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Abstract. X-ray photoelectron spectroscopy (XPS) was used to investigate
changes in nitrogen functionalities present in Chinese Huadian (HD),
Maoming (MM) and Yaojie (YJ) oil shales during pyrolysis. Throughout the
process (T <600 °C), most of the nitrogen contained in raw oil shale samples
was retained in their semi-cokes. Five peaks of nitrogen functionalities (N 1s)
appeared in the XPS spectra of raw HD, MM and YJ oil shale samples and
their semi-cokes: N-6 (pyridine), N-A (amino), N-5 (pyridone), N-QO
(quaternary nitrogen) and N-XI (pyridine N-oxide). To obtain an acceptable
fit, an additional peak at 404 (£0.5) eV (N-X2) was required in the N lIs
spectra of the samples. N-5 could either represent pyridone or a mixture of
pyridone and pyrrolic nitrogen forms, the most abundant ones in all samples.
At a relatively low temperature (300 °C) the desorption reaction occurred
and the amount of chemisorbed oxygen associated nitrogen (N-X2) decreased
significantly. As the pyrolysis temperature increased from 300 to 500 °C,
pyridine N-oxide was converted to pyridone, and, simultaneously, the latter
was converted to pyridine and pyridine structures associated with oxygen —
quaternary nitrogen. In the semi-cokes of Huadian and Maoming oil shale
samples at 600 °C, most of the pyridone was converted into pyridine and
quaternary nitrogen. At this temperature, especially the condensation reac-
tion of pyridine into quaternary nitrogen occurred in the semi-coke of Yaojie
oil shale sample, while quaternary nitrogen represented the nitrogen atoms
in the interior of precursors of the graphene layers.

Kevwords: oil shale pvrolvsis, semi-coke, nitrogen transformation, X-ray
photoelectron spectroscopy.
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1. Introduction

Oil shale is a sedimentary rock that consists of the mineral and organic parts
[1], the latter being primarily composed of kerogen. As an unconventional
oil and gas resource, oil shale is a very important kind of alternative energy
in the 21st century, due to its rich natural resources, favorable characteris-
tics, and feasibility of utilization [2]. At present, oil shale is mainly
pyrolyzed to yield shale oil and is burnt directly as a fuel to generate
electricity [3]. Nitrogen-containing functional groups present in oil shale can
be transformed into various compounds and are distributed in semi-coke,
shale oil and gases during pyrolysis. But one has to consider that these
nitrogen compounds impair the quality of shale oil products and also
seriously pollute the environment [4—8]. In order to understand the mecha-
nism of formation of these nitrogen-containing pollutants, it is important to
determine the fate of nitrogen functionalities during the pyrolysis of oil
shale. This help to find ways to improve the quality of shale oil products, to
protect the environment and also to contribute to a more rational utilization
of oil shale resources. Moreover, despite the fact that nitrogen is present in
oil shale in lower amounts compared with carbon and hydrogen, it is
associated with carbon atoms in various structural forms, which are the key
components in the entire molecular structure of oil shale. Hence, to have a
better understanding of the chemical structure of oil shale, it is necessary to
investigate the nitrogen structural forms and their distribution in it.

X-ray photoelectron spectroscopy (XPS) [9-13] and X-ray absorption
near edge spectroscopy (XANES) [14—16] showed that pyrrolic and pyridine
forms were the major nitrogen functionalities present in raw coals. In
addition, quaternary, amino and oxidized nitrogen functionalities were also
found. XPS was employed to study the fate of nitrogen functionalities during
the pyrolysis of coal or model compounds as well. Kelemen et al. [10, 17]
found that the amount of quaternary nitrogen decreased during the mild
pyrolysis (400 °C) of coals and increased in severe conditions of the process.
The investigators proposed that the decrease in the amount of quaternary
nitrogen was associated with the loss of nearby or adjacent hydroxyl groups
from carboxylic acids or phenols. The increase in the quaternary nitrogen
content was attributed to the incorporation of nitrogen into large polynuclear
aromatic carbon structures. Amino groups were released first and con-
centrated in tar, during the pyrolysis of low-rank coal [17]. Stanczyk et al.
[18] observed that a relatively low pyrolysis temperature made nitrogen
functionalities transform into the structures with higher thermal stability
during the pyrolysis of the model compound. Also, mutual transformations
could occur between pyridine and pyrrolic groups. Pels et al. [19] found that
pyridones, protonated pyridine and N-oxides of pyridine groups were con-
verted to pyridine nitrogen during the mild pyrolysis of lignite. With pyro-
lysis conditions becoming more severe, all forms of nitrogen were eventually
present in 6-membered rings. Nitrogen located at the edges of the graphene
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layers was pyridine nitrogen and the one located in the interior of the layers
was quaternary nitrogen. A lot of information about the nitrogen func-
tionalities in coal has been obtained by XPS so far. At the same time, very
little or no information is available on the thermal transformation of these
functionalities during oil shale pyrolysis. Considering this, in the current
paper, the distribution of nitrogen functionalities in different Chinese oil
shales and their semi-cokes obtained at various pyrolysis temperatures has
been investigated.

2. Experimental
2.1. Sample preparation

Three typical, relatively high-nitrogen Chinese oil shales — Huadian (HD),
Maoming (MM), and Yaojie (YJ), were chosen for the present study. The
organic matter (OM) of HD oil shale belongs to type I kerogen, that of YJ oil
shale is type II kerogen, whereas the OM of MM oil shale appears to be
between type I and type II kerogens [20]. The results of proximate and
ultimate analyses of raw oil shale samples are presented in Table 1. As seen
from the table, all three oil shale samples have a low content of fixed carbon
(FC) and a high content of ash (A). However, in the HD oil shale sample, the
proportion of ash is lower but oil content higher than in the other two
samples. The semi-cokes of three oil shales were obtained in the Fischer
Assay device, which consisted of an aluminum retort and an electric furnace
with temperature program function [21]. An aluminum retort containing 50
(£0.5) g of oil shale was placed in an electric furnace. Then the reactor was
heated at a heating rate of 5 °C/min from room temperature to 300 °C, after a
soak time of 30 s. After that the retort was removed from the electric furnace
and cooled to room temperature, avoiding contact with air. A similar
procedure was also followed to obtain semi-cokes by heating the reactor
from room temperature to 400, 500 and 600 °C. The raw oil shale samples
and the obtained semi-cokes were ground to < 200 mesh and stored in a
vacuum dryer for XPS analyses.

Table 1. Proximate and ultimate analyses of raw oil shale samples

Sample Proximate analysis, w,q% Ultimate analysis, w,q% oil°
M A A% FC C H N (0 S

HD | 3.81 | 55.54 | 36.61 | 4.04 | 29.36 | 455 | 0.54 539 0.81 12.45
MM | 233 70.61 | 20.87 | 6.19 | 1597 | 2.65 | 0.66 6.42( 1.36 8.82
YJ 1.10 | 69.32 | 25.21 | 437 | 1832 | 2.79 | 045 6.80| 1.22 7.15

Note: M — moisture; A — ash; V — volatile; FC — fixed carbon; .4 — air-dried
basis; * — oxygen by difference; S, — total sulfur; ° — percentage by Fischer
Assay. Abbreviations used: HD — Huadian, MM — Maoming, YJ — Yaojie.
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2.2. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy analysis of raw oil shale samples and
the obtained semi-cokes was performed on a Thermo VG Scientific
ESCALAB 250 Xi spectrometer, which was equipped with a microfocusing
monochromator and a charge compensation system. The monochromatic Al
Ka (1486.6 eV) X-ray source was operated at 150 W in the constant analyzer
energy mode and used with a spot size of 500 pm in diameter. While record-
ing the spectra of the samples, all corrections to binding energies arising
from charging were made assigning a binding energy of 284.8 eV to the
principal C 1s component. The pass energies of the survey and narrow
spectra were fixed at 100 and 30 eV, respectively. In order to obtain a good
experimental effect, the powdered oil shale samples were compressed into
tablets by a tablet press for XPS analysis.

Some studies [10, 22-24] investigated the curve-resolved method of
XPS N 1s spectra and reported the forms of organic nitrogen in coals and oil
shale kerogens. These forms included pyridine, amino, pyrrolic and
quaternary nitrogen functionalities, which corresponded to fit peaks at 398.6,
399.4, 400.2 and 401.4 (£0.1) eV, designated as N-6, N-A, N-5 and N-Q,
respectively. A schematic picture of the nitrogen functionalities in HD, MM
and YJ oil shales is shown in Figure 1. It should be noted that the binding
energy of pyridone is close to that of pyrrolic nitrogen, and hence they
cannot be distinguished by XPS. The exact nature of the quaternary nitrogen
functionality could not be well established and it was probably present in the
form of protonated pyridine nitrogen or in other forms [17]. When the N 1s
spectra of raw oil shale samples and semi-cokes were curve-resolved, it was
necessary to obtain a satisfactory fit for the peaks at 403 (£0.5) and
404 (£0.5) eV. The two peaks were referred to as N-X1 and N-X2,
respectively. It was difficult to define the nature of the components of N-X1
and N-X2. Pietrzak and Wachowska [23] reported that the curve-resolved
peak at the binding energy of 402.8 eV was attributed to pyridine N-oxide
and peaks in the region of 402-406 eV were assigned to oxygen
chemisorbed onto nitrogen in the XPS N 1s spectra of coals. Kelemen et al.

Fig. 1. Schematic representation of the nitrogen functionalities in Huadian,
Maoming and Yaojie oil shales.
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[10] inferred that the curve-resolved peak at around 403 eV was due to
pyridine N-oxide in coals. In all cases the N 1s spectra were curve-resolved
using the full width at half maximum (fwhm) of 1.4 (£0.1) eV and a mixed
70% Gaussian 30% Lorentzian line shape. The Shirley-type background was
subtracted prior to peak fitting. The peak shape and peak energy positions
were fixed in the curve resolution process and only the amplitudes of these
peaks were varied to obtain the best fit with the XPS N 1s spectra. Since the
relative sensitivity factors for X-ray photoelectron spectroscopy of the same
element under different chemical states are equal, the relative percentage of
each area of the curve-resolved peak is equal to the relative mole percentage
of nitrogen in its chemical state.

3. Results and discussion
3.1. Changes in nitrogen contents during pyrolysis
3.1.1. Ultimate analysis

The ultimate analysis of the semi-cokes of Chinese oil shale samples
obtained at different temperatures was carried out, and the rates of nitrogen
removal were calculated based on these analytical data. The results are
presented in Table 2. The rates of nitrogen removal were calculated using the
following formula [25]:

_ WoNy —WoN@

x100%,
WONO

where 7 is the rate of nitrogen removal, ¥ is the mass of raw oil shale
sample, Ny is the nitrogen content of raw oil shale sample, N; is the
nitrogen content of semi-cokes obtained at different temperatures, w is
the yield of semi-coke, i.e. the ratio of the mass of semi-coke sample
to the mass of raw oil shale sample (on air-dried basis in all cases).

As seen from Table 2, with increasing pyrolysis temperature the yield of
the semi-coke of HD, MM, and Y] oil shale samples decreases. There is a
decline of more than 9% in the temperature range of 400—-500 °C. The reason
is that in this temperature region most of the shale oil is generated [26—28],
which results in the decrease of semi-coke yield. It is especially interesting
to note that the mass losses of all three oil shale samples during pyrolysis
from room temperature to 300 °C approximately correspond to their water
contents given in Table 1. This suggests that the removal of water from the
samples is the most significant process in this pyrolysis temperature range.
The rate of removal of nitrogen increases with increase in pyrolysis tem-
perature, the highest increases occurring in the 400-500 °C temperature
region. In this temperature range, the rate of nitrogen removal in case of HD
oil shale sample increases by 34.45%, as against respectively 22.47 and
20.59% in case of MM and Y] oil shale samples. When the pyrolysis tem-
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Table 2. Ultimate analysis of and nitrogen removal from semi-cokes obtained at
different temperatures

0il Sample Content, wyq% Semi-coke Nitrogen
shale C H N yield w, % | removal 7, %

HD  |300 °C semi-coke 29.83 4.47 0.55 96.48 1.73
400 °C semi-coke 29.48 4.26 0.56 92.72 3.84

500 °C semi-coke 13.55 1.46 0.48 69.42 38.29

600 °C semi-coke 11.36 0.96 0.43 66.20 47.28

MM |300 °C semi-coke 16.26 2.56 0.67 97.37 1.16
400 °C semi-coke 15.37 2.25 0.67 95.77 2.78

500 °C semi-coke 9.39 1.18 0.57 86.56 25.25

600 °C semi-coke 8.78 0.63 0.53 82.79 33.01

YJ 300 °C semi-coke 18.64 2.71 0.45 98.62 1.38
400 °C semi-coke 18.49 2.57 0.45 97.78 222

500 °C semi-coke 10.98 1.37 0.40 86.84 22.81

600 °C semi-coke 9.87 0.96 0.38 80.46 32.06

Note: aq — air-dried basis. Abbreviations used: HD — Huadian, MM — Maoming,
YJ — Yaojie.

perature reaches 600 °C, the rate of nitrogen removal is the highest in case of
HD oil shale sample, followed by MM and YJ oil shale samples. This
corresponds to the decreasing oil contents of the samples as measured by the
Fischer Assay method (Table 1). In summary, most of the nitrogen present in
three raw oil shale samples is retained in their semi-cokes. In addition, the
rate of nitrogen removal is directly proportional to the shale oil content of
the samples.

3.1.2. X-ray photoelectron spectroscopy analysis

The nitrogen contents of raw oil shale samples and the semi-cokes obtained
at different temperatures were analyzed by XPS, the analysis results are
presented in Table 3. From the table it can be seen that in raw oil shale
samples and the obtained semi-cokes the relative amounts of oxygen are
higher than those of carbon and nitrogen. This is due to that oxygen in the
analyzed samples exists in both the organic form and the inorganic form.
The proximate analysis of raw oil shale samples indicates that their ash (A)
contents are higher than 55%, while that of MM oil shale sample amounts to
even 70.61% (Table 1). Some studies [29, 30] found that minerals in oil
shales existed as kaolinite, hydromica, quartz, etc. The high content of
inorganic oxygen in these minerals enhances the intensity of the oxygen
signal in XPS analysis, which is indicative of oxygen abundance in the oil
shales studied. When the pyrolysis temperature increases from room
temperature to 400 °C, the number of nitrogen atoms per 100 carbon atoms
(the nitrogen-to-carbon ratio) in the oil shale samples under study decreases
constantly. It is not yet clear whether the rate of release of nitrogen atoms is
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Table 3. XPS analysis of raw oil shale samples and semi-cokes obtained at
different temperatures

Oil Sample Carbon, Oxygen, | Nitrogen, | Nitrogen atoms per
shale mol% mol% mol% 100 carbon atoms
HD | Raw oil shale 41.2 57.7 1.1 2.6
300 °C semi-coke 42.4 56.7 1.0 2.4
400 °C semi-coke 492 499 0.9 1.9
500 °C semi-coke 45.5 53.4 1.1 2.3
600 °C semi-coke 36.3 62.6 1.1 3.1
MM | Raw oil shale 283 70.4 1.3 4.6
300 °C semi-coke 32.2 66.4 1.4 4.3
400 °C semi-coke 447 53.6 1.7 3.7
500 °C semi-coke 42.8 55.4 1.8 4.1
600 °C semi-coke 42.6 55.9 1.5 3.6
YJ Raw oil shale 32.8 66.2 1.0 3.0
300 °C semi-coke 33.7 654 0.9 2.7
400 °C semi-coke 38.6 60.4 1.0 2.6
500 °C semi-coke 434 54.8 1.8 4.1
600 °C semi-coke 41.4 57.2 1.4 33

Abbreviations used: HD - Huadian, MM - Maoming, Y] - Yaojie.

higher than that of carbon atoms or their rate of enrichment is lower than that
of carbon atoms. However, the nitrogen-to-carbon ratio increases when the
pyrolysis temperature increases to 500 °C. Since a high quantity of volatile
hydrocarbons is generated and released into the gaseous phase in the
temperate range of 400-500 °C, the rate of release of nitrogen atoms is lower
than that of carbon atoms in this temperature region. As the pyrolysis
temperature is further increased to 600 °C, the nitrogen-to-carbon ratio in
MM and YJ oil shale samples decreases significantly, while in the case of
HD oil shale sample, the increase is continuous. This may be explained by
that the release of volatile hydrocarbons from MM and YJ oil shale samples
tends to end and the rate of release of carbon atoms drops sharply. However,
the amounts of nitrogen atoms in MM and Y1 oil shale samples decrease at
600 °C, which indicates that their rate of release is continuously high.
Nevertheless, the oil content of HD oil shale sample is much higher than
those of the other two samples, so the release of carbon atoms from it is not
over by 600 °C. As a result, the nitrogen-to-carbon ratio of HD oil shale
sample still increases.

3.2. Evolution of nitrogen functionalities during pyrolysis

Figures 2 and 3 show the XPS N 1s spectra of raw HD, MM, and YJ oil
shale samples and their semi-cokes obtained at different pyrolysis tempera-
tures. These spectra are fitted by five peaks: 398.6 eV (N-6), 399.4 eV
(N-A), 400.2 eV (N-5), 401.4 (£0.1) eV (N-Q), and 403 (£0.5) eV (N-X1).
To obtain an acceptable fit, an additional peak at 404 (£0.5) eV (N-X2) is
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Fig. 2. XPS N 1s spectra of raw Huadian and Maoming oil shale samples and their

semi-cokes obtained at different temperatures. Included in the figure are the curve

resolution results. Abbreviations used: HD — Huadian, MM — Maoming.

required in the N 1s spectra of raw oil shale samples. In all spectra, the peak
at 400.2 eV (N-5) is the highest one, which implies that in all samples the
relative amounts of pyridone are the highest throughout pyrolysis, except for
the raw MM oil shale sample and its semi-coke obtained at 300 °C. In the
latter cases, the relative amounts of pyridine N-oxide are the highest,
whereas those of pyridone are somewhat lower. Nitrogen functionalities
present in all three raw oil shale samples are the same and appear in six
forms. Some previous studies [10, 11, 17, 19] reported only four species of
nitrogen functionalities in raw coals. In contrast to these coals, nitrogen in
the studied raw oil shale samples appears in more numerous chemical states,
which are complex in nature.
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The relative amounts of nitrogen functionalities present in raw oil shale
samples and the semi-cokes obtained at different pyrolysis temperatures are
found from the curve resolutions of N 1s spectra. Figure 4 shows the relative
amounts of nitrogen functionalities as a function of temperature during the
pyrolysis of HD, MM and YJ oil shale samples. Significant changes in the
distribution of these functionalities occur during the process. As seen from
Figure 4f, when the pyrolysis temperature reaches 300 °C, the relative
amount of oxygen chemisorbed nitrogen decreases significantly. The peak at
404(£0.5) eV (N-X2) disappears in the fitting results in the spectra of semi-
cokes (Figs. 2 and 3), which indicates that the relative amount of the com-
pound is below the detection limit of XPS. It is likely that these components
in the binding energy region of 402-406 eV arise due to the oxygen
chemisorbed nitrogen on the sample surface [23, 31]. The nitrogen form
present on the surfaces of raw oil shale samples is probably due to that the
samples had remained in an open environment for a long time. When raw oil
shale samples are heated to 300 °C, the desorption reaction occurs due to the
low thermal stability of the oxygen chemisorbed onto nitrogen. Hence, the
relative amount of N-X2 nitrogen decreases dramatically.

The relative amount of amino nitrogen decreases gradually with increas-
ing pyrolysis temperature, as shown in Figure 4b. The curve-resolved peaks
that correspond to amino nitrogen disappear from the spectrum of the semi-
coke of HD oil shale sample at 500 °C and from the spectra of semi-cokes of
MM and YJ oil shale samples at 600 °C. Kelemen et al. [17] reported that in
the case of low-rank coal, mainly amino nitrogen was released and con-
centrated in tar. Stanczyk et al. [18] concluded that the amino nitrogen pre-
sent in 9-aminoacridine and 3-aminoanthracene had a low thermal stability
and the corresponding peaks disappeared from the spectra of chars on
pyrolysis at 460 °C. In the current study, the amino nitrogen present in three
oil shale samples is mainly released into the gaseous phase. It is interesting
to note that the relative amount of amino nitrogen in the HD oil shale sample
drops significantly faster than those in MM and Y1 oil shale samples, during
pyrolysis. This indicates that the thermal stability of amino nitrogen in the
HD oil shale sample is lower. This may be explained by that amino nitrogen
can be either in the aliphatic form or in the aromatic form. The thermal
stability of aliphatic amino is lower than that of aromatic amino. Hence, the
proportion of the former in the HD oil shale sample is higher than in MM
and Y] oil shale samples.

It can be observed in Figure 4e that the relative amounts of quaternary
nitrogen increase continuously with increasing pyrolysis temperature. This
shows that the quaternary nitrogen present in three oil shale samples has a
high thermal stability. Pels et al. [19] found that the nature of quaternary
nitrogen could not be defined, based on model compounds, and claimed that
in lignite it could correspond to the protonated pyridine nitrogen. Kelemen et
al. [22] suggested that there might be other forms of quaternary nitrogen, in
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addition to the protonated pyridine nitrogen, in low-rank coal. Some
researchers found that under mild pyrolysis conditions, the relative amounts
of quaternary nitrogen in the chars were lower than those in raw coals. At the
same time, the relative amounts of pyridine nitrogen increased [10, 17, 19].
This change can be explained by the fact that when quaternary nitrogen
exists in the protonated pyridine form, the protonated form will break up,
with the loss of hydroxyl oxygen during pyrolysis [10]. Consequently, the
relative amount of quaternary nitrogen decreases and that of pyridine
nitrogen increases correspondingly. The significant differences in quaternary
nitrogen amount between the studied oil shale samples during pyrolysis give
evidence of their natural specificities. It is certain that the quaternary
nitrogen in HD, MM and Y] oil shales exists in the form which is different
from that in protonated pyridines, in which it is more likely to be present as
pyridine structures associated with oxygen.

When the pyrolysis temperature increases to 300 °C, the relative amounts
of pyridine, pyridone, quaternary nitrogen and pyridine N-oxide slightly
increase, as shown in Figure 4. This is due to the release of some amount of
nitrogen from raw oil shale samples in this process (see Table 2). Moreover,
the loss of nitrogen is attributed to the release of chemisorbed oxygen
associated nitrogen and amino nitrogen, whereas the amounts of other
nitrogen functionalities remain almost constant. Therefore, the relative
amounts of these nitrogen functionalities increase slightly. It should be
pointed out that the N-X1 functionality is more likely to be in the form of
pyridine N-oxide. This is due to that the XPS N 1s peak of pyridine N-oxide
in the model compounds appears at about 403 eV [10, 19, 23]. When the
pyrolysis temperature increases from 300 to 500 °C, the relative amounts of
pyridine, pyridone and quaternary nitrogen functionalities continue to
increase, whereas that of N-X1 functionality begins to decrease significantly.
This can be explained by the transformation of N-X1 into other nitrogen
functionalities. The transformation can be described as follows: pyridine N-
oxide is converted into pyridone and, simultaneously, the latter is converted
into pyridine and pyridine structures associated with oxygen, i.e. quaternary
nitrogen. Due to similar binding energies, pyridone nitrogen (400.6 ¢V) and
pyrrolic nitrogen (400.2 eV) cannot be distinguished by XPS. Therefore, the
relative amount of pyridine N-oxide shows a significant decrease, whereas
those of pyridine, pyridone and quaternary nitrogen increase. This is in
agreement with the results obtained by Liu et al. [13], who found that
pyridine N-oxide was transformed into pyridone nitrogen functionalities
(including pyrrolic and pyridone) during Tongchuan coal pyrolysis under
mild conditions (500 °C). Pels et al. [19] established that pyridone was
converted into pyridine upon DES53 lignite pyrolysis under mild conditions
(500 °C).

As the pyrolysis temperature increases to 600 °C, the relative amount of
pyridine N-oxide continues to decrease. The relative amounts of pyridine
and quaternary nitrogen functionalities in HD and MM oil shale semi-cokes
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increase further, whereas that of pyridone functionality decreases. Pyridone
and quaternary nitrogen functionalities become the predominant forms in the
oil shale semi-cokes at 600 °C. The decrease in the relative amounts of
pyridone functionality cannot be interpreted as a partial conversion of
pyrrolic into pyridine, because carbazole (N-5) remains unaffected after
pyrolysis at 600 °C for 1 h [19]. Therefore, it can be stated that most of the
pyridone is converted into pyridine and pyridine structures associated with
oxygen. The transformation of pyridone into pyridine form was also found to
take place in the pyrolysis of Markham Main vitrinite at 600 °C [32].
Moreover, the relative amount of quaternary nitrogen functionality in YJ oil
shale semi-coke at 600 °C shows a more obvious increase than those of the
other functionalities, mostly at the expense of pyridine. The relative amount
of pyridone functionality also increases. Pels et al. [19] reported that under
severe pyrolysis conditions, condensation reactions of the coal matrix took
place and nitrogen atoms were incorporated in the so formed graphene
layers, substituting carbon atoms. The nitrogen atom at the edge of the
graphene layers is identical to that of pyridine nitrogen and the one present
in the interior of these layers can be seen as the atom of quaternary nitrogen.
Both quaternary nitrogen and pyridine have a 6-membered ring structure.
Hence, there is no C—C bond that needs to be broken down during con-
densation reaction. Based on the above facts, the condensation reaction of
pyridine to quaternary nitrogen is likely to occur under the present condi-
tions of pyrolysis at a temperature of 600 °C. The products of these con-
densation reactions are regarded as precursors of the graphene layers. So, the
relative amount of quaternary nitrogen functionality increases and that of
pyridine functionality decreases. The increase in the relative amount of
pyridone functionality may be attributed to the reduction of pyridine N-1
oxide. The difference in nitrogen functionality distribution between the
semi-cokes obtained at 600 °C is much smaller than that between raw oil
shale samples, particularly HD and MM. This can be interpreted as the
transformation of nitrogen functionalities into the forms that have higher
thermal stabilities during pyrolysis. In the semi-cokes obtained at 600 °C, the
relative amounts of pyridine, pyridone and quaternary nitrogen are still high.
Hence, it can be inferred that nitrogen atoms associated with 6-membered
ring structures have a high thermal stability.

4. Conclusions

1. During pyrolysis (T < 600 °C), most of the nitrogen present in raw
Chinese Huadian, Maoming and Yaojie oil shale samples were retained
in their semi-cokes obtained at 600 °C. The main temperature region of
nitrogen removal was 400-500 °C, and the rate of release of nitrogen
atoms was lower than that of carbon atoms in this region.
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Five N 1s peaks appeared in the XPS spectra of raw oil shale samples
and their semi-cokes: N-6, N-A, N-5, N-Q and N-X1. To obtain an
acceptable fit, an additional peak at 404 (£0.5) eV (N-X2) was required
in the N 1s spectra of raw oil shale samples. In the spectra, N-6 and N-A
represented the pyridine form and the amino form, respectively. Being
the most abundant nitrogen form in most cases, N-5 could represent
either pyridone or a mixture of pyridone and pyrrolic forms. N-Q was
more likely to represent pyridine structures associated with oxygen,
except for the YJ oil shale semi-coke obtained at 600 °C. N-X1 was
possibly due to pyridine N-oxide. N-X2 represented the form that arose
from oxygen chemisorbed onto nitrogen.

At a relatively low temperature (300 °C), the desorption reaction
occurred and the amount of chemisorbed oxygen associated nitrogen
decreased significantly. When the pyrolysis temperature increased
gradually, mainly amino nitrogen was released. The proportion of
aliphatic amino in the Huadian oil shale sample was higher than that in
Maoming and Yaojie oil shale samples.

As the pyrolysis temperature increased from 300 to 500 °C, pyridine N-
oxide was converted to pyridone and, simultaneously, pyridone was
converted to pyridine and pyridine structures associated with oxygen.

In the semi-cokes of Huadian and Maoming oil shale samples obtained
at 600 °C, most of the pyridone was converted into pyridine and pyridine
structures associated with oxygen. In particular, the condensation
reaction of pyridine to quaternary nitrogen occurred in the semi-coke of
Yaojie oil shale sample at 600 °C, quaternary nitrogen representing here
the nitrogen atoms in the interior of precursors of the graphene layers. It
was found that nitrogen atoms associated with 6-membered ring
structures had a high thermal stability.
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