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Abstract The pyrolysis of oil shale is a complex process
including a myriad of chemical reactions. A widely
approved understanding suggests a two-step decomposition
process for oil shale pyrolysis, considering bitumen as the
intermediate product. In this study, intermediates derived
from various pyrolysis conditions are comprehensively
studied by FTIR, GC, GC-MS and NMR methods to
understand the pyrolysis mechanism of oil shale and
composition feature of intermediate. The pyrolysis of oil
shale is a dynamic process, and the results show that the
intermediate is continuously generated before 400 °C,
accompanying with the formation of final products from
both intermediate and kerogen. The maximum yield of
intermediates is presented at the fastest oil-producing
temperature range (375 °C in this study). Carbon chains in
intermediate become short with the increase in tempera-
ture. Most components in pyrolysis intermediate are long
straight aliphatic chains; thus, intermediate is much heavier
than shale oil. Further reactions make intermediate convert
into shale oil product. Aliphatic hydrocarbons occupied the
biggest proportion over 86% at 375 °C, mainly in the form
of straight-chain alkanes. A few parts of aromatic frag-
ments with small ring numbers will also transfer into
intermediate. The heteroatom-containing compounds are
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mainly alcohols, ketones, amides and halohydrocarbons.
High aromaticity in shale oil at high temperatures can be
attributed to the condensation reaction of abundant ali-
phatic hydrocarbons in intermediate. During the conversion
process from intermediate to final products, the generating
capacity of oil is evidently higher than that of gas.

Keywords Oil shale - Intermediate - Pyrolysis - Structural
composition

Introduction

As asolid fossil fuel with huge reserves, the utilization of oil
shale can supply oil production and heat source by pyrolysis/
retorting and direct combustion, respectively, which suc-
cessfully keeps the sustainable energy security in many
countries [1, 2]. Oil shale is more suitable for the production
of shale oil by pyrolysis due to its higher H/C atomic ratio
comparing with coal, which is favorable to produce high
value-added oil. To obtain high quality of shale oil, it needs
to reduce the aromaticity in oil and increase the yield of light
oil. However, it is always very difficult to realize this goal
due to thermal decompositions of organic matter in oil shale
including a series of complex chemical reactions.
Considerable research efforts have been devoted to
chemical kinetic models for quantifying the composition
changes of shale oil. Burnham has summarized kinetics
research achievements of oil and gas generation, indicating
that the earliest model proposed by Hubbard and Robinson is
the most commonly cited one [3]. Increased knowledge of oil
shale kerogen structure with various advanced analytical
methods such as advanced solid-state '*C NMR, gas chro-
matography—mass spectrometry and infrared spectroscopy
makes a further understanding of the reaction process for the
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pyrolysis of oil shale [4—11]. A widely approved theory for the
decomposition process of oil shale consists of two steps: (1)
With the increase in temperature to around 350 °C [12, 13],
kerogen decomposes and converts to solvent-extractable or-
ganic matter, which is defined as pyrolysis intermediate in this
study. (2) Intermediate further decomposes and forms final
products including gas, oil and solid residue [14]. Compar-
isons of chemical composition between intermediate and
corresponding oil shale coupling with the analysis of other
final products can help to reveal the oil shale pyrolysis
mechanism in a different way. However, reports about sys-
tematic and detailed information about intermediate in terms
of both pyrolysis mechanism and composition feature are rare.
Braun et al. [14] reported the kinetic analysis of oil production
in terms of two consecutive first-order reactions and consid-
ered the pyrolytic bitumen as intermediate production.
Zaidentsal et al. [15] investigated the influence of temperature
condition and isothermal exposure time on the yield of ther-
mal intermediate and obtained the maximum yield of thermal
bitumen at 390 °C. Li et al. [16] investigated the structural
feature of organic intermediate obtained from Huadian oil
shale at critical temperature of 350 °C and made a comparison
with kerogen matrix. Williams [17] performed artificial mat-
uration experiments to simulate thermal maturation of oil
shale and found that bitumen played an intermediate role in the
course of generating the final products. Despite the impor-
tance of intermediate in shale pyrolysis, its formation mech-
anism, difference with shale oil and chemical composition
have not been investigated as much detailed as other oil shale
products. On the acknowledgment of those rare studies, this
paper presents a comprehensive study of intermediate and
shale oil derived from various pyrolysis conditions, in order to
get a particular understanding of pyrolysis intermediate by
various characterization methods which have not been done
in-depth so far, as well as oil-generating mechanism in terms
of intermediate.

Experimental
Sample preparation
A kind of typical oil shale used in this study is obtained

from Gonglangtou deposit located in Huadian, Jilin Pro-
vince, China. For the primate preparation, the oil shale

samples were crashed, ground and sieved to a small size of
0-2 mm and then dried in an oven at 105 °C for 24 h to
eliminate the possible influence from water. The proximate
and ultimate analysis of the Huadian oil shale is shown in
Table 1. The ash content was 66.42 mass%, and the oil
yield from Fischer Assay experiment was 9.98 mass% on
dry basis. The atomic H/C was 1.87.

According to the thermogravimetry analysis of original
oil shale at the heating rate of 10 °C min_l, the mass loss
peak began at around 300 °C with a relatively slow speed
and reached the top at 450 °C, but the quick weightlessness
region was at 350-400 °C, and the decomposition of
organics was completed at 525 °C. Thus, pyrolysis tem-
peratures were chosen from 300 to 525 °C to obtain
comprehensive information about intermediate and shale
oil. The pyrolytic experiments were conducted in a small
furnace, and 80 g oil shale sample was used each time at
the heating rate of 2° min~" after fast heating up to 200 °C
in 20 min. After that, the furnace was held at the corre-
sponding temperature for 3 h and the remaining solid
sample (named semicoke in this article) was taken out
carefully and stored in drying vessel for the next procedure.
Also, shale oil at each temperature was collected for the
comparison with intermediate.

The extraction device used in this experiment was
Soxhlet, and the solvent used here was chloroform due to
the good solubility for bitumen [18]. Around 70 g semi-
coke was put in the tube each time, after that, the solvent
was heated at 62 °C, and the extraction procedure was
operated long enough until the siphon tube with solvent
and intermediate presented transparent. Continuous
extraction for 4 times at each temperature was employed
here to get enough intermediate. At last, the final solution
was evaporated in a rotator evaporation device to obtain
pure pyrolysis intermediate for further analysis. Because
the yield of intermediate was extremely low when the
pyrolysis temperature was lower than 325 °C or higher
than 425 °C, and its purification was almost impossible, we
focused on the analysis for intermediates at 350, 375 and
400 °C, respectively.

Analysis and characterization

Elemental analysis of the samples was conducted using a
Vario Macro cube Elementar. The results are shown in

Table 1 Proximate and ultimate analysis of Huadian oil shale properties of oil shale

Proximate analysis/mass%, dry basis

Ultimate analysis/mass%, dry basis

Fisher assay/mass%

A? A FC® C
66.42 28.05 5.53 21.65

N S o? 9.98

2.34 0.65 0.48 6.94

2 ash, ® volatiles, ¢ fixed carbon, ¢ calculated by difference
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Table 2 Ultimate analysis of intermediate

Pyrolysis temperature/°C 350 375 400

Ultimate analysis of intermediate/mass%

C 83.74 82.92 84.36
H 11.53 10.74 10.21
N 0.72 1.09 0.79
S 1.18 0.84 0.88
o 2.83 4.41 3.76

Atomic H/C ratio 1.65 1.55 1.45

4 By difference

Tables 2 and 3, including the calculated atomic ratio of
hydrogen and carbon atom (H/C).

Gas chromatograph (Agilent 7890B) was used here to
characterize boiling point distribution of samples. GC-MS
(Shimadzu QP2010 Ultra) with a capillary Rtx-5SMS
(30 m x 0.25 mm LD. and 0.25 um film thickness) was
used for component analysis. The temperature program for
the GC method started by holding at 50 °C for 5 min and
then increased to 280 °C with a heating rate of 6 °C min~"
and then held for 10 min. The solvents used to dissolve the
intermediate and shale oil were chloroform and acetone,
respectively. In the MS program, the interface temperature
was 280 °C, while the ion source temperature was 200 °C.
The components were identified by matching with the
NIST library and WILEY database. The relative concen-
tration of every compound was calculated based on the
integral of the corresponding peak areas and the total peak
areas.

The FTIR analysis for the intermediate was performed
using a Bruker Tensor 27 FTIR spectrometer. To prepare the
sample pellets, the dry KBr was ground to fine powder first
and pressed to disks for 10 mm diameter at 20 MPa for 30 s
using a sample presser. Then the intermediate dissolved in
chloroform was dropped at the center of the pellets. FTIR
spectra for the sample were obtained with a resolution of
4 cm™" and the spectral range of 4000-400 cm ™. In order
to eliminate the influence of solvent, the scan was conducted

Table 3 Ultimate analysis of shale oil

every 5 min, till the peaks caused by chloroform (1218 and
773 cm™ ") were disappeared.

High-resolution liquid-state NMR spectroscopy was
performed using an Avance III spectrometer (Bruker Bio-
Spin GmbH), operated at 700 MHz for '*C NMR
spectroscopy.

Results and discussion

Yield distribution of final pyrolysis products
and intermediate

Yields of final pyrolysis products and pyrolysis interme-
diate extracted from semicoke were compared at different
temperatures (all the yields were calculated based on
original oil shale in this study). As shown in Fig. 1, yields
of shale gas and pyrolysis water showed an upward trend,
while yield of semicoke decreased with temperature
increasing from 300 to 525 °C. Oil shale started to
decompose and form shale oil at around 325 °C and yield
of shale oil reached a maximum at 450 °C in this study.
After 450 °C, yield of shale oil showed a decreasing trend,
because the final pyrolysis temperature was relatively high,
and the retention time for pyrolysis final temperature was
long enough to ensure complete reaction, some volatiles
cracked to form shale gas and pyrolysis water. This is
supported by the appearance in Fig. 1 that yield of water
and gas added the loss showed a shift to faster growth after
450 °C. Intermediate could only be obtained from 325 to
400 °C, and the yield first increased and then declined with
the increase in temperature. The results indicated that
during the generation of shale oil, intermediate played an
important role: below 400 °C, it had to undergo an inter-
mediate stage, because the temperature was too low to
provide enough energy for the decomposition of kerogen
and generating shale oil immediately; after 400 °C, shale
oil was produced directly by the original organics of oil
shale without experiencing intermediate stage at high

Pyrolysis temperature/°C 350 375 400 425 450 475 500 525
Ultimate analysis of shale oil/mass%
C 83.48 84.29 82.76 81.72 83.12 84.70 83.93 84.17
H 13.05 12.40 12.13 11.83 12.01 12.10 11.96 11.91
N 0.57 0.52 0.86 0.89 0.89 0.89 1.04 1.05
S 0.57 0.60 0.48 0.53 0.45 0.32 0.70 0.50
0! 233 2.19 3.77 5.57 3.53 2.00 2.37 2.37
Atomic H/C ratio 1.88 1.77 1.76 1.74 1.73 1.72 1.71 1.70

4 By difference
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Fig. 1 Yields of final pyrolysis products and intermediate at various
temperatures

temperatures, because the decomposition product of kero-
gen will volatilize rapidly or convert further to form final
pyrolysis products.

Overall reaction process of oil shale pyrolysis
Generation and reaction characteristics of intermediate

The maximum yield of intermediate appeared at 375 °C,
which was less than shale oil by 1.16% at the same tem-
perature. Rate of oil producing was the highest at the tem-
perature range from 350 to 400 °C, and shale oil produced
between 350 and 400 °C accounted for 67.12% of the
highest oil yield 11.71% at 450 °C. Interestingly, the max-
imum yield of pyrolysis intermediate was obtained at the
same temperature scope of the maximum oil yield, agreeing
with the results of other experimental studies [13, 19]. At
higher temperature, the yield of intermediate started to abate
sharply, which reduced to nearly zero at 400 °C, indicating
that the intermediate can be produced beyond a certain
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temperature and can stably exist at a limited temperature
boundary: the range of the highest rate of oil producing.
Besides, direct pyrolysis products were generated at the
same time as the formation of intermediate, but the inter-
mediate could continuously convert to pyrolysis products,
called parallel reactions in some studies [17, 19].

The results of ultimate analysis of intermediate and
shale oil are listed in Tables 2 and 3, respectively. Because
the yield of intermediate extracted from solid semicoke is
extremely low when the temperature is lower than 350 °C
or higher than 400 °C, we focus on the analysis of the
intermediate extracted at the pyrolysis temperature of 350,
375 and 400 °C. When the pyrolysis temperature is lower
than 400 °C, the heteroatoms N, S and O account for a
higher proportion in intermediate than those in shale oil,
showing that the heteroatom-containing fragments of oil
shale kerogen can convert to shale oil partly at the early
heating stage, and most of which exist in the form of
intermediate. An estimation of the total heteroatom content
in intermediate shows 1.36 and 1.92 times of that in shale
oil at 350 and 375 °C, respectively, and only 35-45% of
that is converted into shale oil. As Fig. 2 demonstrates, the
atomic H/C ratio in intermediate and shale oil decreased
with the increase in temperature, while the value of inter-
mediate was much smaller than that of shale oil. Thus, the
results indicate that in the course of intermediate convert-
ing to final pyrolysis products, the hydrogen-rich organics
turn into shale oil while the contrary hydrogen-poor
organics become semicoke. The value of H/C was evi-
dently lower in semicoke than that in shale oil and in
intermediate, suggesting that most of the hydrogen atoms
are transferred into shale oil during secondary allocation.
Besides, the atomic H/C of semicoke declined significantly
with raising temperature and reached the bottom at 525 °C.
Interestingly, after extraction the atomic H/C ratio of
semicoke just had a slight change but still declined com-
paring with that before extraction at the corresponding
temperature, which can be attributed to intermediate just
accounting for a small proportion of semicoke before
extraction.

Distillation fraction characterization for shale oil
and intermediate

Shale oil and intermediate distillation fraction distribution
was analyzed by GC, and the boiling point was categorized
into four items with the gasoline <200 °C, diesel
200-350 °C, VGO 350-500 °C and heavy oil >500 °C. As
shown in Fig. 3, diesel had the biggest proportion at all the
operational temperatures, while a relatively small propor-
tion was observed for gasoline, and heavy oil couldn’t be
detected in shale oil. With increase in the temperature,
firstly, the relative content of diesel sharply decreased and
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Fig. 2 Comparison of atomic H/C ratio at different temperatures in
shale oil, intermediate, semicoke and semicoke after solvent
extraction

reached the lowest point at 400 °C and then increased
slowly between 400 and 525 °C. Interestingly, the content
of VGO and diesel had the contrary tendency as the tem-
perature rose, which indicated that VGO and diesel might
be derived from the same fragments of kerogen, and
formed under different reactions. The temperature window
for the fast production of VGO located at 350-400 °C,
which also could be transferred into diesel and gasoline by
secondary cracking reactions when the pyrolysis tempera-
ture was over 400 °C. The cracking of the big molecules,
such as the components of VGO, diesel and kerogen, may
produce small fragments (gasoline or gas) under the long
retention time and high temperatures.

The yields of distillate fraction in shale oil at different
temperatures are also shown in Fig. 3. The yield of diesel
was continuously increasing in the whole operational
temperature range of this study, which kept at the level of
about 7% with temperatures rising to 525 °C, while the
yield of VGO increased at the low-temperature stage of
350-400 °C, then kept almost stable at the middle-
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Fig. 3 Distillate content and yield of shale oil varying with
temperature

temperature stage of 400-450 °C and decreased obviously
at the high-temperature stage of 450-525 °C. For gasoline,
the yield increased gradually until the temperature was
elevated to 475 °C, after that the yield slightly decreased.
However, the maximum yield of gasoline was still no more
than 1%. From above results, we can conclude that the
temperature below 400 °C is mainly the production stage
of all the components of oil. The formation and decom-
position ratio of VGO is almost equal at 400—450 °C, while
the diesel yield is still increasing at the same temperature
stage, suggesting that the decomposition of VGO can
transfer into diesel. At higher-temperature stage of
475-500 °C, the amount for the decrease in VGO is much
more than that for the increase in diesel and gasoline,
which may be attributed to the systematic loss and the
formation of gas and water, as shown in Fig. 1. The yield
of diesel was not reduced as VGO and had a lifting trend,
implying that part of big fragments of VGO may crack to
form the smaller segments as diesel and gasoline before
evaporating from the reactor.

@ Springer



2232

M. Li et al.

Analysis of the distillate content and yields of distilla-
tion fraction for pyrolysis intermediate are shown in Fig. 4.
The difference between intermediate and shale oil was that
there were only VGO and heavy oil fractions in interme-
diate according to the categorized boiling points. Gasoline
(boiling point <200 °C) and diesel (boiling point
200-350 °C) fractions had not been detected in pyrolysis
intermediate based on the analysis of the simulated distil-
lation GC. The difference demonstrates that components
for pyrolysis intermediate are very heavy, and also implies
the formation mechanism of intermediate that after critical
temperature the relative weak bonds in kerogen crack to
form long fragments but cannot escape from the 3D cross-
linking structure of the kerogen and minerals. This cross-
linking structure is so complicated that the fragments
cannot further transfer into final products totally [9, 20]. It
is well known that the decomposition of organic compo-
nents starts at around 350 °C [16, 21, 22]. For this case,
heavy intermediates were firstly formed significantly at
350 °C, and the content of VGO was higher than heavy oil,

80 VGO Heavy oil
70
60 |-
50 |
2
2
S 40}
c
o
O 30}
20
10 |
0
15 F
2
@ 12}
®©
S
£
3
2 09}
>
2
=
3 o6f
a
03 F
W
0.0 A

350 375 400

Pyrolysis temperature/°C

Fig. 4 Distillate content and yield of intermediate at different
temperatures
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but the content of heavy oil exceeded VGO as the tem-
perature elevated to 375 °C, which makes clear that the
earliest cracking just needs less activation energy and the
broken sites should be the most active ones in original
kerogen. When the temperature increased to 400 °C, the
content of heavy oil abated and the content of VGO
exceeded the content of heavy oil. This change shows that
higher temperature contributes to the decomposition of
intermediate into smaller fragments.

As shown in Fig. 4, the yields of VGO and heavy oil
both reached the highest at 375 °C, proving that the dif-
ference between the generation and consumption rates of
intermediate reached a maximum value under this condi-
tion. The reason why there was a maximum yield at 375 °C
is that during the fast oil-producing period, the rate of
intermediate producing is much higher than that of inter-
mediate consuming before 375 °C, but on the contrary after
375 °C. If the temperature is located at the fast oil-pro-
ducing range, the total production of intermediate is always
more than the total consumption; thus, intermediate can
exist in the cross-linking structure of kerogen and minerals.
If the temperature is higher than 400 °C, the production of
intermediate is not enough for consuming, so the inter-
mediate cannot exist instead, which will volatilize rapidly
or convert further to generate final pyrolysis products.

The high-resolution '>C NMR spectroscopy was per-
formed to analyze aromatic and aliphatic carbon fractions in
intermediate and shale oil collected at different tempera-
tures, and the trends are shown in Fig. 5. The calculation
method used in this study was by integrating the peak area
where 0-90 ppm represents aliphatic carbons, 90-165 ppm
represents aromatic carbons, and 165-220 ppm represents
carbonyl carbons in '>*C NMR spectra. Aromatic carbon
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Fig. 5 Aromatic and aliphatic carbon fractions for the intermediate
and shale oil collected at different temperatures
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Fig. 6 FTIR spectra of the intermediate at 350, 375 and 400 °C, respectively

fraction in shale oil increased from 6.1 to 20% as the tem-
perature increased, and the value for the intermediate
increased from 0.3 to 2.86%, which indicates that aro-
maticity in shale oil is affected significantly by the pyrolysis
temperature. Some studies documented that aromatic car-
bons in the original kerogen converted directly into oil with
extremely low amount [23-25], and the amount of aliphatic
carbons converting into residual carbon was very little, or
the transfer of the two was equal. The aromatic fraction in
intermediate was evidently lower than shale oil, which also
shows undisputedly that the high aromaticity in shale oil at
high temperatures can be attributed to the condensation
reaction of abundant aliphatic hydrocarbons in
intermediate.

Characterization of intermediate components
Information of functional groups in intermediate

The composition of functional groups in intermediate was
investigated by using Fourier infrared method. The
spectrum is presented in Fig. 6. There were mainly —CH3,
—CH,, C=0, C=C, OH and —X(halogen) functional
groups. The types of functional groups in intermediate
extracted at different temperatures were nearly the same
according to the detailed summary of FTIR adsorption
peak positions of different functional groups from a
variety of studies [26-29], but the difference of peak
intensity in the same position implied the content of
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Fig. 7 GC-MS spectra of intermediate at temperature of 350, 375
and 400 °C

functional group was different. The strongest peaks at
2918.14, 2850.65, 1460.03, 721.34 (highlighted with
black dash lines) and 2954, 1371 cm™" (highlighted with
green dash lines) shown in the FTIR spectrum are
assigned to methylene and methyl, respectively. The peak
at 1024.15 cm ™! (highlighted with blue dash line) belongs
to C—OH stretching vibration of alcohols, and the peak
highlighted with red dash line near 1726 cm™' represent

@ Springer

C=0 stretching vibration from ketones together with the
peaks of 1371 and 1099 cm™"'. A handful of ketones and
alcohols were also detected by GC-MS, which was in
good consistency with FTIR data. The aromatic C-H
stretching vibration (3000-3100 cm™') was ambiguous,
but peaks from aromatic C—C stretching vibration band at
1604.6 cm ™' could confirm aromatic hydrocarbon struc-
ture. Besides, it is obvious in Fig. 6 that the peak intensity
of ketones (C=0) relative to aromatic hydrocarbons (C—
C) decreased with increase in the temperature, indicating
that the relative content of ketones abated comparing with
the aromatic hydrocarbons. Absorption peak over
3300 cm ™! had a wide distribution and the intensity was
relatively low, possibly resulted from associated OH or
water (KBr from sample preparation was hydrophilic)
stretching vibration band.

Composition of intermediate at 375 °C

As shown in Fig. 7, the components detected by GC-MS
analysis in intermediate can be categorized as <C;, Cyj—
C,; and >C,; based on the number of carbon atoms in
these compounds. Most of the peaks in GC-MS spectra
were the same for the intermediates derived at different
temperatures, but the relative intensity of the corresponding
peaks changed as the temperature increased. The intensity
of the peaks located in <C;; and C;;—C,; intensified with
increasing pyrolysis temperature, implying that the con-
version of big molecular weight hydrocarbons to small
molecular weight ones takes place at the temperatures of
generating intermediates, which is in good consistent with
distillation analysis for intermediate that higher tempera-
ture contributes to the decomposition of intermediate into
smaller fragments. The maximum yield of pyrolysis
intermediate was found at 375 °C, and the detailed com-
ponent distribution was analyzed to understand the char-
acteristic of intermediate. The strongest 100 peaks were
picked out to match with the database of mass spectrum for
identification of the molecular and structural formula of
each peak.

Tables 4-6 list the relative content of aliphatic hydro-
carbons, aromatic hydrocarbons and heteroatomic com-
pounds calculated as the ratio of each peak area to the total
peak areas in the mass spectrum of 375 °C. The most
abundant components were aliphatic hydrocarbons which
reached up to 85%, including straight alkanes, cycloalka-
nes, branched cycloalkanes and straight alkenes. Besides,
there was a complicated unsaturated aliphatic hydrocarbon
hop-22(29)-ene. No branched alkanes or alkenes were
detected by GC—MS analysis for intermediate. Among all
the aliphatic hydrocarbons, straight-chain alkanes occupied
the highest content of 81.93%, which indicates that most
structure in pyrolysis intermediate is long straight aliphatic
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Table 4 Aliphatic compound distribution in intermediate at 375 °C

Compounds Molecular Relative content
formula (Area %)
375 °C
Nonane CoHyo 0.24
Undecane Ci1Hyg 1.07
Dodecane CoHye 0.91
Tetradecane Ci4Hzo 1.57
Pentadecane C,sHs, 3.14
Heptadecane C7H3¢ 4.86
Heneicosane Cy1Hys 12.10
Tetracosane C,4Hso 22.74
Dotriacontane C3,Hgg 3.26
Hexatriacontane Cs6H74 29.73
Tetracontane C4oHgo 2.31
1-Tridecene Ci3Hag 0.33
1-Tetradecene C4Hog 0.16
1-Pentadecene C,5H3g 0.14
1-Heptadecene Ci7Hz4 0.74
1-Nonadecene CioHzg 0.58
9-Hexacosene Cy6Hso 1.03
Cyclotetradecane Ci4Hog 0.32
Cyclohexadecane Ci6Hzo 0.13
Dodecylcyclohexane CgH36 0.15
n-Heptadecylcyclohexane Cy3Hys 0.36
15-Isobutyl-(13.alpha.H)-isocopalane  Cp4Hyy 0.20
Cyclopentane, heneicosyl- Cy6Hs, 0.46
Hop-22(29)-ene C30Hso 0.36
Total 86.89

Table 5 Aromatic compound distribution in intermediate at 375 °C

Compounds Molecular Relative content
formula (area %)
375 °C
Naphthalene, 1-methyl- C,Hjo 0.19
Benzene, octadecyl- CyoyHyo 0.25
Benzene, [3-(2-cyclohexylethyl)- CosHyo 0.22
6-cyclopentylhexyl]-
Benzene, nonadecyl- CosHys 0.17
Benzene, eicosyl- CyeHae 0.31
Benzene, 1,3-didecyl- CyeHye 0.19
Total 1.34

chains. C,4 compound tetracosane and Czq compound
hexatriacontane were found in high content among all
compounds classified by the carbon number. Among all
alkanes, C,;—C3¢ compounds dominated in intermediate
but according to analysis of shale oil at 375 °C, Cyp—Coyy
compounds occupied the main part in oil products, indi-
cating that further reactions occurred during the conversion
process from intermediate to oil. Early study of kerogen

Table 6 Heteroatomic compound distribution in intermediate at
375 °C

Compound Molecular Relative
formula content
(Area %)
375 °C
n-Nonadecanol-1 Ci19H400 0.19
Behenic alcohol CyHy60 0.15
1-Heptacosanol C,7Hs560 0.23
1-Octacosanol C,3Hs30 0.20
1-Hentetracontanol C41Hg,O 0.29
2-Pentadecanone C,5H300 0.44
2-Heptadecanone C;7H34,0 0.19
2-Nonadecanone Ci9H350 1.10
2,4,7,14-Tetramethyl-4-vinyl- C,oH3,0 0.14

tricyclo[5.4.3.0(1,8)]tetradecan-6-ol
Carbonic acid, octadecyl propyl ester Cy,HysO5 0.55

22-Tricosenoic acid C,3H440, 0.18

Heptadecanenitrile C,7H33N 0.99
Nonadecanenitrile CioH37N 3.15
13-Docosenamide, (Z)- C,,Hy3NO 0.69
Hexadecane, 1-chloro- C,6H35Cl 2.18

CisH3FsO, 023
CyoH33Fs02  0.32

Pentadecyl pentafluoropropionate

Pentafluoropropionic acid, hexadecyl
ester

CyH37F50, 023
CyoHsoFs0,  0.16
CypHuBr,  0.13

11.77

Octadecyl pentafluoropropionate
Nonadecyl pentafluoropropionate
Docosane, 1,22-dibromo-

Total

structure found that the overwhelming structure in oil shale
kerogen was aliphatic carbon, and most of them were
straight chains [30]. Our study shows that these long
straight-chain compounds in intermediate are very likely to
be the main structure of kerogen, which are easily released
from the skeleton structure by pyrolysis. In previous
studies, the aromatic hydrocarbons in shale oil were found
to be mainly single- and double-ring compounds with ali-
phatic chains, which can be derived from paraffinic and
naphthenic hydrocarbons by a series of pyrolysis reactions,
such as cracking, dehydrogenation or cyclization. While
the aromatic carbons in original kerogen tended to convert
into shale char [3, 24, 25, 31, 32], the content of
cycloalkanes and alkenes were very low and the majority
of them possessed no branch.

The content of aromatics compounds detected by GC—
MS was extremely low of only 1.34% in intermediate at
375 °C, further demonstrating that the aromatic structures
in kerogen tended to convert into residue. The aromatic
structures in pyrolysis intermediates were both single and
double aromatic rings with branches. The double aromatic
ring compound was 1-methyl-naphthalene, and the methyl
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Fig. 8 '>C NMR spectrum of intermediate extracted at 375 °C

substitute could be formed by beta-scission reaction of long
side chain. Since the C—C bond located in beta site was
easily broken down to form a radical with a methylene
group, after bounding to a hydrogen atom, a new aromatic
compound with a methyl substitute was formed and
released from the kerogen [33].

Heteroatom compounds in pyrolysis intermediates
mainly consisted of oxygen-, nitrogen- and halogen-

Table 7 Distribution of various carbons in intermediate at 375 °C

containing compounds according to GC-MS analysis.
They existed in the forms of alcohol, ketone, nitrile,
halohydrocarbon and small quantity of ester-, acid-, amide-
and fluorine-containing components. The oxygen-contain-
ing components were primarily consisted of alcohol,
ketone and ester, which were in accordance with that in
shale oil. Halogen-containing compounds were detected in
GC-MS, further verifying the belonging groups of the
absorption peaks at 1265 and 802 cm™"' in FTIR analysis.
Nitrogen-containing compounds mostly existed in the form
of nitrile with straight-chain molecular structure, and
pentanenitrile and octanenitrile were also found in shale oil
in other study [33].

The '*C NMR spectrum of intermediate extracted at
375 °C is illustrated in Fig. 8, together with the partial
enlarged curve between 0 and 50 ppm. The peaks at
77 ppm are assigned to deuterated solvent CDCl;. Carbon
types were categorized based on previous studies
[5-7, 16, 34-38], and the content of each carbon type was
calculated by integrating the corresponding peaks or
regions, as shown in Table 7. The main components of
intermediate are aliphatic compounds, with a few aromatic
compounds. Thus, in the liquid-state '>C NMR spectrum,
the signal of aromatic carbons was faint, nearly coincided
with the baseline. By integrating corresponding peak area
for aromatic carbons, there were only 2.0% of aromatic
carbons, suggesting a low aromaticity in intermediate.
Similarly, carbons bonded to oxygen were also rare in

Carbon type Location Chemical shift/ppm Temperature 375 °C
Content/%
Carboxyl and carbonyl ) 165-210 0
R_[g_OH
0}
e
Aromatic carbon Ne— 90-165 2.44
=
Methine and methylene 31.94 4.70
29.71 69.92
—L
H
R ,—R 29.67
29.37 11.17
Methylene carbon bonded to methyl R 2 —CH, 22.7 6.19
Aliphatic methyl R —@43 14.12 5.58
Aromaticity/% 90-165 2.44
Aliphaticity/% 0-90 97.56
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intermediate (as mentioned before that ketones can be
detected in FTIR and GC-MS, but the content was extre-
mely low), and their peak areas were zero. Most carbons
were belonging to methylene, implying that there are a lot
of long straight chains. Among all the aliphatic carbons,
aliphatic methyl carbons and methylene carbons bonded to
methyl at 14.12 and 22.7 ppm, respectively, pertained to
gas potential carbons, while methylene carbons bonded to
methyl, methine and methylene carbons at 29.37, 29.67,
29.71 and 31.94 ppm pertained to oil potential carbons
[25, 39, 40]. There are 11.77% gas potential carbons and
85.79% oil potential carbons based on the analysis of '°C
NMR spectrum, which can be converted into final pyrolysis
products. Therefore, the capacity of generating oil is much
higher than that for generating gas, and only a small
number of intermediate will crack to form shale gas.

In general, intermediate is closely connected to both oil
shale kerogen and final pyrolysis products. When the
pyrolysis temperature is low, weak bonds in kerogen crack
first to form heavy components, which exist stably in the
form of intermediate in semicoke. Intermediate is mainly
composed of long straight aliphatic hydrocarbons, and
distillation fractions include VGO and heavy oil, whereas
diesel and VGO fractions are predominant in shale oil,
which is quite different with that of intermediates. How-
ever, when the pyrolysis temperature is high, intermediate
can convert rapidly further to form final pyrolysis products.
Especially, aliphatic hydrocarbons in intermediate undergo
the condensation reaction to generate aromatic hydrocar-
bons in shale oil.

Conclusions

A comprehensive study of Huadian oil shale pyrolysis
intermediates extracted at various temperatures is pre-
sented here. By ultimate analysis, FTIR analysis, GC, GC—
MS detection and '>C NMR spectroscopy, detailed results
about the generation and reaction process of pyrolysis
intermediates and their structural feature are discussed and
summarized as follows:

(1) The intermediate can be produced beyond a certain
temperature and can stably exist at a limited temperature
range of 350400 °C (the stage of the highest rate for oil
producing). The maximum yield of intermediate appeared
at 375 °C in this case. Pyrolysis oil and gaseous products
will be also generated at the same time as the formation of
pyrolysis intermediates, and the intermediate can continu-
ously convert to pyrolysis products. The atomic H/C ratio
of intermediates was much smaller than that of shale oil. In
the course of converting intermediates to final pyrolysis
products, the hydrogen-rich organics turn to shale oil while
the hydrogen-poor organics become residue.

(2) There were mainly -CH3, —CH,, C=0, C=C, OH and
—X (halogen) functional groups detected by FTIR spectra
for the pyrolysis intermediates extracted at different tem-
peratures. The relative content of ketones abated comparing
with the aromatic hydrocarbons. Carbon chains in inter-
mediate become short with the increase in temperature,
according to the GC-MS analysis. Among all the hydro-
carbons, straight-chain alkanes occupied the highest con-
tent 81.93%, and among all alkanes, C,,—C34 compounds
dominated in intermediate but C,¢—C,4 occupied the main
part in oil products at 375 °C. High aromaticity in shale oil
at high temperatures can be attributed to the condensation
reaction of abundant aliphatic hydrocarbons in intermedi-
ate. Aromatic hydrocarbons were single and double aro-
matic rings with branches. In the course of converting
intermediate to final pyrolysis products, the capacity of
generating oil is much higher, and only a small number of
intermediate will crack to form shale gas.
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