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Abstract

The positive- and negative-ion electrospray ionization (ESI) coupled with Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS) was employed to identify the chemical composition of heteroatomic compounds in four distil-
lates of Fushun shale oil, and their catalytic cracking performance was investigated. There are nine classes of basic nitrogen
compounds (BNCs) and eleven classes of non-basic heteroatomic compounds (NBHCs) in the different distillates. The
dominant BNCs are mainly basic N1 class species. The dominant NBHCs are mainly acidic O2 and O1 class species in the
300-350 °C, 350-400 °C, and 400450 °C distillates, while the neutral N1, N101 and N2 compounds become relatively
abundant in the > 450 °C fraction. The basic N1 compounds and acidic O1 and O2 compounds are separated into different
distillates by the degree of alkylation (different carbon number) but not by aromaticity (different double-bond equivalent
values). The basic N101 and N2 class species and neutral N1 and N2 class species are separated into different distillates by
the degrees of both alkylation and aromaticity. After the catalytic cracking of Fushun shale oil, the classes of BNCs in the

liquid products remain unchanged, while the classes and relative abundances of NBHCs vary significantly.
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1 Introduction

Oil shale is generally defined as a fine-grained sedimentary
rock containing an organic substance called kerogen. After
the heat treatment of kerogen, it can be converted into liq-
uid shale oil and combustible shale gas (Feng et al. 2013;
Tong et al. 2011; Sun et al. 2014). Consequently, oil shale
has received much attention worldwide due to its substantial
reserves, and it is proposed to be a key alternative to con-
ventional crude oil resources (Solum et al. 2014; Fletcher
et al. 2014; Hillier et al. 2013). Shale oil and shale gas have
already been the main energy resources in a few countries,
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and they have supplemented petroleum supplies in many
countries throughout the world (Jin et al. 2012; Akash 2003;
Hepbasli 2004). Shale oil is a complex organic mixture, and
it contains thousands of hydrocarbons and heteroatomic
organic compounds, such as sulfur-, nitrogen-, and oxygen-
containing compounds (Tong et al. 2013; Chen et al. 2012).
Shale oil can be refined into many useful products, such
as transportation fuels and petrochemicals, in a manner
similar to that of conventional crude oil (Yu et al. 2010).
However, in comparison with some conventional crude oil,
shale oil usually contains a relatively large content of nitro-
gen-, oxygen-, and/or sulfur-containing compounds. These
heteroatomic compounds usually lead to processing prob-
lems, which affects the use of shale oil. For example, shale
oil fuels become less stable over long periods of transport
or storage; the catalysts used in the subsequent treatment
are prone to poisoning; and corrosion and pollutant emis-
sion occur during their utilization (Chen et al. 2015; Yu
et al. 2010). Consequently, many upgrading processes (e.g.,
acid neutralization, complexation, solvent extraction, and
hydrotreatment) have been proposed to remove N, S, and
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O heteroatoms from shale oil (Chishti and Williams 1999;
Williams and Chishti 2001). However, some heteroatomic
compounds are also value-added chemicals or specialty
chemicals, so shale oil can be potentially used as a feed-
stock to produce such chemicals (e.g., pyridine base and
rust preventing oil) (Gao et al. 2019). Nevertheless, the lack
of understanding of the chemical properties of heteroatomic
compounds in shale oil and its distillates limits the future
improvement of refining efficiency. Therefore, for better use
of shale oil, it is significant to investigate the chemical com-
position and molecular structures of the heteroatomic spe-
cies in shale oil and its distillates. In addition, identification
of the heteroatomic compounds in shale oil at a molecular
level is significant for geochemical research and for under-
standing the pyrolysis mechanism of kerogen as well (Stan-
ford et al. 2006; Shi et al. 2010c¢).

In early decades, many studies have identified hetero-
atomic species in shale oils and their distillates by GC and/
or GC-MS (Shue et al. 1981; Regtop et al. 1982; Korth et al.
1988). Nevertheless, the heteroatomic compounds need sep-
aration and concentration prior to analysis because they have
low volatility and low concentrations in shale oils (Tong
et al. 2013). More recently, Fourier transform-ion cyclotron
resonance mass spectrometry (FT-ICR MS) has been widely
applied to identify the heteroatomic compounds in fossil fuel
samples. It is reported that FT-ICR MS coupled with laser
desorption ionization (LDI), atmospheric pressure photoion-
ization ionization (APPI), and electrospray ionization (ESI)
can identify the heteroatomic compounds in shale oils at a
molecular level (Jin et al. 2012; Cho et al. 2013; Bae et al.
2010). ESI can selectively ionize polar compounds in a dom-
inant hydrocarbon matrix without the need of prior separa-
tion, such as basic and non-basic heteroatomic compounds
under positive- and negative-ion modes, respectively. ESI
coupled with FT-ICR MS can yield comprehensive classes
(numbers of N, O, and S atoms in a molecule), types (num-
bers of rings plus double bonds), molecular weights, and
alkylation (numbers of carbon atoms) distributions of the
polar heteroatomic compounds (Stanford et al. 2006). There-
fore, ESI FT-ICR MS has been widely employed to identify
the nitrogen- and oxygen-containing species in crude oil and
its distillates (Qian et al. 2001a; Klein et al. 2006; Shi et al.
2010a; Smith et al. 2008), coker gas oil (Zhu et al. 2011; Shi
et al. 2010b), and shale oils (Jin et al. 2012; Tong et al. 2013;
Chen et al. 2012; Bae et al. 2010).

In this paper, we identify the chemical composition and
molecular structures of heteroatomic species in four distil-
lates of Fushun shale oil, including their classes, types, and
carbon numbers, by employing positive- and negative-ion
ESI FT-ICR MS. As the distillation temperature increases,
the chemical compositions and molecular structures of het-
eroatomic compounds will demonstrate the general trends of
the Fushun shale oil composition. In addition, we investigate

the catalytic cracking performance of different distillates
derived from Fushun shale oil. The results of this paper will
be helpful and essential in providing a more efficient and
profitable process for refining shale oil into transportation
fuels and specialty chemicals.

2 Experimental section

2.1 Analysis of the properties of Fushun shale oil
and its distillates

Fushun shale oil employed in this work was supplied by
the Fushun Mining Group, China. The oil was separated
into five distillates by a true boiling point distillation unit
according to the American Society for Testing and Mate-
rials (ASTM) D2892 and D5236 methods. The pressure
was 2 mm of mercury when vacuum distillation was used.
Additionally, the temperature of the liquid phase never
exceeded 310 °C in all the distillation processes. The
properties of Fushun shale oils are shown in Table 1 (the
volatile fraction with a boiling point below 300 °C is not
shown here). The Conradson carbon residue (CCR) was
measured according to GB/T 268-87, which is a Chinese

Table 1 Properties of Fushun shale oil and its distillates

Sample F, F, F, Fs F,
Distillation Full 300- 350- 400- >450
range, °C range 350 400 450
Yield of fraction®, 100% 18.23 20.62 20.61 24.49
wt%
Density (20 °C), 894.3 868.4 885.9 896.3 974.9
kg/m?
CCR®, wt% 1.55 0.06 0.16 0.32 6.37
C, wt% 85.08 84.33 85.04 85.17 85.42
H, wt% 12.04 12.53 12.39 12.31 11.53
H/C ratio 1.70 1.78 1.75 1.73 1.62
S, wt% 0.35 0.36 0.40 0.47 0.50
O°, wt% 1.26 1.78 0.94 0.92 0.88
Total N (N), wt%  1.27 1.00 1.23 1.13 1.67
Basic N (M), wt% 0.63 0.61 0.63 0.60 0.90
Ny/N, ratio, % 49.53 61.3 515 532 53.8
SARA analysis,
wt%
Saturates 49.64 67.24 62.46 59.96 33.60
Aromatics 16.70 13.08 15.64 15.86 22.08
Res- 33.66 19.68 21.90 24.18 44.32

ins + asphaltenes

aThe yield of the volatile fraction with a boiling point below 300 °C
is 16.05 wt%

®CCR indicates the Conradson carbon residue

“The oxygen content is calculated by difference
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standard analytical method for measuring carbon resi-
due (Chen et al. 2012, 2015). The elemental contents
of Fushun shale oil and its distillates were measured by
employing a Vario EL III elemental analyzer (Elementar
Co. Ltd., Germany). The group compositions (i.e., the
content of saturates, aromatics, resins, and asphaltenes)
were determined according to SY/T 5119-2008, which is
a Chinese standard analytical method for determining the
group compositions of heavy oil (Chen et al. 2012, 2015).
The basic nitrogen content was measured using a per-
chloric acid—glacial acetic acid titration, and its detailed
procedure can be found elsewhere (Han et al. 2013).

2.2 ESIFT-ICR MS analysis

Fushun shale oil and its distillates were dissolved in tolu-
ene at 10 mg/mL and further diluted with a toluene/meth-
anol (3:7, v/v) solution at 20 mg/mL. For the negative-ion
ESI mode, 15 pL of ammonium hydroxide was added to
every 1 mL of prepared sample to enhance the ionization
efficiency and reduce the suppression of ionic contami-
nants. For the positive-ion ESI mode, 5 pL of acetic acid
was added to every 1 mL of prepared sample. All the
solvents were analytically pure and distilled twice before
use (Chen et al. 2012, 2014; Shi et al. 2010a, b, ¢).

The prepared samples were ionized by an Apollo II
electrospray source and analyzed by a Bruker Apex-Ultra
9.4 T FT-ICR MS. For negative-ion mode, the spray
shield voltage (SSV) was 3.5 kV, the capillary column
front voltage (CFV) was 4.0 kV, and the capillary column
end voltage (CEV) was — 320 V. Ions accumulated for
0.01 s in a hexapole under a direct-current voltage (DCV)
of —2.4 V and radio frequency (RF) amplitudes of 200
Vp-p- The ICR was operated at 13.5 db attenuation and
from 100 to 1000 Da mass range. For positive-ion mode,
the SSV was —4.0 kV, CFV was —4.5 kV, and CEV was
320 V. Ions accumulated for 0.001 in a hexapole with a
DCV of 2.4 V and RF amplitudes of 200 V,_,. The ICR
was run at 13 db attenuation and from 100 to 1000 Da
mass range. The m/z values were output to a spreadsheet
when their relative abundance was larger than 6 times that
of the standard deviation of the baseline noise value. The
mass calibration and data analysis methods can be found
in previous publications (Chen et al. 2012, 2014, 2017;
Shi et al. 2010a, b, ¢).

In this paper, the chemical molecular formula of a
given compound, C.H,N,O_S,, was deduced in terms of
the m/z values within + 1 ppm. The double-bond equiva-
lent (DBE) value of this compound, including the number
of rings and double bonds, was calculated according to
the equation of DBE=c —h/2+n/2+ 1 (Chen et al. 2017).
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2.3 Catalytic cracking performance tests

The catalytic cracking performance of Fushun shale oil and
its distillates was investigated by employing a microactiv-
ity test (MAT) unit and a commercial equilibrium fluidized
catalytic cracking (FCC) catalyst LVR-60R. The physico-
chemical properties of LVR-60R can be found elsewhere
(Chen et al. 2016). Prior to each catalytic cracking test, the
reactor was packed with 5 g of catalysts and purged at the
reaction temperature for half an hour by a flow of N, at
30 mL/min. Next, the oil sample (approximately 1 g) was
injected into the reactor at a uniform rate during 60 s, and
then, the catalyst bed was stripped by a flow of N, at 30 mL/
min for 10 min. The blowing gas from the reactor was cooled
in ice water to obtain the gaseous and liquid products. A
Bruker 456 gas chromatograph was employed to determine
the composition of gaseous products, and subsequently the
dry gas yield and liquefied petroleum gas (LPG) yield were
obtained. The gasoline, light cycle oil (LCO), and heavy oil
yields were obtained according to the simulated distillation
(ASTM D2887) of liquid products determined by an Agilent
6890 N gas chromatograph. The cutoff points between the
three liquid products were 205 °C and 350 °C. Moreover,
the coke yield was determined according to the content of
coke deposited on the stripped catalyst. For each catalytic
cracking test, the weight hourly space velocity (WHSV) was
controlled at 12 h™', the inlet flow rate of the oil sample was
1 g/60 s, the reaction temperature was 500 °C, and the ratio
of catalyst to oil sample was 5. The total yield of all prod-
ucts is between 95% and 100%, which is relative to the feed
injected for every run. The conversion of each distillate is
calculated according to the sum of dry gas, LPG, gasoline,
and coke yields (Chen et al. 2017; Xin et al. 2017).

3 Results and discussion
3.1 Properties of Fushun shale oil and its distillates

Table 1 shows that, for each distillate, its density and CCR
value gradually increase, while its hydrogen content and H/C
ratio gradually decrease with the increase in distillation tem-
perature. These results are consistent with those of conven-
tional crude oil distillates, while unlike conventional crude
oil, the nitrogen content does not increase with the increase
in fraction temperature (Snyder 1969; Shi et al. 2010c). The
nitrogen content of F4 is the largest, followed by the nitrogen
content of F2 and F3, and the nitrogen content of F1 is the
smallest; however, the N,/N, ratio of F1 is the largest among
all four distillates. These results indicate that some nitro-
gen compounds, especially basic nitrogen compounds, may
be concentrated in a relatively narrow fraction range, not
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uniformly distributed or regularly increasing or decreasing
with the increase in fraction temperature.

3.2 Heteroatomic compounds characterization
by positive-ion ESI FT-ICR MS

3.2.1 Mass distribution and relative abundance

Similar to conventional crude oil, the molecular weight
(referring to the m/z value) and the number of basic nitro-
gen compounds (BNCs) in each distillate both gradually
increase as the distillation temperature increases. The pos-
itive-ion ESI FT-ICR MS spectra of Fushun shale oil dis-
tillates are shown in Fig. 1. The F1 fraction exhibits 4220

F1
M,=277

peaks produced by various basic heteroatomic compounds,
and these peaks show a nearly normal distribution between
the mass distributions of 180 < m/z <400 with the number-
average molecular weight (M) of 277. F2 exhibits 5672
peaks between the mass distributions of 200 < m/z <460
with the M of 312. F3 exhibits 6500 peaks between the
mass distributions of 220 <m/z <520 with the M, of 359.
F4 exhibits 10,270 peaks between the mass distributions
of 280 <m/z <780 with the M, of 532. The number and
molecular weight of BNCs increase with the increase in
boiling point of fractions, which is similar to that of some
conventional crude oils (Stanford et al. 2006; Shi et al.
2010c). Additionally, F4 contains some heteroatomic com-
pounds with boiling points that are higher than 500 °C, and

4220 peaks CaeHaoN,
*13C isotope
CarHzoN4
all .
CaHauN:S,
*CasH2rN
o CasHauNO;

F2 C6H26N+1O

M,=312 e CosHaglN1O4
5672 peaks CasH2,N1 O, l *QPSHWNZ
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u

Fig. 1 Positive-ion ESI 9.4 T FT-ICR mass spectra of the Fushun shale oil distillates. Inserts show an example of the mass spectra magnifica-
tion. Please refer to Table 1 for the meaning of F1-F4. M, means the number-average molecular weight and its calculation method can be found

elsewhere (Hughey et al. 2002b)
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consequently, its mass range is much broader and the num-
ber-average molecular weight is much higher.

Figure 2 demonstrates that all the BNCs determined from
the positive-ion ESI FT-ICR mass spectra can be divided
into nine classes, namely, N1, N101, N102, N103, N2,
N201, N202, N3, and N30O1. The classes of BNCs in the
distillates are more abundant than those in their parent shale
oil (Chen et al. 2012) and other shale oils [e.g., Green River
shale oil (Bae et al. 2010), and Huadian shale oil (Tong et al.
2013)]. This result indicates that when shale oil is fraction-
ated into narrow fractions, the concentration of some BNCs
will increase due to uneven distribution in different fractions,
and consequently, their relative abundances will increase.
However, the classes of BNCs in Fushun shale oil are more
abundant than that of conventional vacuum gas oil (VGO)
derived from Annandale, New Jersey (Stanford et al. 2006).
The latter has only six basic compound classes. This may
have something to do with high levels of heteroatoms in
shale oil. Through further analysis of Fig. 2, it is found
that the species of BNCs in each fraction are not the same.
For example, no N103 species are found in F4 fraction, no
N301 species are found in F2 fraction, and no N103, N202,
and N3Ol species are found in F3 fraction. These results
directly demonstrate that some basic nitrogen compounds
are concentrated in a relatively narrow fraction range, and
moreover, the increase in spectral complexity and the num-
ber of mass spectra peaks as the distillation temperature
increases is not simply due to more heteroatomic classes.

In addition, the relative abundance of the BNCs is
remarkably different among each distillate (see Fig. 2). For
example, the basic N1 compounds are always dominant in
all the BNCs of each distillate; however, their relative abun-
dance gradually decreases with the increase in distillation
temperature. The relative abundance of N1 compounds in
F1 (~86.13%) is much higher than that in F2 (~81.42%), F3

100 1

. F1
90 - I F2
o [ F3
S 801 = F4
8 70
&
I 60+
5
2 50+
©
o 40 -
=
T 30
Ko
¥ 20 -
10 A
0
N1 N101 N102 N103 N2 N201 N202 N3  N301

Class

Fig.2 Relative abundances (>0.5%) of the basic heteroatomic
classes in the Fushun shale oil distillates. Please refer to Table 1 for
the meaning of F1-F4

@ Springer

(~70.45%), and F4 (~47.16%). It is worth noting that rela-
tive abundance is completely different from absolute abun-
dance. Even if the absolute abundance of a given compound
is equal for two samples, its relative abundance may be dif-
ferent depending on the abundances of other compounds.
However, for a given class of species, the general trend in
abundance for different samples is clear. The relative abun-
dances almost all increase with the increase in distillation
temperature for the other BNCs that contain more than one
heteroatom in their molecules, particularly for the N101
and N2 compounds. For instance, the relative abundances
of the N1O1 and N2 compounds in the F1 fraction are only
approximately 5%, while they can reach 11.23% and 25.89%
in the F4 fraction, respectively. The results show that with
the increase in boiling point of distillates, the number of
multiatomic BNCs increases, which will make it more dif-
ficult to remove these heteroatoms from heavier shale oil
distillates by hydrotreating processes (Chen et al. 2012).
That is mainly because multiatomic compounds are more
difficult to remove during hydrogenation than compounds
containing only one heteroatom (Fu et al. 2006).

3.2.2 Molecular composition of BNCs

To further understand the distribution of the molecular
structures of BNCs in the Fushun shale oil distillates, Fig. 3
shows the relative abundance plots of DBE versus carbon
number (C,) of the N1, N10O1, and N2 classes. Figure 4
demonstrates the suggested molecular structures of these
compounds based on their DBE values.

As can be seen from Fig. 3a, with the increase in distil-
lation temperature, the DBE values and carbon numbers of
basic N1 species increase to some extent, especially for F4
fraction. However, in all fractions, the DBE value of basic
N1 compounds does not change much, and N1 compounds
with DBE of 4 and 5, corresponding to pyridines and tet-
rahydroquinolines (Fig. 4a and b shows their suggested core
structures), always take the dominant position. It should be
noted here that although the DBE value of anilines is also 4,
our previous research shows that Fushun shale oil contains
almost no aniline (Chen et al. 2012). With the increase in
boiling point of distillates, the main change is their carbon
number. For example, the pyridines and tetrahydroquino-
lines are mainly centered at C, of 16-22 in F1, 19-26 in
F2, 22-31 in F3, and 29-44 in F4. Thus, these basic N1
class species are mainly separated into different distillates
by alkylation (different C,) but not by aromaticity (differ-
ent DBE values). The basic N1 compounds have the same
aromatic core structures in different narrow fractions, while
the length and quantity of the alkyl side chains are differ-
ent. These results will help us to reveal the transformation
pathway of basic N1 compounds in FCC and their poisoning
effect on FCC catalysts easily (Chen et al. 2012, 2017). The
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basic N1 class species usually undergo side chain crack-
ing first during the catalytic cracking process, and then, an
almost identical aromatic structure remains finally (Chen
et al. 2017; Li et al. 2011). Therefore, if we want to under-
stand the deactivating effect of these basic N1 compounds
on catalysts, we just need to determine the catalytic cracking
pathways and deactivating mechanism of these heterocyclic
core structures (e.g., pyridine ring and tetrahydroquinoline
ring).

The DBE values and carbon numbers of basic N101
and N2 class species both gradually increase as the distilla-
tion temperature increases, particularly for F4 (see Fig. 3b
and c). The basic N101 class species are mainly concen-
trated at DBE=6, 7 and C,=15-20 in F1, while they are
mainly concentrated at DBE=6-10 and C, =18-22 in F2,
DBE =6, 9-12 and C,=19-26 in F3, and DBE =5-15 and
C,=28-43 in F4. The degrees of aromaticity and alkylation
of the basic N101 class species in each distillate increase
with the increase in distillation temperature. Moreover, the
N101 class species with a given DBE value have a narrow
carbon number range in each distillate (see Fig. 3b). There-
fore, these species are separated into different distillates
by the degrees of both alkylation and aromaticity, which
is different from basic N1 class species. Previous publica-
tions report that oxygen exists mainly in the form of C-O-C
(ether), C—OH (phenol and alcohol), and C=0 (carbonyl)
in the kerogen as determined by the XPS, FT-IR, and !°C
NMR analyses (Kelemen et al. 2007). Phenols, naphthols,
furans, ketones, and ethers have been observed in shale oils
by GC-MS (Shue and Yen 1981; Regtop et al. 1982; Korth
et al. 1988). Consequently, the suggested core structures of
basic N101 compounds in the Fushun shale oil samples
are illustrated in Fig. 4 according to their DBE values and
the structures reported previously. It is well known that an
additional aromatic ring is fused to the aromatic core for
every three additional DBE units. Therefore, some typical
suggested core structures are listed in Fig. 4. In addition to
a pyridine ring in their molecules, the oxygen functional
groups are probably furans (Fig. 4c), ketones or aldehydes
(Fig. 4d), phenols or naphthols (Fig. 4e), and ethers or
alcohols (Fig. 4f). Although it is reported that the ESI effi-
ciency of furans, aldehydes, and ketones is relatively low,
the pyridine rings of the N101 compounds can be efficiently
determined by positive-ion ESI FT-ICR MS (Stanford et al.
2006; Hughey et al. 2002a). Therefore, these compounds
have an approximately 5—11% relative mass peak abundance
in positive-ion mode (refer to Fig. 2).

As shown in Fig. 3¢, the dominant basic N2 class species
are mainly concentrated at DBE=6, 7 and C,=14-20 in
F1, DBE=6-10 and C,=15-22 in F2, DBE=6, 7, 9-11
and C,=16-26 in F3, and DBE=6-14 and C,=25-46 in
F4. Consequently, the N2 class species are also separated
into different distillates by the degrees of both alkylation
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and aromaticity. Concerning the molecular core structure
of the N2 class species, they probably contain two pyridine
rings (Fig. 4g) or one ring containing two nitrogen atoms
(Fig. 4h). These species also probably contain pyridine and
pyrrole rings in one molecule (Fig. 4i) at the same time, and
now the N2 compounds are amphoteric molecules (Smith
et al. 2008; Han et al. 2013). These species can also contain
a pyridine ring and a nitrile group (Fig. 4j), namely, aromatic
nitriles, which have been identified in the Fushun shale oil
samples by GC-MS analysis (Shue and Yen 1981).

3.3 Heteroatomic compounds characterization
by negative-ion ESI FT-ICR MS

3.3.1 Mass distribution and relative abundance

Figure 5 demonstrates that the peaks of non-basic hetero-
atomic compounds (NBHCs) do not exhibit normal distribu-
tions similar to those of the BNCs within the mass range of
each distillate. F1 contains various non-basic heteroatomic
compounds with 1862 peaks between the mass distributions
of 180 <m/z< 420 with M, of 292. F2 exhibits 2893 peaks
between the mass distributions of 200 <m/z <440 with M, of
327; F3 exhibits 3284 peaks between the mass distributions
of 220 <m/z <480 with M, of 362; and F4 exhibits 3937
peaks between the mass distributions of 220 <m/z <580
with M of 391. Similar to the results of BNCs, the m/z
value, the spectral complexity, and the number of BNHCs
in each distillate increase as the distillation temperature
increase. However, the number of peaks of NBHCs is much
lower than that of the BNCs in each distillate. This result can
be explained by the lower ionization efficiency of the non-
basic heteroatomic compounds determined by negative-ion
ESI. These results are similar to analysis results of VGO
derived from Annandale, NJ crude oil. Basic compounds
are more varied than non-basic components: 720 and 1183
non-basic species resolved in the middle and heavy VGO
distillates, compared to 2404 and 2875 basic species in the
middle and heavy VGO distillates (Stanford et al. 2006).
Figure 6 demonstrates that there are eleven classes of
NBHCs in Fushun shale oil distillates, namely, N1, N2,
N101, N201, N102, N202, N103, O1, 02, 03, and O4.
Similar to the BNCs, the classes of NBHCs in the Fus-
hun shale oil distillates are also more abundant than those
in their parent shale oil (Chen et al. 2012), Green River
shale oil (Bae et al. 2010) and Huadian shale oil (Tong
et al. 2013). They also more abundant than those in crude
oil from Annandale, NJ and Bohai basin, China (Stan-
ford et al. 2006; Shi et al. 2010c). By further analyzing
Fig. 6, the relative abundance of NBHCs is remarkably
different in each distillate. The dominant compounds of
F1 are acidic O2 compounds with a relative abundance
of 29.96%, followed by O1 compounds with a relative
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Fig.5 Negative-ion ESI 9.4 T FT-ICR mass spectra of Fushun shale oil distillates. Inserts show an example of the mass spectra magnification.

Please refer to Table 1 for the meaning of F1-F4

abundance of 23.33%. Concerning F2, the dominant spe-
cies are also O2 and O1 compounds with relative abun-
dances of 35.52% and 24.06%, respectively. In F3, the rela-
tive abundance of O1 compounds is slightly larger than
that of O2 compounds; the relative abundances of these
compounds are 25.40% and 24.25%, respectively. How-
ever, for F4, the dominant species were neutral N1 class
species (29.81%), followed by O1 class species (15.94%).
In the F1, F2, and F3 distillates, the abundant NBHCs are
mainly acidic oxygen compounds, such as O2 and O1 com-
pounds, while the neutral nitrogen compounds, such as N1,
N101, and N2 compounds, become relatively abundant in

the F4 distillate. The O4 class species is observed exclu-
sively in F1 and F2. These results further illustrate that
some heteroatomic compounds may accumulate in some
relatively narrow distillates. This also indicates some
NBHC:s (e.g., NiO3 and O4) have poor stability, causing
them to disappear in high boiling fractions. In addition,
the difference in the relative abundance between two given
classes of NBHCs (e.g., N1 and N10O1 class species) in
each distillate is much smaller compared with that of the
BNCs. As mentioned before, the basic N1 compounds are
predominant in all BNCs.

@ Springer



1772

Petroleum Science (2020) 17:1764-1778

Relative abundance, %

N1 N101 N102 N103 N2 N201 N202 O1 02 03 04

Class

Fig.6 Relative abundances (>0.5%) of non-basic heteroatomic com-
pounds in the Fushun shale oil distillates. Please refer to Table 1 for
the meaning of F1-F4

3.3.2 Molecular composition of NBHCs

To further understand the distribution of the NBHCs molec-
ular structure in the Fushun shale oil distillates, the rela-
tive abundance plots of DBE versus carbon number of non-
basic N1, N101, and N102 compounds are demonstrated
in Fig. 7. The suggested structures of these compounds
according to their DBE values and the structures reported
previously are illustrated in Fig. 8. Moreover, the relative
abundance plots of DBE versus carbon number of non-basic
N2, O1, and O2 compounds are demonstrated in Fig. 9.

As shown in Fig. 7a, the dominant neutral N1 class spe-
cies are mainly concentrated at DBE=6 and C,=15-21 in
F1, while they are mainly concentrated at DBE=6, 9 and
C,=16-23 in F2, at DBE=6, 9, 12 and C,=18-27 in F3,
and at DBE=9, 12, 15 and C, =20-31 in F4. The DBE val-
ues of the dominant neutral N1 compounds increase, and
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the carbon number has a slight increase and a slight overlap
as the distillation temperature increases. Thus, these com-
pounds are mainly separated into different distillates by the
degree of aromaticity, with the degree of alkylation as a
supplement. These dominant neutral N1 compounds are
presumably indoles (referred to Fig. 8a), carbazoles, and
benzocarbazoles, which is consistent with the results of their
parent shale oil, Huadian shale oil and crude oil from Bohai
basin, China (Chen et al. 2012; Tong et al. 2013; Shi et al.
2010c).

The dominant neutral N1O1 compound in F1 is specie
with value of DBE=2 and C, =22 (refer to Fig. 7b), which
are probably aliphatic nitrile containing hydroxyl groups
(Fig. 8b). However, it should be contaminant because no
continuous distribution in abundance of its homologues,
although these aliphatic nitriles have been observed in Fus-
hun shale oil by GC-MS analysis as reported in a previous
publication (Guo et al. 1993). For the other distillates, the
dominant neutral N10O1 class species are mainly concen-
trated at DBE=2, 4-10 and C,=16-23 in F2, at DBE=4,
7-11 and C,=17-25 in F3, and at DBE=11-15 and
C,=20-28 in F4. Concerning the N1O1 class species, in
addition to a pyrrole ring in their molecules, the oxygen
functional groups are probably carbonyl (Fig. 8c), hydroxyl
(Fig. 8d), and furans (Fig. 8e). Moreover, these species are
likely amides (Fig. 8f), which have been widely determined
to exist in shale oil by GC-MS analysis (Shue et al. 1981;
Regtop et al. 1982; Korth et al. 1988). Figure 7c shows that
the dominant N102 compounds in the Fushun shale oil dis-
tillates are at DBE=9, 10, 12, and 13, and their probable
core structures are demonstrated in Fig. 8g and Fig. 8h. In
addition, a pyrrole ring, these compounds may contain two
hydroxyl or carboxyl groups in their molecules.

The neutral N2 compounds have a similar distribution of
DBE values and carbon number compared to the neutral N1
compounds (compare Fig. 7a with Fig. 9a). The N2 com-
pounds are concentrated at DBE=6, 9, and 12-15 and are
mainly separated by the degree of aromaticity into different
distillates. These compounds probably contain two pyrrole
rings and their suggested structures are listed in Fig. 8i. In
addition, these compounds also probably contain a pyridine
and a pyrrole ring in one molecule at the same time and now
the N2 compounds are amphoteric molecules (Smith et al.
2008; Han et al. 2013), like the basic N2 class species (refer
to Fig. 4i).

According to previous reports, the common Ol com-
pounds are phenols, aldehydes, furans and ketones in con-
ventional crude oil (Stanford et al. 2006). However, except
for phenols that can selectively undergo ionization by ESI,
aldehydes, furans, and ketones present much less efficient
ionization in the negative-ion ESI mode (Hughey et al.
2002a). As seen from Fig. 9b, the dominant non-basic O1
class species are always concentrated at DBE=4 in each

@ Springer

distillate, while their carbon number gradually increases as
the distillation temperature increases. Thus, these O1 class
species are separated into different distillates by alkyla-
tion but not by aromaticity, which is consistent with the
basic N1 class species. These species are likely phenols
(Fig. 8j), which are present in a relatively higher concentra-
tion and have been determined widely in some shale oils
by GC-MS analysis (Shue et al. 1981; Regtop et al. 1982;
Korth et al. 1988). Snyder (1969) reported phenols exhibit-
ing in heavy distillates (850-1000 °F) of Californian crude
oil with 4 <DBE < 11, with the most abundant at DBE=5.
The analysis of the distribution of aromatic mono-oxygen
species from the VGO of an Annandale crude oil shown
that phenols exhibited DBE values that>4 (Stanford et al.
2006). Here, phenols in different distillates of Fushun shale
oil also shown DBE values that >4, while the difference is
that the most abundant is DBE =4. The concentration of
these phenolic compounds in Fushun shale oil is relatively
high, and consequently, after enrichment and separation,
they have the potential to be used as the raw materials for
the production of colophonies, fungicides, and preservatives
(Gao et al. 2019).

Another kind of oxygen compound is the acidic O2 class
species. As shown in Fig. 9c, the O2 compounds in each
distillate are always concentrated at DBE = 1. Similar to the
O1 class species, these compounds are mainly separated
into different distillates by alkylation but not by aromaticity.
These compounds are aliphatic acids (Fig. 8k). The domi-
nant acidic O2 class species are C4 aliphatic acids in F1,
and the dominant acidic O2 class species are C,;_s, aliphatic
acids in the other three heavier distillates. It must be stated
here that these C, aliphatic acids may also be the contami-
nants brought during the analysis. Interestingly, the relative
abundance of naphthenic acids (DBE > 1) is exceedingly
small in all distillates. This result is not consistent with some
conventional crude oil (e.g., the crude oil from Annandale
NIJ and Bohai basin, China), in which most O2 compounds
may be aromatic carboxylic acids and/or polycyclic naph-
thenic acids (Stanford et al. 2006; Kelemen et al. 2007; Jones
et al. 2001; Qian et al. 2001b).

3.4 Catalytic cracking performance of Fushun shale
oil and its distillates

The catalytic cracking performance of Fushun shale oil
and its distillates was investigated (displayed in Fig. 10).
In addition, the variation of heteroatomic compounds
between Fushun shale oil and its liquid products derived
from catalytic cracking process is shown in Figs. 11 and
12. It can be seen from Fig. 10 that the catalytic cracking
conversion of each distillate gradually decreases as the dis-
tillation temperature increases. The LPG yield and gasoline
yield gradually decrease, while the dry gas yield and coke
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yield gradually increase. The one reason for these results is
that, for each distillate, its density and CCR value gradually
increase, while its hydrogen content and H/C ratio gradu-
ally decrease with the increase in distillation temperature
(refer to Table 1). More importantly, as the boiling point of
the fraction increases, the number and the molecular weight
of heteroatomic compounds are increasing (refer to Figs. 1
and 5), especially for BNCs, including N1, N101, and N2,
resulting in more poisoning to the catalyst and lower cata-
lytic cracking conversion. Because the poisoning effect is not
only related to the content of BNCs, but also to the structure
and composition of BNCs (Li et al. 2011; Chen et al. 2017).

After catalytic cracking of Fushun shale oil, 43.89% of
the nitrogen is distributed in the liquid product and 55.23%
of the nitrogen converts into coke deposited on the catalyst.
From Fig. 11, before and after catalytic cracking reaction,
the classes of BNCs remain unchanged. Except for N2 spe-
cies, the relative abundances of other BNCs all decrease.
This shows that the basic N2 species are more difficult to
convert into coke during the catalytic cracking process and
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the most of them still remain in the liquid products. Further-
more, the classes and relative abundances of NBHCs change
significantly before and after the catalytic cracking reaction
(Fig. 11b). The relative abundance of neutral N1 species in
the liquid product is much higher than that in the feed of Fus-
hun shale oil, while the relative abundances of other NBHCs
reduced by different degrees and some even disappear in the
liquid products, such as N102, O3, and O4. This is because
the oxygen atoms in non-basic compounds are mostly in
the form of carbonyl or carboxyl groups which are easy to
be removed through decarboxylation or decarboxylation in
catalytic cracking process (Chen et al. 2017). Interestingly,
after catalytic cracking, the DBE values distribution of basic
and neutral N1 species changes significantly (Fig. 12). The
basic N1 species with the most abundant at DBE=4, 5 and
the neutral N1 species with the most abundant at DBE=6,
9, and 12 in the feed of Fushun shale oil. However, in the
liquid products, the relative abundances of basic N1 species
with DBE > 5 obviously increase and the relative abundance
of neutral N1 species mainly concentrated at DBE =12. Our
previous publication reported that the nitrogen compounds
with DBE values smaller than 10 can easily diffuse into the
micro-pores of the catalyst and preferentially adsorbed onto
the acid sites (Chen et al. 2017). These nitrogen compounds
can generally form coke deposited on the cracking catalysts
through condensation and hydrogen transfer reactions, con-
sequently resulting in decreasing of their relative abundance
in the liquid products.

4 Conclusions

The distributions of molecular weight, type, class, and car-
bon number of heteroatomic compounds in Fushun shale oil
distillates are identified by positive- and negative-ion ESI
FT-ICR MS. There are nine classes of BNCs and eleven
classes of NBHCs in the Fushun shale oil distillates, which
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Fig. 11 Relative abundances (>0.5%) of the heteroatomic classes in Fushun shale oil and its catalytic cracking liquid products
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Fig. 12 Relative abundance plots of DBE versus carbon number of basic N1 and neutral N1 compounds in (a) Fushun shale oil and (b) its cata-
lytic cracking liquid products. The area of a circle shows the relative abundance of each heteroatomic compound

are both more abundant than those in the parent shale oils
and some conventional crude oils. The dominant BNCs in
all the distillates are mainly basic N1 compounds, and their
relative abundance gradually decreases with the increase
in distillation temperature, while the relative abundance
of multiheteroatomic BNCs gradually increases in heavier
shale oil distillates. In the F1, F2, and F3 distillates, the
dominant NBHCs are mainly acidic oxygen compounds,
such as O2 and O1 compounds, while in the F4 fraction,
neutral heteroatomic compounds, such as N1, N101, and
N2 class species, become relatively abundant.

In each distillate, the dominant basic N1 compounds are
pyridines and tetrahydroquinolines and they are separated into
different distillates by alkylation (different C,) but not by aro-
maticity (different DBE values). The other two basic N101
and N2 class species are separated into different distillates
by both alkylation and aromaticity. The dominant acidic O1
and O2 compounds are phenols and aliphatic acids and they
are separated into different distillates by alkylation but not by
aromaticity. The neutral N1 and N2 compounds have similar
distributions of DBE values and C,, in each distillate, and they
are mainly separated into different distillates by aromaticity,

@ Springer

with alkylation as a supplement. In addition, as the boiling
point of the distillates increases, the catalytic cracking conver-
sion of each distillate gradually decreases, mainly due to the
increase in the number and molecular weight of its hetero-
atomic compounds, the increase in density and CCR value, as
well as the decrease of hydrogen content and H/C ratio. After
the catalytic cracking of Fushun shale oil, the classes of BNCs
in the liquid products remain unchanged, while the classes and
relative abundances of NBHCs vary significantly.
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