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High-temperature H,O and CO, can improve the pyrolysis behavior of oil shale. Therefore, in this paper, Jimusar oil shale was
selected as the research object and the effect of the reaction atmosphere (H,O, CO,, and N,) on its pyrolysis behavior,
pyrolysate distribution, and pyrolysis oil quality was fully compared and studied. The results showed that compared with the
N, atmosphere, the presence of H,O and CO, both increased the weight loss and weight loss rate during pyrolysis of oil shale
and the existence of H,O advanced the initial precipitation temperature of volatiles by 17°C. The comprehensive release
characteristic indices of volatiles during pyrolysis of oil shale in the CO, and H,O atmospheres increased by 49.34% and
114.35%, respectively, which significantly improved its pyrolysis reactivity. Both H,O and CO, atmospheres improved the
pyrolysis oil yield of oil shale, and the pyrolysis oil yield in the H,O atmosphere performed better than that in the CO,
atmosphere. Especially, the H,O atmosphere could increase the pyrolysis oil yield by 41.42%. The existence of CO, prevented
methyl radicals from accepting hydrogen radicals during pyrolysis and reduced the alkane yield, while CO, participated in the
addition reaction of alkane, which increased the alkene yield. High-temperature H,O provided more hydrogen source, which
increased the alkane yield and inhibited the alkene formation. Both H,O and CO, atmospheres promoted the cracking of
polycyclic aromatics and increased the yield of small-molecular aromatics in the pyrolysis oil. During the pyrolysis process of
oil shale, CO, and H,0O underwent reforming reaction with the heavy oil, which increased the light component fraction,
thereby increasing the H/C ratio of pyrolysis oil. Thus, the existence of H,O and CO, atmospheres improved the quality of pyrolysis
oil and the effect of H,O was better than CO,. The H,O and CO, atmosphere promoted the formation of a well-developed pore
structure, which was conducive to mass and heat transfer during pyrolysis of oil shale.

1. Introduction

With the gradual consumption of traditional energy, explor-
ing a clean and efficient alternative nontraditional energy
has become a hot topic [1, 2]. China is rich in oil shale
resources, ranking the second in the world, and its proven
reserves are 47.6 billion tons (calculated as pyrolysis oil) [3,
4]. Oil shale is a black or brown flaky structure with a dense
texture, which is rich in organic kerogen. The shale oil pro-
duced from the pyrolysis of oil shale is similar to natural

petroleum; thus, oil shale is a high-quality source rock [5].
And, oil shale has become an important strategic reserve
resource and supplementary energy in China [6]. The
organic matter in oil shale includes kerogen and a small
amount of asphaltene. Kerogen is a kind of macromolecule
polymer with a three-dimensional network structure. It is
mainly composed of aliphatic hydrocarbons and also
contains a small amount of aromatic hydrocarbons and
oxygen-containing groups, which is the main source of
pyrolysis oil and gas products [7-9]. Oil shale has the
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characteristics of high ash content and low thermal conduc-
tivity, which lead to some issues such as low oil yield and
serious accumulation of waste residues [10, 11]. Therefore,
how to improve the yield and quality of pyrolysis oil and
its pyrolysis mechanism need to be studied urgently.
Rajeshwar and DuBow proposed that the pyrolysis
mechanism of oil shale was a two-step decomposition
model, that was, kerogen in oil shale was first converted into
asphaltene intermediates at low temperature and, as the
pyrolysis temperature increased, asphaltenes were further
decomposed into oil, gas, and solid residue. In the first step,
when the pyrolysis temperature was 180-350°C, the polar
bridge bonds on the border of the organic kerogen cracked,
such as the unstable ~-COOH, C-O-C, C=0, —-CHj,, and
other active groups were thermally broken; thus, some free
radicals were generated. The free radicals were combined with
each other to form small-molecular compounds and released,
and its activation energy was about 15 + 2 kcal/mol. When the
pyrolysis temperature reached 300-350°C, the kerogen was
converted into asphaltene intermediates. In the second step,
when the pyrolysis temperature was 350-500°C, the cycloalk-
ane or aromatic structure in the core of organic kerogen began
to crack. The pyrolysis fragments released and combined to
form shale oil and semicoke, and its activation energy is
35 + 3 kcal/mol. At the same time, it was accompanied by sec-
ondary reactions and additional reactions of volatiles, such as
cracking reaction, polymerization reaction, and water gas shift
reaction [12]. Li et al. believed that during the pyrolysis of oil
shale, the aliphatic groups outside the kerogen core broke to
form alkyl radicals and the gain and loss of hydrogen radicals
would generate normal alkane and alkene. Affected by steric
hindrance, short-chain alkyl radicals (C,,_) were more likely
to generate alkene than long-chain alkyl radicals (C,5,) [13].
The influence factors of oil shale pyrolysis included tem-
perature, pressure, heating rate, atmosphere, and heating
method. The effect of the atmosphere on the pyrolysis prod-
ucts of oil shale was attributed to that the atmosphere gas
that participated in the chemical reaction during pyrolysis
[14, 15]. Nazzal and Williams found that the existence of
water vapor could improve the yield of shale oil and
increased the contents of nonpolar chain aliphatic hydrocar-
bons and aromatics in the shale oil [16]. Ma et al. proposed
that the water medium reduced the energy required for ker-
ogen cracking because of swelling effect and promoted the
generation and release of hydrocarbons. It could reduce the
temperature of hydrocarbon generation by about 120°C dur-
ing pyrolysis of oil shale, compared with anhydrous pyroly-
sis [17]. Whitelaw et al. pointed out that the gas yield during
the pyrolysis of oil shale under high-pressure hydrous condi-
tions was 1/3 of that under anhydrous conditions. Under
high-pressure anhydrous conditions, the pyrolysis oil
remained in the oil shale and hardly discharged, resulting
in cracking into a large amount of hydrocarbon gas. Under
hydrous conditions, 80% of the pyrolysis oil could be dis-
charged and the oil yield was higher. The swelling effect of
water had a strong diffusion ability and permeability, which
was conducive to the formation of pores in kerogen. The
pyrolysis oil and gas products could release quickly, reduc-
ing the secondary cracking of oil [18]. In addition, the intro-
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duction of CO, during the pyrolysis process of oil shale
could improve the yield of pyrolysis oil and the carbon num-
ber distribution of pyrolysis oil was more concentrated,
improving the quality of pyrolysis oil [19]. Jamil et al.
showed that CO, could promote the cracking of benzene
rings, methyl groups, and methylene groups in coal and
weaken the interaction reaction between H and char, thus
having a positive effect on the yield and quality of coal tar
[20]. Liu et al. found that in the CO, atmosphere, the yield
of char during devolatilization was lower than that in the
N, atmosphere. This was attributed to that the gasification
reaction of CO, with tar and char occurred. The char formed
in the CO, atmosphere was accompanied by a rough surface,
which exposed more pores in the char matrix. It had a lower
degree of graphitization and a smaller aromatic ring sys-
tem [21].

In summary, water vapor and CO, had positive effects
on the pyrolysis and thermal conversion of organic matter
in oil shale or coal. However, the above studies were all
focused on the effect of a single atmosphere on the charac-
teristics of pyrolysis products and were not systematic. Few
studies investigated the effect of the two atmospheres on
the pyrolysis behavior and product quality of oil shale syste-
matically, compared with that of the inert atmosphere.
Therefore, in this paper, the pyrolysis process, pyrolysis
characteristic parameters, pyrolysate distribution, and oil
quality of Jimusar oil shale in three atmospheres were stud-
ied. The characteristics of pyrolysis oil were determined
using the GC-MS and elemental analyzer, and the pore char-
acteristic of solid residual was analyzed by N, adsorption
experiments. These would provide theoretical references
and technical guidance for the clean and efficient utilization
of oil shale.

2. Experimental Section

2.1. Oil Shale Samples. The Xinjiang Jimusar oil shale (JM)
was adopted in the experiment. The samples were crushed,
sieved to 100 mesh, and packaged for later use. The proxi-
mate analysis and ultimate analysis (GB/T 212-2008 and
GB/T 31391-2015) results of JM oil shale were shown in
Table 1. It could be seen in Table 1 that there were higher
volatile contents, lower moisture, and fixed carbon contents
in JM oil shale. And, the atomic ratios of H/C and O/C were
1.53 and 0.09, respectively; thus, the kerogen type belonged
to type I, which had a good hydrocarbon generation poten-
tial [22].

2.2. Pyrolysis Experiment. The JM oil shale pyrolysis experi-
ment was carried out in the HYLZ-2 pyrolysis experiment
system, which consisted of the gas supply device, pyrolysis
device, temperature control device, and condensation device,
as shown in Figure 1. The experimental sample was about
50g. The temperature range was from room temperature
to 550°C, and the heating rate was 10°C/min. The pyrolysis
atmospheres were set to N,, water vapor, and CO,, respec-
tively, and the carrier gas flow was 100 ml/min. After the
pyrolysis experiment, the pyrolysis products were collected
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TaBLE 1: The proximate analysis and ultimate analysis of JM.
Sample Proximate analysis (w,; %) Ultimate analysis (w,; %)
p M A v FC C H 0 N S,
M 0.15 52.05 43.86 3.94 39.31 5.02 4.69 1.39 0.79
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F1GURE 1: Pyrolysis experiment system of JM oil shale; 1: water vapor generator; 2: gas flow meter; 3: pyrolysis furnace; 4: pyrolysis reactor; 5:
oil shale sample; 6: cooling water circulation device; 7: temperature controller; 8: condensing device.

and the yields of gas, liquid, and solid products were
calculated.

2.3. TG Experiment. The thermogravimetry experiments
(TG) of M oil shale in different atmosphere were carried
out in a German NETZCSH STA 449 F3 thermogravimetry
analyzer. The oil shale samples used in TG experiments were
10+ 0.1 mg. The experimental temperature was from room
temperature to 900°C with a heating rate of 10°C/min. The
pyrolysis atmospheres were set to N,, water vapor, and CO,,
and the flow rate of carrier gas was 100 ml/min. And, the TG
and DTG curves obtained from thermogravimetry experi-
ments were employed to calculate the pyrolysis characteristic
parameters and analyze the pyrolysis behavior of JM oil shale.

2.4. Pyrolysis Parameters. To further study the pyrolysis
behavior of JM oil shale, the following pyrolysis characteris-
tic parameters were introduced:

(1) The initial precipitation temperature of volatiles (T',)
was the corresponding temperature when the weight
loss rate of oil shale volatiles is the lowest after the
drying and degassing stages [23]

(2) The half-peak width (AT,,,) was the temperature
range when (dw/dt)/(dw/dt) , =1/2, which was
used to evaluate the concentration degree of oil shale
volatile precipitation

(3) The comprehensive release characteristic index of
the volatile (D) was used to indicate the release per-
formance of volatiles in the oil shale [24]

(dw/dt)  x (dw/dt)

D:
T, X T X AT,

mean R (1)

where (dw/dt), . is the maximum weight loss rate during
oil shale pyrolysis, %/min, (dw/dt),,,,. is the average weight
loss rate during oil shale pyrolysis, %/min, T, is the initial
precipitation temperature of volatiles during oil shale pyrol-
ysis, °C, T, is the temperature corresponding to the max-
imum weight loss rate, °C, and AT, is the half-peak
width, °C.

2.5. Characterization of Pyrolysis Oil. The pyrolysis oil was
firstly diluted with dichloromethane, and its component was
determined by an Agilent 7890 gas chromatograph with an
automatic sampler and a 5795N mass spectrometer (GC-MS).
And then, the components were matched with the database
(NIST08 and NISTO08s) for qualitative analysis and their
relative contents were calculated by the area normaliza-
tion method.

Furthermore, the contents of C, H, O, N, and S elements
in the pyrolysis oil were determined by using the Vario EL
cube elemental analyzer produced by Elementar Company
in Germany. The raw materials fully burned in the elemental
analyzer, and the generated mixed gas entered a special
chromatographic column for separation. The concentration
of each gas was analyzed and measured through a thermal
conductivity detector, which was then converted into the
element content.

2.6. Pore Characterization of Solid Residues. The specific sur-
face area and pore structure were measured by the
ASAP2000-type-specific surface area and pore size analyzer.
The N, physisorption experiments were performed at
—-196°C to obtain the adsorption capacity of the solid
residuals. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) equation. The pore volume
was determined by the desorption branch of isotherms using
Barrett-Joyner-Halenda (BJH) methods. The total pore
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FIGURE 2: TG-DTG curves of JM in different atmospheres.

volume was calculated from the N, adsorption capacity at
P/P, = 0.996.

3. Results and Discussion

3.1. Pyrolysis Behavior of Oil Shale. Figure 2 showed the
TG-DTG curves of JM oil shale heated from room tempera-
ture to 900°C with a heating rate of 10°C/min in N,, CO,, and
H,O atmospheres. It could be seen in Figure 2(a) that with
the increase of temperature, the thermal degradation of oil
shale occurred during pyrolysis, and the weight loss behavior
was different in various atmospheres. The weight losses of oil
shale during pyrolysis in CO, and H,O atmospheres were
higher than that in the N, atmosphere, which indicated that
the existence of CO, and H,O promoted the cracking of ker-
ogen and the release of volatiles in oil shale. And, the effect of
the H,O atmosphere performed better than that of the CO,
atmosphere. As depicted in Figure 2(b), there was a signifi-
cant weight loss peak of oil shale at 350-550°C, the organic
kerogen in oil shale began to decompose and the unstable
bridge bonds broke; thus, a large number of free radicals were
generated and released. The free radicals combined with each
other to form volatile oil and gas, and the macromolecular
polycyclic aromatic hydrocarbons polymerized into semichar
[25]. Compared with the N, atmosphere, the weight loss rate
of JM oil shale during pyrolysis in CO, and H,O atmospheres
increased. Meanwhile, H,O made the pyrolysis process of oil
shale move to a low-temperature zone, so that the oil shale
could be pyrolyzed at a lower temperature, while the opposite
trend was observed in the CO, atmosphere. Furthermore, at
the temperature of 650-700°C, the second weight loss peak
was the decomposition of carbonates [26] and this peak
was not detected in both CO, and H,O atmospheres, indicat-
ing that CO, and H,O inhibited the decomposition of car-

bonates. At the final temperature, the order of weight loss
of oil shale was H,0>CO,>N,,.

3.2. Pyrolysis Characteristic Parameters of Oil Shale. Table 2
listed the pyrolysis characteristic parameters obtained from
the TG-DTG curves of JM oil shale. As shown in Table 2,
the existence of high-temperature water vapor reduced the
initial precipitation temperature of pyrolysis volatiles and
advanced the release of pyrolysis oil and gas. Because the
external high-temperature water vapor brought additional
heat and energy into the pyrolysis system. In the H,O atmo-
sphere, the initial precipitation temperature (T,) of the
pyrolysis volatiles was reduced by 17°C compared with the
N, atmosphere and the peak temperature corresponding to
the maximum weight loss rate (T ,,,) was reduced by 24°C,
so that the pyrolysis reaction of oil shale could be carried
out at a lower temperature, while in the CO, atmosphere,
the initial precipitation temperature of pyrolysis volatiles
increased by 20°C and the peak temperature increased
slightly, which made the pyrolysis reaction move to the
high-temperature region. The maximum reaction rate and
average reaction rate during pyrolysis of oil shale were both
increased in the atmosphere of CO, and H,0O, owing to the
fact that high-temperature CO, and H,O promoted the
breaking and polymerization of chemical bonds in kerogen,
resulting in heterogeneous reactions of CO, and H,O with
organic matter and homogeneous reactions with volatiles
[27]. Furthermore, the presence of CO, and H,O both
decreased the AT, values and narrowed the half-peak
width of the oil shale pyrolysis and the pyrolysis oil and
gas released in a smaller temperature range, making the
pyrolysis reaction more concentrated. The comprehensive
release characteristic index of volatiles (D) was an important
index to evaluate the reactivity of oil shale pyrolysis. The
larger the D value, the faster and more concentrated the
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TABLE 2: Pyrolysis characteristic parameters of JM oil shale.

Atmospheres T, (°C) T ex CC) (dw/dt)_, /(%/min)

(dw/dt)

mean/ (%0/min) ATy, (C)  Dx107/(%*-min~*-°C?)

N, 378.5
Co, 398.7
H,O 361.5

473.5 8.87
476.6 10.29
449.1 11.12

0.48 39.2 6.06
0.56 33.5 9.05
0.64 33.7 12.99

release rate of volatiles and the better the pyrolysis reactivity
of oil shale [28]. In the CO, and H,O atmospheres, the com-
prehensive release characteristic indices of pyrolysis volatiles
increased by 49.34% and 114.35%, respectively, compared
with the N, atmosphere. Therefore, the CO, and H,O atmo-
spheres promoted the release of volatiles and effectively
improved the pyrolysis reactivity of oil shale.

3.3. Product Distribution of Oil Shale Pyrolysis. Figure 3
exhibited the distribution of pyrolysis products of JM oil
shale in different atmospheres. As was displayed in
Figure 3, the pyrolytic water contents were less than 1% in
different atmospheres, which indicated that the pyrolytic
water content of JM oil shale was less, and the atmosphere
has little effect on the yield of pyrolytic water. Compared
with the N, atmosphere, the presence of CO, and H,O both
improved the yield of pyrolysis oil and the effect of the H,O
atmosphere performed better than the CO, atmosphere. In
the H,O atmosphere, the yield of pyrolysis oil increased by
41.42%, while that in the CO, atmosphere increased by
19.67%. This is attributed to that at high temperature, water
vapor could provide more hydrogen, which quickly com-
bined with the pyrolysis oil cracking fragments and pro-
moted the generation and release of pyrolysis oil [29]. In
the CO, atmosphere, CO, and CH, underwent a reforming
reaction under the catalysis of char and intrinsic minerals
to generate more eCH and eH free radicals, thereby increas-
ing the yield of pyrolysis oil [30]. In CO, and H,O atmo-
spheres, they promoted the devolatilization behavior of oil
shale and inhibited the polymerization of pyrolysis oil mac-
romolecular fragments into char, resulting in a decrease in
the yield of solid residues. For the pyrolysis gas yield, after
excluding the error caused by the carrier gas, the yields of
pyrolysis gas in both CO, and H,O atmospheres decreased
slightly, which maybe because the presence of CO, and
H,O inhibited the generation of small-molecular gases in
kerogen or the H,, CO, CO,, and hydrocarbon gases in the
pyrolysis gas participated in the reforming reaction of pyrol-
ysis oil under the catalysis of coke and minerals [31].

3.4. Analysis of Pyrolysis Oil

3.4.1. Component Analysis. The chemical components of
pyrolysis oil obtained from pyrolysis of JM oil shale in differ-
ent atmospheres were determined by GC-MS. The total ion
chromatograms were shown in Figure 4. The chemical com-
ponents of pyrolysis oil were classified into four categories,
namely, alkane, alkene, aromatic hydrocarbons, and hetero-
atom compounds (containing O, S, and N), and the results
were listed in Table 3. It could be seen in Figure 4 and
Table 3 that normal alkane and normal alkene with the same
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FiGUrRe 3: Product distribution of JM oil shale in different
atmospheres.

carbon number appeared in pairs, forming the bimodal distri-
bution of aliphatic hydrocarbons [32]. The relative contents of
aliphatic hydrocarbons in the pyrolysis oil in different atmo-
spheres were more than 90%, which was in a dominant role,
while the relative content of aromatic hydrocarbons and het-
eroatom compounds was less [33]. The existence of CO,
delayed the precipitation of volatiles in the pyrolysis process
of oil shale. Therefore, CO, mainly participated in the second-
ary reaction of pyrolysis volatiles. Compared with the N,
atmosphere, CO, increased the relative content of alkene
and decreased the relative content of alkane, because the pres-
ence of CO, prevented methyl radicals from accepting hydro-
gen radicals, thereby reducing the content of alkane, while
CO, participated in the addition reaction of methyl radicals
and lost a hydrogen radical, increasing the content of alkene.
The effect of water vapor on the content of alkane and alkene
in pyrolysis oil was opposite to that of CO,. This was because
water vapor provided more oH free radicals at high tempera-
ture under the effect of inherent minerals, and oH free radicals
combined with methyl radicals to generate more alkane and,
at the same time, hydrogen radicals also inhibited the forma-
tion of alkene [29, 32].

Furthermore, both water vapor and CO, atmospheres
increased the relative content of aromatic hydrocarbons in
the pyrolysis oil. This was because they both promoted the
cracking of macromolecular polycyclic aromatic hydrocar-
bons, which not only was beneficial in generating BTEX
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FIGURE 4: Total ion chromatograms of pyrolysis oil in different atmospheres.

TaBLE 3: Chemical components of pyrolysis oil in different
atmospheres.

Atmosphere Alkane Alkene Aromatic Heteroatom
(%) (%) hydrocarbon (%) (%)

N, 55.96 36.94 3.67 3.43

CO, 53.46 40.05 4.53 1.96

H,0 59.20 34.03 5.14 1.63

and PAHs with smaller molecular hydrocarbons but also
inhibited the polymerization into char. Also, water vapor
and CO, could reduce the relative content of heteroatom
compounds in the pyrolysis oil. Therefore, both atmospheres
have better effects on the removal of heteroatom compounds
in the pyrolysis oil and improved the quality of pyrolysis oil.

3.4.2. Carbon Number Distribution. To further investigate
the quality of pyrolysis oil in different atmospheres, consid-
ering that the relative content of aliphatic hydrocarbons in
the pyrolysis oil accounted for more than 90%, the aliphatic
hydrocarbons were divided into three parts according to the
carbon number, namely, the short-chain light components
(C4-Cyy), the mid-chain medium components (C,;-C,y),
and the long-chain heavy components (C,4-C,s and Cyg,)
and the results were exhibited in Figure 5. It could be seen
in Figure 5 that the sum of the relative contents of short-
chain and mid-chain aliphatic hydrocarbons played a dom-
inant role in pyrolysis oil, exceeding 70%. Both water vapor
and CO, atmospheres increased the relative content of
short-chain aliphatic hydrocarbons in the pyrolysis oil, and
the order of the relative content of short-chain aliphatic
hydrocarbons was H,O>CO,>N,. The relative contents
of mid-chain and long-chain aliphatic hydrocarbons
decreased, and the relative content of heavy oil above C,
decreased to zero in the water vapor atmosphere, because

50 +

40

30 +

Yields (%)

20 +

10

C8-C12 C13-C18 C19-C25 C26+
Carbon numbers
Bl N,
Bl co,
Bl 1,0

F1GURE 5: Carbon number distribution of aliphatic hydrocarbons in
pyrolysis oil in different atmospheres.

water vapor and CO, promoted the cracking of long-chain
aliphatic hydrocarbons into short-chain aliphatic hydrocar-
bons at high temperatures and water vapor and CO,
underwent a reforming reaction with the heavy oil, which
increased the relative content of light components. Relevant
literature showed that in high-temperature atmospheres of
CH,-CO, and CO-H,0, more eH free radicals could be pro-
vided under the effect of the catalyst and the reforming reac-
tion was coupled with the pyrolysis reaction. Also, the oH
free radicals had strong attack ability, which made the pyrol-
ysis oil underwent hydrogenation reaction and more heavy
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TaBLe 4: Elemental analysis of pyrolysis oil in different
atmospheres.

TaBLe 5: The specific surface area and pore volume of solid
residues in different atmospheres.

Atmospheres  C% H% O% N% S% H/C O/C

N, 85.16 1042 297 161 0.18 147 0.03
CO, 8547 1123 216 1.03 0.12 158 0.02
H,0 8424 1372 128 095 0.08 195 0.01

oil cracked into light oil [34, 35]. Therefore, the water vapor
and CO, atmospheres made the pyrolysis oil lighter and
improved its quality and the effect of water vapor was better
than that of CO,.

3.4.3. Elemental Analysis. Table 4 listed the C, H, O, N, and S
elemental analysis results of pyrolysis oil in different atmo-
spheres. It could be seen in Table 4 that both CO, and
H,O atmospheres increased the content of H and decreased
the content of O in the pyrolysis oil, indicating that CO, and
H,O promoted the conversion of H from the oil shale to the
pyrolysis oil, while inhibiting the conversion of O. They both
participated in the secondary reforming reaction of the
pyrolysis oil, thereby increasing the H/C ratio and decreas-
ing the O/C ratio of the pyrolysis oil, and the effect of the
H,O atmosphere was better than that of the CO, atmo-
sphere. Compared with the N, atmosphere, the water vapor
atmosphere increased the H/C ratio of the pyrolysis oil by
32.65%. Therefore, the quality of pyrolysis oil in the CO,
and H,O atmospheres was better than that in the N, atmo-
sphere, which increased the content of aliphatic hydrocar-
bons in the pyrolysis oil and stored more energy [36].
Furthermore, the CO, atmosphere slightly increased the
content of C in the pyrolysis oil, while the H,O atmosphere
showed the opposite trend. The water vapor inhibited the
conversion of C from the oil shale to the pyrolysis oil, while
CO, promoted the conversion of C. Meanwhile, the CO,
atmosphere also provided a carbon source, which underwent
the secondary reaction with the pyrolysis volatiles to bring
part of carbon into the pyrolysis oil.

In the atmospheres of CO, and H, 0O, the content of het-
eroatoms such as N and S in the pyrolysis oil decreased,
indicating that CO, and H,O had a positive effect on the
removal of heteroatom compounds from the pyrolysis oil,
so that the quality of the pyrolysis oil was better than that
in the N, atmosphere. And the effect of water vapor was bet-
ter than that of CO,, which was consistent with the previous
chemical component analysis results. This was because the
heteroatom compounds such as N and S in the pyrolysis
oil mainly existed in the form of aromatic rings, such as thio-
phene and pyridine [37]. These heteroatom aromatic rings
underwent hydrogenation reaction in the hydrogen-rich
environment of high-temperature water vapor, releasing N
and S in the form of light gases, such as NH, and H,S.

3.5. Pores Analysis of Solid Residues. Table 5 listed the spe-
cific surface area and pore volume of solid residues obtained
from the pyrolysis of oil shale in different atmospheres. The
results revealed that the specific surface area and pore vol-
ume of pyrolysis residue of oil shale were small, which was

Atmosphere N, CO, H,0
Specific surface area (m*/g) 74.40 83.46 111.53
Pore volume (x107> ml/g) 198.10 269.11 291.98

due to the high ash content of oil shale. With the progress
of pyrolysis reaction, the volatile oil and gas gradually pre-
cipitated and released and the pores and channels were gen-
erated in the particles of oil shale, which were gradually
deepened. When the CO, and water vapor existed during
pyrolysis, the specific surface area and pore volume of pyrol-
ysis residue increased. Especially, in the H,O atmosphere,
the specific surface area and pore volume of pyrolysis resi-
due increased by 49.91% and 47.39%, compared with those
in the N, atmosphere. This was attributed to the fact that
high-temperature CO, and water vapor could promote the
precipitation of volatile gas and oil and gradually enlarge
the internal pores and channels of solid particles. Therefore,
the high-temperature CO, and water vapor had the ability of
pore expansion in the pyrolysis process of oil shale, which
could enhance the mass and heat transfer efficiency. They
could make the pyrolysis volatile easier to precipitate and
conducive to the formation of oil and gas. Water pressure
and gas pressure had a significant impact on the structure
of pores and channels in the oil shale particles, which further
affected the seepage and migration of oil and gas in solid res-
idues [38-41]. At the same time, high-temperature water
vapor had swelling effect, which could easily carry volatile
oil and gas out of the internal pores and channels of parti-
cles. Therefore, the specific surface area and pore volume
of the pyrolysis residue in the H,O atmosphere were higher
than those in CO, and N, atmospheres and the order of pore
expansion capacity was H,0 > CO, >N,,.

4. Conclusions

(1) The presence of H,O and CO, promoted the crack-
ing of oil shale and the release of volatiles, and the
weight loss and weight loss rate were both increased,
compared with those in the N, atmosphere. And,
H,O made the pyrolysis process of oil shale move
to low-temperature zone

(2) Compared with the N, atmosphere, H,O reduced
the initial precipitation temperature of volatiles of
oil shale by 17°C. In both the H,O and CO, atmo-
spheres, the D indices of oil shale increased by
49.34% and 114.35%, respectively, which signifi-
cantly improved its pyrolysis reactivity

(3) Compared with the N, atmosphere, both H,O and
CO, could improve the pyrolysis oil yield and the
effect of H,0O was better than CO,. Both atmo-
spheres inhibited the polymerization of cracking oil
fragments into macromolecule coke and also
reduced the pyrolysis gas yield



(4) High-temperature H,O provided more hydrogen
radicals, which increased the yield of alkane and
inhibited the formation of alkene in the pyrolysis
oil, compared with the N, atmosphere. And, it
exhibited an opposite trend in the CO, atmosphere

(5) Short- and medium-chain aliphatic hydrocarbons
are dominant in pyrolysis oil of JM oil shale. The
CO, and H,O underwent reforming reactions with
the heavy oil during pyrolysis, which increased the
light components in pyrolysis oil. Both atmospheres
improved the H/C ratio and quality of pyrolysis oil,
and the effect of H,O was better than that of CO,

(6) The H,O and CO, atmospheres could facilitate the
formation of a well-developed pore structure,
thereby increasing the specific surface areas and pore
volumes of solid residues
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