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Abstract. Fourier transform infrared spectroscopy (FT-IR) and nuclear
magnetic resonance (NMR) were used to characterize the functional groups
and structural parameters of shale oil obtained from the pyrolysis of Chinese
Jimsar oil shale under different process conditions. pyrolysis temperature 480,
500, 520, 550 °C, residence time 10, 20, 30, 40 min and heating rate 2, 5, 8,
10 °C/min. The results show that the main substances in shale oil are aliphatic
components, mainly —CH, with antisymmetric stretching vibrations. The
longest aliphatic chain of shale oil is at the pyrolysis temperature of 520 °C,
the residence time of 20 min and the heating rate of 5 °C/min. The relative
content of aromatics in shale oil is less than 20%. Di-substitution is the main
substitution mode of the benzene ring, accounting for more than 45%. The
results also indicate that the relative content of oxygen-containing functional
groups (C-0 and C=0) is much smaller than that of ~CH, and —CH,, while
the relative content of C—O is higher than that of C=0 functional groups. The
increase of temperature, heating rate and residence time contributes to the
formation of aromatic compounds.
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1. Introduction

Oil shale, a fine-grained sedimentary rock containing significant amounts of
kerogen which can be converted into shale oil and combustible gas through
retorting, is regarded as a valuable supplement and alternative to conventional
oil, as a source of energy [1]. Up to the present time, oil shale has been used for
retorting to yield shale oil [2—-5] and for burning directly as a fuel to generate
electricity or heat for many years [6—8]. China’s oil shale resource has been
estimated at about 978 billion tons, which can be converted to about 61 billion
tons of shale oil [9]. The shale oil amount is equivalent to twice as much crude
oil reserves. Therefore, oil shale is considered an important oil supplementary
energy in China.

Both shale oil and petroleum are rich in alkanes and aromatics. The
difference is that shale oil contains more alkenes and some non-hydrocarbon
components such as oxygen, nitrogen and sulfur. Retorting oil shale to yield
oil is an important part of the comprehensive utilization of China’s oil shale
resources, which is evaluated by the yield and quality of shale oil as two key
indexes. Therefore, in order to promote the further use of shale oil, its research
is highly essential. Many scholars have studied the yield and quality of shale
oil based on operating parameters such as final pyrolysis temperature [10—12],
heating rate [ 13—16] and residence time [17, 18]. For example, Huang etal. [19]
investigated the influence of heating rate on the matrix pyrolysis of kerogen
in oil shale using thermogravimetry-mass spectrometry (TG-MS), and found
that the olefin/alkane ratio increased as the heating rate increased. Huang et
al. [20] reported that a significant amount of n-alkanes was converted into
cycloalkanes and olefins by the secondary cracking reaction as the pyrolysis
temperature increased from 485 °C to 590 °C, and there were formed oxygen-
containing organic substances such as phenols, alcohols, esters and ketones
in shale oil. Williams and Ahmad [21] reported that the production of shale
oil increased first and then decreased with the increase of temperature, and
concluded that the secondary cracking reaction was enhanced with the
increase of pyrolysis temperature. Litster et al. [17] studied the influence of
the residence time of shale particles (18—35 min) on the pyrolysis of Rundle
oil shale, and reported that the residence time had no significant effect on the
oil yield.

With the development of modern physical analysis technology and
instruments, the Fourier transform infrared (FT-IR) technology can be used
to conduct qualitative and quantitative analysis of complex functional groups
[22-24], and the nuclear magnetic resonance (NMR) technology can be
adopted to analyze the molecular structure of complex organic compounds of
shale oil [25-27]. Wang et al. [28] studied the functional groups of oil shale in
different regions. Molina et al. [29] used 'H and *C spectroscopy to study crude
oil and recorded a series of average molecular structure parameters. Bansal et
al. [30] used 'H NMR spectrum to estimate the content of monocyclic and
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polycyclic aromatic hydrocarbons in petroleum, and compared the calculation
results with chromatographic analysis. The results showed that the error was
very small, thus establishing a more accurate estimation of petroleum structure
parameters.

However, little work has been done to study the effect of process conditions
on the structure and properties of shale oil from the pyrolysis of oil shale.
In view of the fact that shale oil contains a large number of unsaturated
hydrocarbons and hybrid atom compounds, the influence of process conditions
on its structure and properties is necessary to be investigated to ensure the
oil’s maximum and efficient extraction and provide a fundamental basis for
raw oil refining.

Therefore, in this paper, FT-IR and NMR techniques were adopted to study
the effects of different temperatures (480, 500, 520, 550 °C), heating rates
(2,5, 8, 10 °C/min) and residence times (10, 20, 30, 40 min) on the functional
groups and structural parameters of shale oil generated from the pyrolysis of
Jimsar oil shale of China.

2. Experimental

2.1. Oil shale sample

Oil shale samples were obtained from Shichanggou mine located in Jimsar
city, Xinjiang Uygur Autonomous Region, northwestern China. The results of
proximate analysis, ultimate analysis and Fischer assay of Jimsar oil shale are
shown in Table 1. For experiments, oil shale was crushed and sieved to less
than 0.15 mm and was dried in an 80 °C blast drying oven for 4 hours.

Shale oil was produced by retorting oil shale at different final temperatures
(480, 500, 520, 550 °C), heating rates (2, 5, 8, 10 °C/min) and residence times
(10, 20, 30, 40 min) using an aluminium retort. In each experiment, the weight
of the oil shale sample was 50 g. As the heating rate was varied, the pyrolysis
temperature and residence time were kept at 520 °C and 20 min, respectively.
With the pyrolysis temperature varied, the heating rate and residence time
were maintained at 5 °C/min and 20 min, respectively. While the residence
time was varied, the heating rate and pyrolysis temperature were kept at
5 °C/min and 520 °C, respectively.

The components of Jimsar shale oil have been figured out in a previous
research using GC-MS, as shown in Table 2 [31]. The main components
of Jimsar shale oil are aliphatic hydrocarbons (n-paraffins and 1-olefins),
aromatic hydrocarbons and heteroatom-containing compounds ranging from
the number of carbon atoms C~C,,.
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Table 1. Characteristics of Jimsar oil shale samples
Moisture 0.89
Volatile matter 19.63
Proximate analysis (ad)
Fixed carbon 2.49
Ash 76.99
C 14.89
H 2.04
Ultimate analysis (d) O 3.53
N 0.40
S 0.35
Shale oil 8.87
Gas 2.46
Fischer assay (d)
Water 2.45
Spent shale 86.22
ad — air dried basis, d — dry basis
Table 2. The distribution of major constituents in shale oil [31]
Number Compound Percentage, | Number Compound Percentage,
% %
1 Benzene 0.47 24 1-Tetradecene 2.39
2 1-Heptene 1.15 25 n-Tetradecane 2.19
3 n-Heptane 0.68 26 1-Pentadecene 1.84
4 Toluene 3.95 27 n-Pentadecane 1.96
5 1-Octene 3.05 28 1-Hexadecene 1.47
6 n-Octane 2.44 29 n-Hexadecane 1.62
7 Paraxylene 6.31 30 1-Heptadecene 1.17
8 1-Nonene 5.63 31 n-Heptadecane 1.49
9 n-Nonane 4.19 32 1-Octadecene 0.94
10 Mesitylene 4.90 33 n-Octadecane 1.30
11 C8HI1IN 1.50 34 1-Nonadecene 0.82
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Table 2 (continued)

12 1-Decene 6.28 35 n-Nonadecane 1.45
13 n-Decane 0.22 36 1-Eicosene 1.23
14 n-Undecane 4.84 37 n-Eicosane 1.06
15 C9HOCL 1.05 38 1-Heneicosene 0.27
16 1-Undecene 5.60 39 n-Heneicosane 0.57
17 n-Undecane 4.67 40 C21H440 0.25
18 C10H10 2.32 41 n-Docosane 0.75
19 1-Dodecene 4.29 42 C22H460 0.09
20 n-Dodecane 491 43 n-Tricosane 0.39
21 1-Tridecene 3.32 44 n-Tetracosane 0.24
22 n-Tridecane 3.38 45 n-Pentacosane 0.22
23 CI1H10 0.91 46 n-Hexacosane 0.23
2.2. FT-IR experiments

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FT-
IR) was used to analyze the functional groups of shale oil under different
pyrolysis conditions. The experimental spectrum was recorded between
4000 cm™ and 600 cm™, and the spectral resolution was 4 cm ™.

2.3. NMR experiments

The nuclear magnetic resonance (NMR) experiment was carried out on
a Bruker AVANCE 400 MHz nuclear magnetic resonance spectrometer
(Switzerland). The solvent used was deuterochloroform (CDCI,), whereas
the temperature was set to 25 °C. Resonance frequencies of 'H NMR and
3C NMR were 400.15 MHz and 100.62 MHz, respectively, while the spectral
widths were 8 KHz and 24 KHz, respectively. The sampling times of 'H NMR
and *C NMR were respectively 64 and 800 sec.
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3. Analysis of experimental results

3.1. FT-IR experiment
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Fig. 1. FT-IR spectra of shale oil obtained at 480 °C, 5 °C/min and 20 min.

The spectral trends of shale oil are similar under different working conditions.
Figure 1 shows the original FT-IR spectra of shale oil obtained at a final
pyrolysis temperature of 480 °C. The FT-IR spectra of shale oil mainly
include four regions: 3600-3000 cm™, 3000-2800 cm!, 1800-1000 cm!
and 900-700 cm™!, which are the characteristic peaks of the hydroxyl group,
the aliphatic group, the oxygen-containing group and the aromatic structure,
respectively. However, the hydroxyl functional group of 3600-3000 cm™ was
not noticeable in the FT-IR spectra of Jimsar shale oil and was therefore not
analyzed in this work. The spectral curves of 3000-2800 cm™!, 1800—1000 cm™
and 900-700 cm™! were fitted separately. In order to eliminate interference,
baseline correction and curve smoothing were carried out before the spectral
analysis of shale oil.

3.1.1. Analysis of the aliphatic group

The characteristic absorption peaks of the aliphatic group are in the range of
3000-2800 cm™ with high absorption intensity. To make the fitted spectrum
closer to the experimental spectrum, 8 peaks are fitted at 3000-2800 cm™'. The
correlation coefficients of all spectral fittings are larger than 0.99.

Figure 2 shows the fitting spectrums of the aliphatic group in shale oil
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obtained at different pyrolysis temperatures in the 3000-2800 cm™! region.
There are mainly four kinds of aliphatic substances in shale oil: methyl (-CH,),
methylene (—CH,), methine (~CH) and methoxy (—CHO). The absorption
peaks of —~CH, are around 2851, 2919 and 2933 ¢cm™' in all the spectra [32].
The absorption peaks at 2851 cm™ are the symmetric stretching vibration of
—CH,, while the other peaks are the antisymmetric stretching vibration of
—CH, [33, 34]. The absorption peak around 2874 cm™ is the symmetric
stretching vibration of -CH, [34], while the peaks around 2955 and 2971 cm!
are the antisymmetric stretching vibration of —~CH,. Jiang [35] reported that
when the absorption peak of the —~CH, antisymmetric stretching vibration in
shale oil is at 2955 cm™, there is a certain number and considerable length of the
long-chain aliphatic group in an orderly arrangement in shale oil. Additionally,
the peaks around 2898 cm™! and 2828 cm ™ represent the stretching vibrations
of —CH and —CHO, respectively.
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Fig. 2. Curve fitting FT-IR spectra of the aliphatic group in shale oil obtained at the
pyrolysis temperatures of (a) 480 °C, (b) 500 °C, (c) 520 °C, (d) 550 °C.
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Table 3 gives the relative contents of functional groups corresponding to
the fitting absorption peak of the aliphatic group in shale oil. The aliphatic
component in all shale oil samples is mainly ~CH,, which accounts for about
60% of the entire aliphatic group. Of this the antisymmetric stretching vibration
in the —~CH, stretching vibration is twice the relative content of the symmetric
stretching vibration. The aliphatic hydrogen of shale oil is dominated by
methylene functional groups, as also reported by Wang et al. [28].

The effect of residence time on the relative content of the stretching
vibration of —~CH, and —CH, reveals no regularity in changes. As the heating
rate increases, the stretching vibration of —CH, first increases and then
decreases, while that of ~CH, first decreases and thereafter increases. The
effect of temperature and heating rate on the stretching vibration of —~CH, is
similar. The difference between —~CH, and —CH, is that the stretching vibration
of —CH, keeps decreasing with increasing temperature.

According to Wang et al. [28], the ratio between the absorption peak areas of
—CH, and —CH, can reflect the length of aliphatic chains in the sample. Table 2
shows that the ratio of ~CH, to —~CH, increases firstly and then decreases
with the increase of heating rate and temperature. The main reason is that,
in the pyrolysis process, shale oil is secondarily cracked into gas at a higher
heating rate and temperature. This explanation is augmented by the fact that
oil obtained at high heating rates or temperatures contains less long-chain
hydrocarbons [20, 36].

In addition, the residence time has no regularity effect on the ratio of
—CH, to —~CH,. When the heating rate is 5 °C/min and the final temperature is
520 °C, the ratio of ~CH,/~CH, reaches the largest value, which indicates that
shale oil has the longest aliphatic chain.

3.1.2. Analysis of the aromatic group
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Fig. 3. Curve fitting FT-IR spectra of the aromatic group in shale oil obtained at the
pyrolysis temperatures of (a) 480 °C, (b) 500 °C, (¢) 520 °C, (d) 550 °C.

The characteristic absorption peaks in the range of 900-700 cm™
represent the C—H stretching vibration outside the aromatic plane. To make
the fitted spectrum closer to the experimental spectrum, 14 peaks are fitted at
900-700 cm™'. The correlation coefficients of all spectra fitting curves are
larger than 0.99. Figure 3 shows the fitting spectrums of the aromatic group
in shale oil obtained at different pyrolysis temperatures in the 900-700 cm!
region. It can be seen from Figures 2 and 3 that the area of all peaks in the
900—700 cm ' region in shale oil is much smaller than that in the 3000-2800 cm !
region. This indicates that the content of aromatic compounds in shale oil is
considerably smaller than that of aliphatic compounds. This is consistent with
the results of a previous GC-MS experimental analysis of shale oil obtained
by Pan et al. [31].

In the spectral range of 900—700 cm™, the C—H in the outside surface is
mainly caused by the stretching vibration of the adjacent H deformation. The
stretching vibration of the latter deformation mainly includes four kinds:
benzene ring penta-substituted (900-860 cm!), benzene ring tetra-substituted
(860—810 cm™!), benzene ring tri-substituted (810-750 cm™') and benzene ring
di-substituted (750-720 cm'). According to the above method, the relative
contents of functional groups corresponding to the fitting absorption peak of
the aromatic group in shale oil were calculated and are given in Table 4.

The substitution of the benzene ring is mainly di-substitution, which
accounts for more than 45% of the entire aromatic group. This agrees with
the value obtained by Wang et al. [28]. With increasing residence time and
pyrolysis temperature, the di-substitution of the benzene ring increases
firstly and then decreases, reaching a maximum value at a residence time of
30 min and temperature of 500 °C. However, the di-substitution mode will
significantly decrease as the heating rate increases.

Additionally, Table 4 reveals that only the heating rate has an obvious
effect on the tri-substitution and penta-substitution of the benzene ring. This
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ring’s tri-substitution increases firstly and then decreases with the heating rate
increasing. At the same time, the changing trends of the penta-substitution of
the benzene ring with heating rate are opposite to those of its tri-substitution.
Furthermore, the relative content of the tetra-substitution of the benzene ring
is the smallest in the four substitution modes. The effect of residence time and
temperature on the tetra-substitution of the benzene ring is the same as that
on its di-substitution. At the final temperature of 520 °C and residence time of
20 min, the ring’s di-substitution reaches the highest value.

The results indicate that the substitution mode of the benzene ring is
greatly affected by the parameters. This is because aromatic compounds
are thermodynamically more stable than aliphatic compounds. Moreover, a
variety of reactions concerning aromatic compounds will occur during the
pyrolysis of oil shale when the process conditions change, including the gas
phase cracking of aliphatic compounds to generate aromatic compounds,
Diels-Alder type reactions resulting in the selective concentration of aromatic
compounds, the aromatization reaction of cycloalkanes, etc. [37].

3.1.3. Analysis of the oxygen-containing functional group
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Fig. 4. Curve fitting FT-IR spectra of the oxygen-containing functional group in
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The characteristic absorption peaks in the range of 1800—1000 cm™ mainly
represent the stretching vibration of oxygen-containing functional groups.
19 peaks are fitted in this region, and the correlation coefficients of all the fitted
spectra exceeded 0.99. Figure 4 shows the fitting spectrums of the oxygenated
group in shale oil obtained at different pyrolysis temperatures. In addition to
C-O0 functional groups, shale oil also has a symmetrical deformation vibration
of ~CH, at 1375 cm™ and an antisymmetric deformation vibration of ~CH,
or —CH, near 1460 cm™'. Moreover, Painter et al. [38] reported that there were
C=C stretching vibrations and conjugated C=O stretching vibrations in the
1700-1500 cm™' region.

The relative contents of functional groups corresponding to the fitting
absorption peak of oxygenated compounds in shale oil were calculated and are
given in Table 5. Although the range of 1800—1000 cm™! is an area containing
oxygen functional groups, the -CH,, -CH, and C=C functional groups also
accounted for a large proportion. Especially high was the proportion of the
antisymmetric deformation vibration of ~CH, or —-CH,, surpassing 34%.

Compared with —CH,, —~CH, and C=C functional groups, the relative content
of oxygen-containing functional groups (C—O and C=O0) is comparatively
small. However, Huang et al. [39] reported the oxygenated compounds to be
the main component of non-hydrocarbons of shale oil. Moreover, Wang et al.
[28] found that the relative content of C—O functional groups was much greater
than that of C=0 functional groups. The results presented by the researchers
of the current work in Table 5 are consistent with those reported by Wang’s
group previously.

Tong et al. [40] reported that C=O structures were mainly quinones,
ketones, esters, carboxylic acids and amides, while C—O structures were
mainly alkyl and aryl ethers, alcohols, phenols and carbohydrates. In this
article, oxygen-containing compounds mostly include ethers, acids, alcohols,
phenols and esters. It can be seen from Table 5 that the oxidation-containing
compounds are little affected by the process. This is because the proportion of
oxygenated compounds in shale oil is determined by the maturity of oil shale
[39]. Furthermore, some researchers [20] have found that oxygen-containing
compounds are not stable when heated. This is mutually verified with the
finding in the current article that oxygenated compounds first increase and
then decrease with increasing residence time and temperature.

Different process conditions have different effects on oxygenated
compounds. The C-O functional group first increases and then decreases with
the increase of heating rate, while the C=0O functional group is irregularly
affected by the heating rate. Furthermore, the residence time has a similar
effect on C—O and C=0 functional groups, whereas both increase first and
thereafter decrease. However, the effect of temperature on oxygen-containing
functional groups is different from that of residence time. The C—O functional
group first increased and then decreased with the increase of temperature,
while the C=0 functional group first decreased and then increased.
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3.2. NMR experiment

The 'H NMR and "*C NMR spectra of shale oil produced from the pyrolysis
of Jimsar oil shale under different process conditions are similar. Figure 5
shows these spectra of shale oil obtained at a pyrolysis temperature of 480 °C.
The spectrum obtained from the experiment was analyzed using MestReNova
11.0 software. The chemical shift assignments of various types of hydrogen

and carbon are given in Tables 6 and 7, respectively, based on literature data
[41,42].

(a)
Hv HB H o H, OH H ar
[T I I ] 1

[ ..
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0

Fig. 5. 'HNMR (a) and *C NMR (b) spectra of shale oil obtained at 480 °C, 5 °C/min
and 20 min.
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Table 6. Region division of "H NMR spectra [41, 42]

Symbol Type of hydrogen Chemical shift J, ppm
H, Aromatic ring y-CH,, cycloalkane methyl hydrogen 0.50-1.05
H Aliphatic hydrogen £ or further from aromatic ring 1.05-2.00
H, Aliphatic hydrogen o to aromatic ring (a-CH, or a-CH,) 2.00-4.50
o Hydrogen connected to oxygen-containing group 4.50-6.0
. Aromatic hydrogen 6.00-9.00

Table 7. Region division of *C NMR spectra [41, 42]

Symbol Type of carbon Chemical shift J, ppm
M Methylic carbon 12.00-16.00
L Aromatic carbon 16.00-22.00
B Methylene carbon bonded to methyl 22.00-26.00
Ll Methylene carbon 26.00-36.00
"D Methine, quaternary 36.00-51.00
£° Aliphatic carbon bonded to oxy-aromatic 51.00-90.00
LR Protonated aromatic carbon 100.00-129.00
L Aromatic bridgehead carbon 129.00-137.00
I~ Aromatic branched carbon 137.00-148.00

3.2.1 '"H MNR analysis of shale oil

As shown in Figure 5(a) and Table 8, the main resonance region of the
hydrogen spectrum of shale oil is in the range of 6 = 0.50—6.00. In addition to
the various types of hydrogen of a, 5, and y of the side chains of the aromatic
ring, in this region there are also present different hydrogen types that are
attached to oxygen-containing groups.

The 6 = 1.05-2.00 region is the main peak of the 'H NMR spectra of shale
oil. The hydrogen in this area is mainly aliphatic hydrogen f or further from
the aromatic ring. Its content is greater than 60% in all shale oil samples.
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Simultaneously, the relative content of the area of 6 = 0.50—1.05 is compara-
tively high, being about one-third of H,. It was the resonance region of the
aromatic ring y-CH, or cycloalkane metﬁyl hydrogen. The types of hydrogen
in the 2.00-4.50 region are ~CH, and —~CH, at the o position of the side chain of
the aromatic ring. The range of 4.50 to 6.0 ppm indicates hydrogen connected
to the oxygen-containing group. Moreover, the hydrogen in the 6.00-9.00
region is the one with the aromatic rings. The hydrogen content in shale oil in
this region is much lower than that in the region of 0.50—6.00. This indicates
that the aromatic hydrogen content (/) in shale oil is low. Wang et al. [43]
also report that the aromatic hydrogen content in the heavy oil fraction of
shale oil (shale oil boiling point > 300 °C) is very small.

Table 8. Hydrogen distribution in "H NMR spectra

Relative content, %*

Heating rate, °C/min Residence time, min Temperature, °C

Symbol

2 5 8 10 10 20 30 40 | 480 | 500 | 520 | 550

H |16.86 |16.83 |16.39 | 16.10 | 16.23 | 16.83 | 16.44 | 16.64 | 16.69 | 17.06 | 16.83 | 16.34

H, |63.68 6295|6247 |62.17 | 62.74 | 62.95 | 62.77 | 63.49 | 63.86 | 63.48 | 62.95 | 63.36

H 110.70 | 10.90 | 11.28 | 11.62 | 11.65 | 10.90 | 11.48 | 10.90 | 10.64 | 10.53 | 10.90 | 11.17

H 270 | 3.21 | 3.17 | 328 | 2.86 | 3.21 | 290 | 2.83 | 294 | 3.00 | 3.21 | 2.87

H 6.03 | 6.11 | 6.69 | 6.83 | 6.52 | 6.11 | 6.41 | 6.14 | 586 | 593 | 6.11 | 6.27

* The ratio of the integral area of the corresponding spectrum area to the total area of the spectrum

Table 8 reveals that different process conditions have different effects on
hydrogen distribution. The residence time only has an effect on /. That is,
H,, increases first and then decreases as the residence time increases. The
H,,, value reaches the maximum value of 3.208% when the residence time is
20 min. The decrease in H,, may be caused by a secondary reaction in the
retort to generate shale gas or shale carbon as the residence time increases.

The heating rate has no obvious influence on H ,, but it has a great influence
on the distribution of other types of hydrogen in shale oil. Among them, H
and H f keep decreasing as the heating rate increases, while H# and H  keep
increasing. This is because the increase in the heating rate is conducive to the
pyrolysis of oil shale and facilitates the increase of light fractions in shale oil
[37]. Moreover, Nazzal [44] reported that aromatic compounds increased with
the heating rate increasing from 2 to 30 °C/min. These results verify the effect
of heating rate on hydrogen distribution in shale oil.
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In addition, temperature also has a great influence on the distribution
of hydrogen in shale oil. The effect of temperature on H, and H  is mostly
similar to that of heating rate. The difference is that A first increases and
then decreases with the increase of temperature, reaching a maximum value
at 500 °C. Additionally, the influence of temperature on H_ is opposite to that
on H . However, Wang et al. [28] reported that the C—C bond of the saturated
hydrocarbon group attached to the aromatic ring broke as the pyrolysis
temperature increased from 400 °C to 600 °C, and caused H and H  to
gradually increase and H, , to gradually decrease in the heavy oil fraction of
shale oil. At the same time, the researchers also reported that the content of
H_ would not change systematically with the increase in the final pyrolysis
temperature. That is why they were looking at heavy oil fractions of shale oil.
Wang et al. [45] reported that the heavy fractions in shale oil firstly decreased
with increasing temperature (430, 460, 490, 520 °C) from 430 °C to 490 °C,
and then increased as the temperature was higher than 490 °C. Therefore, the
results obtained in this paper are principally similar to those of Wang et al. [28],
but not exactly the same.

Table 9. Distribution of carbon in *C NMR spectra

Relative content, %*

Heating rate, °C/min Residence time, min Temperature, °C

Symbol

2 5 8 10 10 20 30 40 480 | 500 | 520 | 550

£,V 1047 9.00 | 648 | 6.87 | 10.29 | 9.00 | 7.65 | 9.58 | 9.75 | 9.99 | 9.00 | 8.71
S| 730 | 5.00 | 400 | 5.06 | 629 | 500 | 5.89 | 6.24 | 5.16 | 6.59 | 5.00 | 5.81
fB | 11.34 1 10.00 | 7.47 | 7.81 | 12.00 | 10.00 | 8.36 | 10.98 | 11.02 | 11.17 | 10.00 | 9.97
S| 52.82 1 51.50 | 47.64 | 42.93 | 57.14 | 51.50 | 42.35 | 52.73 | 54.64 | 52.52 | 51.50 | 49.05
fP| 463 650 | 528 | 6.11 | 1.14 | 6.50 | 546 | 483 | 534 | 522 | 6.50 | 4.55
£2 | 878 | 1.50 | 8.55 | 10.04 | 4.57 | 1.50 | 10.00 | 2.16 | 8.43 | 2.20 | 1.50 | 6.55
SR 077 1 7.00 | 11.67 | 12.70 | 3.43 | 7.00 | 12.18 | 6.67 | 1.71 | 532 | 7.00 | 6.26

f.B]2.843 ] 500 | 476 | 4.60 | 3.43 | 500 | 437 | 433 | 2.82 | 435 | 500 | 4.84

£.C11.054) 350 | 416 | 3.89 | 1.71 | 3.50 | 3.74 | 249 | 1.13 | 2.65 | 3.50 | 3.90

* The ratio of the integral area of the corresponding spectrum area to the total area of the spectrum
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3.2.2. Structural parameters of shale oil calculated by 'H MNR and *C MNR

The chemical shift of the *C NMR spectrum of shale oil is mainly divided
into the aliphatic carbon region (< 90) and the aromatic carbon region (> 100).
As shown in Figure 5b and Table 9, the chemical shift of the *C NMR
spectrum of shale oil generated under different process conditions has the main
resonance region at J < 90. The resonance of the methylene carbon region
(6 = 26.00-36.00) is the strongest, with the relative content of more than
42%. The resonance intensity of the corresponding terminal methyl carbon
(60 = 8-16) is relatively weak. At the same time, the resonance intensity of the
chemical shift greater than J > 100 is not obvious. This implies that shale oil
contains less aromatics.

Table 10. Hydrocarbon types and their structural parameters

Structural parameter Symbol Definition
Ratio of aromatic carbon A fi=frrfBfC
Ratio of aliphatic carbon A Al ol A A o I o e o
Average carbon number of substituents N N=(H, Hg H)H,
Unsubstituted aromatic ring hydrogen to 0 O=(H, + Hﬂ)/2fu
aromatic carbon ratio

In order to further analyze the molecular structure of shale oil, hydrocarbon
types and structural parameters in it are characterized according to the
structural parameters of hydrogen and carbon spectra. The characterization
formula is presented in Table 10, the calculation results are given in Table 11.
The results show that the relative content of aromatic carbon (f)) in the Jimsar
shale oil is much lower than that of aliphatic carbon (f ). This is consistent
with the results of analysis presented above. Additionally, it was found that
with the increase of process parameters, the relative content of aromatic
carbon increased. However, the relative content of aromatic carbon decreased
as a process parameter increased. Some researchers believed that this is due
to some secondary reactions in the pyrolysis process of shale oil. The increase
of aromatic carbon may be due the gas phase cracking of aliphatic compounds
to generate aromatic compounds, Diels-Alder type reactions resulting in the
selective concentration of aromatic compounds and the aromatization reaction
of cycloalkanes [37, 44, 45]. The reduction of aromatic carbon is due to the
coke reaction of aromatics during pyrolysis.



56 Hao Lu et al.

Table 11. Hydrocarbon types and their structural parameters calculated

Value
£ Temperature, Heating rate, Residence time,
£ o o .
> C C/min min
)
480 | 500 | 520 | 550 2 5 8 10 10 20 30 40
WA 0.05 | 0.12 | 0.16 | 0.15 | 0.05 | 0.16 | 0.21 | 0.21 | 0.09 | 0.16 | 0.20 | 0.14

A 094 | 088 | 0.84 | 0.85 | 095 | 0.84 | 0.69 | 0.72 | 0.91 | 0.84 | 0.75 | 0.87
N 897 | 9.06 | 8.66 | 8.54 | 8.95 | 8.66 | 837 | 8.12 | 830 | 8.66 | 837 | 8.73

0 6.53 (298 | 237|246 | 790 | 237 | 1.78 | 1.73 | 4.291 | 2.37 | 1.81 | 2.74

Wang et al. [28] believed the properties of shale oil to be similar to coal
tar’s. The average carbon number () of substituted alkyl groups in shale oil is
related to the maturity of oil shale. Moreover, N signifies that hydrocarbons are
mainly derived from the cracking of long-chain hydrocarbons or alkyl chains.
Compared with coal tar, shale oil has a longer side chain. Table 11 shows that
N increases firstly and then decreases with increasing temperature, while with
the increase of heating rate it also increases. These results demonstrate that the
pyrolysis of shale oil involves a secondary reaction.

The condensation index (Q) refers to the ratio of unsubstituted aromatic
ring hydrogen to aromatic carbon. Q firstly decreases and then increases
with temperature and residence time increasing, while with the increase of
heating rate it decreases. As the temperature, heating rate and residence time
are the smallest, the value of Q is the highest, indicating that the unsubstituted
aromatic ring contains more hydrogen. These results show that the increase
in temperature, heating rate and residence time is conducive to the formation
of aromatic compounds. At the temperature of 520 °C, the residence time
of 20 min and the heating rate of 10 °C/min, the value of Q is the smallest,
which is more conducive to the formation of aromatic compounds. There
are many researchers who are also of the opinion that the increase in heating
rate, residence time and temperature within a certain range contributes the
formation of aromatic compounds [37, 44, 45].

4. Conclusions

1. The FTIR, "H NMR and "*C NMR analyses indicate that the main substances
in shale oil are aliphatic components. FTIR results show that the aliphatic
components in shale oil samples are mainly —~CH, with anti-symmetric
stretching vibrations, which decrease firstly and then increase with the increase
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of heating rate, and decrease with the increase of temperature. Shale oil has
the longest aliphatic chain at the following pyrolysis conditions: heating rate
5 °C/min, pyrolysis temperature 520 °C and residence time 20 min.

2. The di-substitution is the main substitution mode of the benzene ring,
accounting for more than 45%. The di-substitution of the benzene ring
increases firstly and then decreases with increasing residence time and
temperature, and decreases with the increase of heating rate. The results of
"H NMR and *C NMR also show the relative content of aromatics in shale oil
to be less than 20%. The increase of temperature, heating rate and residence
time is conducive to the formation of aromatic compounds.

3. The relative content of oxygen-containing functional groups C—O and C=0
is much smaller than that of —~CH, and —CH, functional groups, while the
relative content of C—O is greater than that of C=0O. The relative content of
C-O functional groups firstly increases and then decreases with the increase
of heating rate, residence time and temperature. The relative content of C=0
functional groups firstly increases and then decreases with the increase of
residence time, while the temperature firstly increases, then decreases and
thereafter increases again.
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