 3¢ f,i show that at large transition
metal salt loading, the conversion rate in the organic decomposition stage (300-520 °C) was high.
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Figure 3. Thermogravimetric curves of OS under shale ash-based catalyst: (a,d,g) TG; (b,e,h) DTG;
(c,f,1) conversion rate.

Therefore, various transition metal salts on the SA promoted OS pyrolysis, and the catalytic effect
improved as the amount of the transition metal salt increased within 0.1-3 wt%.

3.3. Effects of Different Transition Metal Salts of SA Loading on OS Pyrolysis

3.3.1. Analysis of Catalytic Pyrolysis Behavior

Figure 4 presents a graph of TG, DTG, and conversion of mixed pyrolysis of SA loaded with 3
wt% ZnCl,, NiCl,-6H,0, and CuCl,-2H,0O with OS. The graphs of the samples with 3 wt% ZnCl,,
NiCl,-6H,0, and CuCl,-2H,O were compared to study the effects of different transition metal salts
loaded on SA on OS pyrolysis. The TG curve (Figure 4a) shows that the temperature of OS-SA-Zn at
the same weight loss rate was lower than the other two other samples throughout the experiment. The
mass loss demarcation temperature of OS-SA-Ni and OS-SA-Cu was 444.1 °C, prior to which the
temperature required for OS-SA—-Cu was low at the same weight loss rate. At temperatures higher
than 444.1 °C, OS-SA-Ni was smaller than OS-SA—Cu at the same weight loss rate. In addition,
OS-SA-Zn had the lowest total mass loss of pyrolysis, which was less than the total mass loss of OS-SA
pyrolysis. Thus, ZnCl,, NiCl,-6H,0, and CuCl,-2H,O synergistically functioned with SA to promote
OS pyrolysis, reduced the temperature required for pyrolysis, induced a secondary reaction of volatile
products, and ultimately led to a decrease in total weight loss rate. This finding is consistent with
previous analysis. The total weight loss rate of OS-SA-Zn was the smallest possibly because ZnCl,
started to volatilize rapidly at 450 °C and the OS interacted with ZnCl,, thereby decreasing the total
weight loss rate of OS [13,29].
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Figure 4. Thermogravimetric curves of OS with SA loading 3 wt% of ZnCl,, NiCl,-6H,O and
CuCl,-2H,0: (a) TG; (b) DTG; (c) conversion rate.

The DTG curve (Figure 4b) shows that the temperatures corresponding to the maximum weight
loss rate of OS-SA-Zn, OS-SA-Ni, and OS-SA-Cu were the same. However, the maximum weight
loss rate of OS-SA—Cu was the smallest, followed by OS-SA-Zn and, finally, OS-SA-Ni. In addition,
the main pyrolysis intervals of OS-SA-Zn, OS-SA-Ni, and OS-SA-Cu moved to the low temperature
zone. Figure 4c shows that the SA-based catalyst primarily affected OS pyrolysis during the main stage.
At this stage, the conversion rate of OS-SA-Q was greater than that the conversion rate of OS and
OS-SA. The conversion rate of OS-SA-Cu was higher than that of the two other samples at 200-520 °C.
Furthermore, the conversion of OS-SA-Zn was greater than the conversion of OS and OS-SA at above
370 °C. Thus, when SA was used as support, the catalytic sequence of the transition metal salts was
CUCIZQHzO > N1C126H20 > ZnClz.

3.3.2. Kinetics Analysis

The related kinetics parameters in the thermochemical system were calculated to investigate the
underlying mechanism. In the numerous analytical models, Coats-Redfern (C-R) method [30,31] has
consistently been used to calculate the related kinetics parameters of solid fuel pyrolysis. Therefore,
this study used the C-R model to analyze the mechanism of mixed pyrolysis of SA-supported 3 wt%
ZnCly, NiCl,-6H;0, and CuCl,-2H,O with OS. The formula can be expressed as follows:

—-In(1-a) AR 1 2RT E

I [ = n (G (-] - 1

@)
where a was the conversion rate; T was the absolute temperature, K; f was the heating rate under
non-isothermal conditions, K/min; E is the apparent activation energy, kJ/mol; A is the pre-exponential
factor; R is the gas constant. For the general reaction temperature range and most E, % was far less

than 1, so In [’2—5(1 — 2RT)] could be regarded as a constant. Therefore, In [_Z"%_a)

used for drawing. The values of the activation energy E and the frequency factor A could be obtained
by the slope — £ and intercept of the line In [‘2—5 (1-2RD)].

Table 3 shows the thermodynamic parameters of the main pyrolysis stage of oil shale with and
without catalyst. The main pyrolysis stage indicated that the weight loss rate accounted for 60 wt% or
more of the weight loss rate of the second pyrolysis section. The curve and fitting results of C-R method
indicated that the main stage of OS pyrolysis was the first-order reaction, and the correlation coefficient
R? was greater than 0.995. This high correlation coefficient proved the reliability of the computational
model. The remaining fitting results are shown in Table 3. The activation energy required for OS
pyrolysis in the main pyrolysis stage was 116.04 k]/mol. When SA and SA-Q were added as catalysts,
the activation energy required for the main pyrolysis stage of OS was reduced. The activation energy
required for the pyrolysis of OS added with SA was reduced by 11.08 k]/mol, accounting for 9.5% of the
activation energy required for OS pyrolysis. The activation energy decreased when the transition metal

] and % could be
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salt was loaded on the SA; the energy was reduced the most at 32.84 k]J/mol in the sample containing
CuCly-2H,0 with a load of 3 wt%, followed by the samples with 3 wt% by weight of NiCl,-6H,O
(24.43 kJ/mol) and ZnCl, (22.7 kJ/mol). This finding suggests that SA-based catalysts can accelerate
the decomposition of chemical bonds in organic matter. The decrease in apparent activation energy
also indicated the highly complicated pyrolysis reactions, including the decomposition of long-chain
alkanes, aromatization of alicyclic compounds, and rupture of heterocyclic compounds. Therefore,
from the perspective of activation energy, SA could promote OS pyrolysis. After the transition metal
salt was added to SA, the catalytic effect improved in the order of CuCl,-2H,0 > NiCl,-6H,O > ZnCl,.
This finding was consistent with the thermogravimetric analysis results.

Table 3. Thermal kinetic parameters of oil shale with and without catalyst.

Sample T (K) E (kJ/mol) A (min~1) R?
OS 697-778 116.04 1.9 x 107 0.9962
OS-SA 696768 104.96 3.1 x 100 0.9957
OS-SA-Zn 681-761 93.34 4.8 x10° 0.9986
OS-SA-Ni 682-758 91.61 42 x10° 0.9985
OS-SA—Cu 688-753 83.20 9.9 x 10* 0.9987

3.4. Product Yield in Fixed Bed Pyrolysis Experiments

Figure 5 shows the yield of mixed pyrolysis products of Fushun OS and SA and supported with 3
wt% ZnCly, NiCl,-6H,0, and CuCl,-2H,0. The mixed pyrolysis of OS and SA promoted the formation
of shale oil and reduced the production of shale semi-coke and gas and loss. This result is similar to
that reported by Niu et al. [32], who claimed that SA can increase the yield and quality of shale oil.
When ZnCl,, NiCl,-6H,0, and CuCl,-2H,0O were added to the SA, and the OS was pyrolyzed and
the amount of shale oil produced decreased compared with the shale oil formed by OS-SA pyrolysis.
In addition, the pyrolysis of OS-SA—Zn resulted in larger semi-coke yield compared with that of the
two other metals; however, the semi-coke yield remained lower than that in OS pyrolysis (Figure 5).
The catalyst increased the mass loss of OS pyrolysis, and the trend of forming shale semi-coke was
consistent with the thermogravimetric analysis results. Moreover, these results are consistent with the
report of Chang et al. [13], who observed that FeCl,-4H,0O, CoCl,-6H,0, NiCl,-6H,0, and ZnCl; can
enhance the secondary cracking of shale oil, reduce the oil production, and increase the gas produced
during pyrolysis. The reduction of shale oil may have been due to the fact that SA loaded with the
transition metal salt promotes OS pyrolysis, which caused the shale gas to remain in the pyrolysis
system for a long time. Moreover, the transition metal of the activation center could have exerted a
catalytic cracking effect on shale gas, which resulted in a secondary reaction.

88 I
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Figure 5. Effects of SA and its supported transition metal salts on the yield of OS pyrolysis products.
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In addition, the yields of gas and loss generated by OS-SA-Q pyrolysis were higher than those
derived from pyrolysis of OS and OS-SA. The yields from the pyrolysis of OS-SA-Cu were the largest
and 4.4% higher than those of OS. Hence, the SA-based catalyst promoted the secondary reaction of
the OS to produce several non-condensable gases.

3.5. Characteristics of Semi-Coke after Pyrolysis

Figure 6 shows an ATR-FTIR diagram of OS and semi-coke, where Figure 6a presents the total in
situ Fourier infrared spectrum, and Figure 6b illustrates the spectrum with a wavenumber between
3000 and 2800 cm~!. The overall trends were the same for OS and SC. The wavenumber showed a
strong absorption band at 1100-900 cm ™!, which is the absorption peak of silicate [33,34]. The medium
intensity band near 690 cm~! and the double band at 796 and 776 cm~! were attributed to quartz and
are characteristic absorption peaks of quartz, respectively [35]. The stretching vibration of hydroxyl
(OH) in silicate kaolinite is between 3700 and 3500 cm™!, particularly at 3695 and 3620 cm ™! [36,37].
In addition, the spectrum of the semi-coke of OS-SA-Cu exhibited an absorption band at approximately
3400 cm™!, which was an absorption peak not found in the other spectra and may have been caused by
water absorption of the sample in air [35,38].
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Figure 6. FTIR spectra of OS and SC (a) without catalyst and (b) with catalyst.
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Numerous mineral peaks will have covered some of the organic matter peaks due to the high
mineral content in the OS. Figure 6a,b show that the most evident absorption peaks of the organic
matter of Fushun OS were at 2923 and 2857 cm™~!, which are the characteristic absorption peaks of
aliphatic hydrocarbons and the stretching vibration of aliphatic hydrocarbon C-H (methylene) [39],
respectively. Thus, the main component of the organic matter of OS was aliphatic hydrocarbon. The
absorption peaks at 2923 and 2857 cm~! disappeared after OS pyrolysis, indicating that the OS organic
matter was completely pyrolyzed at this stage. The absorption peaks of the remaining wavenumbers
slightly changed.

3.6. Characteristics of Shale Oil

3.6.1. Characterization of Shale Oil Produced from Catalytic OS Pyrolysis

Figure 7 shows the ATR-FTIR spectra of shale oil produced with and without a catalyst. The overall
trend of the five shale oils was the same, and the main functional groups fluctuated within wavenumber
ranges of 3000-2800, 18001000, and 900-700 cm~!. Wavenumber 3000-2800 cm~! is mainly assigned
to an aliphatic substance. Shale o0il was the most evident in this range and mainly fluctuated near two
wavenumbers, namely, 2920 and 2850 cm~!, which were methylene (CH,) C-H stretching vibration
absorption peaks (Figure 7) [40,41]. An aliphatic C-H bending vibration was at 1462 and 1377 cm™!
within the wavenumber range of 1800-1000 cm~! [42]. The catalyst-added shale oil did not change



Catalysts 2019, 9, 900 10 of 15

considerably, although the change was remarkable at the wavenumber of 1263 cm™!; in particular,
OS-SA-Zn was prominent. Adding catalysts promoted the formation of aromatic structure oxygenates,
as evident by the peak at 1263 cm™!, which was the stretching vibration of aromatic ether C-O [43].
Shale oil after OS pyrolysis exhibited a peak assigned to long-chain hydrocarbon at 720 cm~! within
the wavenumber range of 900-700 cm~!. After the addition of the SA-based catalyst, the shale oil
disappeared and became a short-chain hydrocarbon at 740 cm™! [44]. The shale oils of OS and SA-Q
pyrolysis were stronger at 740 cm~! wavenumber than OS and SA pyrolysis shale oil. Hence, the
supported transition metal salt on SA promoted the cracking of long-chain hydrocarbons to form
short-chain hydrocarbons. OS-5SA-Zn had strong fluctuations, indicating that ZnCl, could promote the
formation of short-chain hydrocarbons in shale oil. In addition, five types of shale oil had characteristic
peaks of bending vibration at approximately 810 cm~!. Davis et al. [45] suggested that the peak at
810 cm™! is attributed to aromatic C-H out-of-plane bending mode. Therefore, the shale oil had an
aromatic component.

0S8 SA Cu
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Figure 7. FTIR analysis of shale oil produced with and without catalysts.

This analysis revealed that the main component in the shale oil was an aliphatic hydrocarbon
substance. Adding SA-Q addition promoted not only the decomposition of long-chain aliphatic
hydrocarbons into short-chain aliphatic hydrocarbons but also the formation of aliphatic and aromatic
compounds in shale oils. Therefore, the loading of transition metal salts on SA and OS pyrolysis
changed the composition of shale oil, thereby providing a basis for improving the quality of shale oil
in engineering practice.

3.6.2. Shale Oil Composition Analysis

The composition of shale oil is complex and diverse. Under the set instrument conditions (GC-MS,
Gas Chromatography—Mass Spectrometry), the composition of shale oil with a mass fraction of greater
than 0.1% was analyzed and found to include alkanes, olefins, oxygenates, and aromatic hydrocarbons.
Oxygen-containing compounds mainly included acids, alcohols, esters, and ketones, whereas aromatic
hydrocarbons included naphthalene, anthracene, benzene, and benzene series. These results are
consistent with previous reports [13,46].

The area of the ion peak was used to provide relative content of the major class components
to estimate the effect of SA and its supported transition metal salt catalyst on shale oil composition
(Figure 8) [47]. The main components in shale oil were alkanes and alkenes in aliphatic hydrocarbons,
accounting for more than 75% of the total mass, consistent with the analysis of major aliphatic
hydrocarbons in shale oil and the results of Lai et al. [23]. Adding SA increased the olefin content
and decreased the alkane contents compared with uncatalyzed pyrolysis of shale oil, leading to a
small reduction in the total amount of aliphatic compounds. The gas phase cracking of the aliphatic
compound during pyrolysis caused the aromatization of the hydrocarbon species and leds to a small
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increase in the contents of aromatics [16]. However, when the transition metal salt was supported on SA,
the amounts of aromatic and aliphatic components in the shale oil increased. Hence, adding transition
metal salt on SA decreased the pyrolysis temperature of the OS. During fixed bed pyrolysis experiments,
the catalyst promoted the secondary reaction of volatile products with increasing temperature, thereby
promoting the formation of hydrocarbons in the resulting oil, including aliphatic cracking, cracking of
aromatic hydrocarbons and asphaltene side chains, and hydrogenolysis of hetero-carbon bonds of
polar compounds [48,49]. For example, during cracking of an aliphatic group, the long chain alkyl
group is cleaved to an olefin, and the short alkyl group can be further cracked or converted into an
alkane by attracting a hydrogen atom.

50
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Figure 8. Relative content of main components in shale oil.

The catalyst promoted not only the formation of an aromatic compound but also the formation of
an oxygen-containing compound. The content of the oxygen-containing compound was proportional
to the catalytic action of the catalyst. The pyrolysis oil of OS-SA-Zn had a high oxygenated compound
of 4.692%, leading to the stronger total ionogram of OS-SA—-Zn shale oil at approximately 20 min
than the other shale oil. The pyrolysis oil of OS-SA-Ni had the highest aromatic content of 4.774%.
However, the increase in aromatics negatively affects the stability of shale oil [32]. For the pyrolysis
oil of OS-SA—Cu, the content of aromatics was considerably lower than that of OS-SA-Ni because
SA—Cu had a strong catalytic effect on OS pyrolysis, resulting in a prolonged residence time of volatile
substances in the pyrolysis system. Aromatic hydrocarbons tend to coke before volatilization due to
the prolonged residence time, thereby decreasing the amount of aromatics [32]. Therefore, the effect of
promoting the formation of aliphaticity and the stability of shale oil suggest that the sequence of the
catalytic effect of transition metal salts loaded on SA was CuCl,-2H,0 > NiCl,-6H,O > ZnCl,.

The n-paraffins and n-olefins in the shale oil sample can be divided based on the number of
carbon atoms into Cg—Cig, C17-Cps, and Cps™ (Figure 9). The presence of the catalyst decreasesd
the contents of Cp5* long-chain alkane and olefin and increased the contents of Cg—Ci¢ and C17—Cps
chain hydrocarbons as well as the alkane and olefin contents of C17;-Cy4. The number of short-chain
hydrocarbon products of Cg—Cy; in the shale oil generated by OS-SA-Zn pyrolysis was the highest,
which was consistent with the FTIR analysis of shale oil. Hence, OS-SA-Zn shale oil has many
short-chain hydrocarbons. This result provided direct evidence for the catalysis of the catalyst for
aliphatic pyrolysis. In addition, the content of aliphatic hydrocarbons changed after loading the
transition metal salt on SA, indicating that SA had strong catalytic activity after loading the transition
metal salt. Thus, transition metal salts considerably affected the composition of shale oil and promoted
aliphatic formation.
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4. Conclusions

This study investigated the effects of SA and SA loaded with ZnCl,, NiCl,-6H,0, and CuCl,-2H,0
on the pyrolysis of Fushun OS. The following conclusions can be drawn from the experimental results.
(1) SA-based catalysts can promote OS pyrolysis. The optimum ratio of OS to SA weight is 2:1.
The SA-supported transition metal salt catalyst can reduce the initial pyrolysis temperature of the OS,
and the catalytic effect increases with the loading of transition metal salt within the range of 0.1-3 wt%.

(2) The catalytic effects of different transition metal salts vary. The analysis of the catalytic cracking
behavior indicates that CuCly-2H,O exhibits the best catalytic effect. Based on the kinetic analysis, the
activation energy required for OS pyrolysis is 116.04 kJ/mol, which is reduced by 11.08 kJ/mol (2:1)
after adding SA. The loading of 3 wt% transition metal salts on the SA reduces the activation energy
required for OS pyrolysis. CuCly-2H,O has the best catalytic effect, reducing the activation energy of
OS pyrolysis by 32.84 kJ/mol.

(3) SA catalyst can increase the amount of shale oil produced. However, loading the transition
metal salt on the SA catalyzes the secondary cracking reaction of the shale oil and leads to decreased
oil yield and increased gas yield. The samples with 3 wt% CuCl,-2H,0 have the largest gas and loss
during pyrolysis, which are 4.4% higher than those of OS alone.

(4) The loading of the transition metal salt on the SA not only increases the oxygenate content
but also promotes the cracking and aromatization of the aliphatic hydrocarbons to form short-chain
aliphatic and aromatic hydrocarbons. Furthermore, the contents of aliphatic compounds, represented
by an alkane and an olefin, increase. When SA is used as support, the order of the catalytic effect of the
transition metal salt is CuCl,-2H,0O > NiCl,-6H,0 > ZnCl,.

The catalyst of shale ash cannot only accelerate the pyrolysis of the shale ash, but also change
the compositions of the shale ash. It guides reducing pyrolysis temperature and obtaining the stable
shale oil. On the base of the present research, further work is suggested on the effect of the catalysis on
the composition and structure of shale oil. Moreover, the mechanic strength of the block SA-based
catalysts should also be investigated.
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