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Abstract The chemical structure of fossil fuel has a sig-
nificant effect on its pyrolysis. Present work studied the
relevance of chemical structure and pyrolysis characteris-
tics of three Huadian oil shale kerogens by using '*C NMR,
Py-GCMS and TG. "*C NMR indicates aliphatic carbons
are dominated in kerogen carbon skeleton and mainly in
the form of straight methylene chains. Compared to kero-
gen of Dachengzi and Gonghe oil shale, kerogen of
Gonglangtou oil shale has much higher branched degree of
aliphatic chain, content of aromatic methyl and aromatic-
ity. Distribution of fast pyrolysis products and thermal
mass loss behaviors of kerogen are discussed with the
correlation between the pyrolysis mechanism and chemical
structure. The results of Py-GCMS show that main com-
ponents of shale oil come from the structure of aliphatic
carbons, especially methylene chains, and there is a clear
correlation between content of aromatic products and aro-
maticity of kerogen. TG curves are fitted by a set of sub-
curves which represent various types of chemical bond
cleavage during pyrolysis. The fitting results indicate mass
loss mainly results from cleavage of bonds related to ali-
phatic carbons and difference of total mass loss is due to
content of aliphatic carbons. The difference of mass loss at
high temperature (500-1000 °C) is related to the bond
cleavage of aromatic structure.
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Introduction

Oil shale, a kind of fossil fuel containing organic matter
called kerogen and inorganic minerals, is a significant
alternative fossil fuel for current energy utilization.
Pyrolysis is one of most common ways for oil shale uti-
lization, and during this process, kerogen decomposes to
release oil, gas and solid residue. To better control the
thermal conversion of oil shale and obtain more valuable
products we need is key issue of oil shale utilization.
Therefore, thermal conversion mechanism of kerogen is of
great significance in the research.

Kerogen is a kind of complex cross-linked organic
matter which mainly contains C, H and O with relatively
less N and S, and chemical bonds in kerogen are mainly
involved with kinds of C-C bonds, C=C bonds, C-H
bonds, C-O bonds, C-N bonds and C-S bond, where C
atom can be aliphatic or/and aromatic carbon [1-3]. In
molecular level, kerogen pyrolysis can be seen as cleavage
and interaction of various chemical bonds in kerogen
macromolecule [4, 5]. Therefore, a deeper understanding of
kerogen chemical structure is quite important for exploring
the pyrolysis behavior and formation mechanism of various
products. With development of various measuring tech-
niques [including solid-state '*C nuclear magnetic reso-
nance (NMR), Fourier transform infrared (FTIR), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS)], researches on chemical structure of organic matter
in kinds of fossil fuel, such as coal, biomass and oil shale,
have been greatly improved. Kelemen et al. [6] used var-
ious methods to compare the structure characteristics of
different types of kerogens. Tong et al. [3] comprehen-
sively analyzed the carbon skeletal structure and heteroa-
tomic functional groups of Huadian Dachengzi oil shale
kerogen. These studies laid a foundation for constructing
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kerogen macromolecule model, and with the help of the-
oretical methods, such as molecular dynamics and quantum
chemistry, the pyrolysis process can be analyzed by
simulation.

A large number of studies have been reported on the oil
shale pyrolysis mechanism. For example, thermogravi-
metric (TG) analysis has been widely used in pyrolysis
characteristics and kinetics [7-10]. In recent years, TG
analyzer combined with mass spectrometry and/or Fourier
transform infrared spectroscopy has become an effective
way to explore the relationship between mass loss and
release characteristic of products [11-13]. Fast pyrolysis
techniques, such as Py-GCMS, have the advantage of
reducing the second cracking reactions and obtaining the
distribution of primary pyrolysis products as far as possi-
ble. Therefore, this method can be used to characterize the
complex macromolecules of organic matter in fossil fuel
[14—17]. Current researches on oil shale are mainly focused
on the analysis of kerogen structure, the influence of
operation conditions on pyrolysis behavior [13, 18-20], the
effect of minerals on oil shale pyrolysis [11, 21] and co-
pyrolysis characteristics of oil shale with other fossil fuels
[22]. It is necessary to do more researches on the relevance
of kerogen chemical structure and thermal conversion to
further understand the mechanism of kerogen pyrolysis.

In this paper, several experiments have been carried out
to study the chemical structure and pyrolysis behaviors of
different Huadian oil shale kerogens in China. Solid-state
3C NMR was used for the qualitative and quantitative
analysis of carbon skeleton structure of kerogens. Pyr-
olyzer-gas chromatograph/mass spectrometer (Py-GCMS)
was used for studying the pyrolysis characteristics and
product distribution of kerogen fast pyrolysis. Thermo-
gravimetric (TG) analysis was used to obtain mass loss
behaviors of kerogen pyrolysis. Using kerogen as samples
is aimed at eliminating the interference of inorganic min-
erals. Moreover, the relationship between chemical struc-
ture and decomposition of kerogen macromolecule is
discussed.

Materials and methods
Samples

The three oil shale samples studied in this work were
obtained from the 4th layer of Dachengzi mine (DCZ), the
11th layer of Gonglangtou mine (GLT) and the 4th layer of
Gonghe mine (GH) located in Huadian city, China. The
samples were treated by crush, grind and sieve to the size
of 0-0.25 mm according to the National Standards of
China (GB 474-1996). Then, the fine samples were dem-
ineralized with HCI/HF by the methods from references to
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gain kerogen [3, 23]. Demineralization process can be
described briefly as follow. First, per 15 g prepared oil
shale sample was added to 150 mL of 6 mol L™' HCI
solution and the mixture was stirred in a 70 °C water bath
under a nitrogen atmosphere for 24 h. This mixture was
filtered and washed with distilled water to make the filtrate
became neutral. Then, the filter residue was dried at 110 °C
under vacuum. Second, the pretreated samples were added
150 mL mixture of 6 mol L™' HCI and 40 mass% HF in
1:1 ratio and treated with same ways as above.

The results of elemental analysis of three kerogens are
shown in Table 1. According to classification based on the
van Krevelen diagram of H/C versus O/C atomic element
ratios [1], kerogen DCZ and GH are typical I kerogen
which is usually very aliphatic, while kerogen GLT is II-IIT
kerogen which contains higher content of aromatics.

Solid-state 13C NMR

Solid-state '*C NMR spectroscopic measurement for three
kerogens was operated on a Bruker Avance III 400 NMR
spectrometer at 100.63 MHz. The kerogen samples
(200-300 mg) were located in a 4-mm-diameter zirconia
rotor and spun at 5 kHz. A contact time and recycle delay
time were set as 1.5 ms and 5 s, respectively, in the cross-
polarization (CP) experiments. The acquisition time was
16 ms. "*C chemical shifts measured were relative to the
carboxyl carbon resonance of an external standard (glycine,
GLY) at 176.03 ppm.

To obtain the quantitative information of different car-
bon types in three kerogen samples, the '’C NMR spec-
trums were fitted according to the parameters of peaks,
such as the ratios of Gaussian to Lorentz, the full width at
half maximum (fwhm) and the chemical shifts (their
respective values and assignments are referred to refer-
ences [3, 5] and presented in Table 2).

Table 1 Elemental analysis of Huadian oil shale kerogens (mass%,
dry ash free basis)

Sample Kerogen DCZ Kerogen GLT Kerogen GH
C 72.17 65.43 72.16

H 9.48 6.03 9.16

o* 14.99 21.81 15.56

N 1.38 2.11 1.36

s 1.98 4.62 1.76

H/C* 1.576 1.106 1.523

o/Cc* 0.156 0.25 0.162
Kerogen type Kerogen 1 Kerogen II-111 Kerogen 1

4 By difference; b Total sulfur; ¢ Atomic ratio
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Table 2 Distribution of structural carbons in solid-state '*C NMR spectrum of Huadian kerogens
Carbon functionality Symbol  Location Chemical shift/ppm  Content/mol%
Kerogen DCZ  Kerogen GLT  Kerogen GH

Aliphatic methyl £l —iCH; 14.4 1.64 2.70 1.05
Aromatic methyl o Hs 19.8 1.73 5.79 1.38
Aliphatic C(2) carbon 13 —CH,10H,~CH3 25 9.98 9.75 11.63
Methylene 3 —CHy{GH,CH,— 302 68.62 29.40 64.96

32.8 1.42 0.92 3.06
Methine at 38 0.11 1.80 0.21
Quaternary & 42.1 0.29 4.72 0.56
Oxy-methylene Ol —{QH,-0— 50-60 0.01 2.59 0.01
Oxy-methine Q2 60-70 0.43 0.86 0.00

07
Oxy-quaternary 03 75-90 2.58 7.48 2.18
07
Ortho-oxyaromatic protonated ~ f0! 0 109.5 1.24 3.51 0.97
@“

Ortho-oxyaromatic branched o2 0 119.4 0.90 345 1.10
Aromatic protonated M @H 126 1.45 4.26 1.16
Aromatic branched fas @/C 130-140 1.17 3.82 2.07
Bridging ring junction 1B O 132 1.45 3.68 1.39
Oxyaromatic o3 @/O 150.3 2.28 3.37 2.46
Carboxyl fee —{COOH/R 175.5 3.71 9.59 4.55
Carbonyl fee2 o] 200-210 0.99 2.30 1.24
Py-GCMS capillary column (0.25 mm inner diameter, 0.25 pm film

Fast pyrolysis experiments were conducted on a system
combined with CDS5150 pyrolyzer, Agilent 7890 GC and
5975 MS. In each test, about 1 mg kerogen sample was
pyrolyzed at 520 °C under Ar atmosphere (1.0 mL min~")
and kept for 15 s to make the reaction completed. In the
gas chromatograph, Ar was used as the carrier gas and the
split ratio was 50:1. The column was 30 m Rxi-5MS

thickness). The temperature of the oven was held at 50 °C
for 5 min, programmed to 250 °C at 5 °C min~" and held
for 5 min; then programmed to 300 °C and held for 3 min.
Peak identification was done using the NIST11 mass
spectrum library.
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Fig. 1 Solid-state '>*C CP/MAS NMR spectrums and its fitting curves
of Huadian kerogens. a Raw spectrum of kerogen DCZ. b Fitting
spectrum of kerogen DCZ. ¢ Raw spectrum of kerogen GLT. d Fitting

TG analysis

TG analysis was performed by using a NETZSCH STA
449F3 thermal analyzer system coupled online with a
Netzsch QMS 403 mass spectrometer and Bruker Vertex
70v FTIR spectrometer. The experiment was operated at
heating rate of 10 °C min~' in a range from ambient
temperature to 1000 °C under Ar atmosphere of
50 mL min~"'. 10 mg kerogen was used per experiment.
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spectrum of kerogen GLT. e Raw spectrum of kerogen GH. f Fitting
spectrum of kerogen GH

Results and discussion
NMR results

The CP/MAS *C NMR spectrums and corresponding fit-
ting curves present in Fig. 1 show that Huadian oil shale
kerogens mainly contain aliphatic structure. Overall,
spectrums of kerogen DCZ and kerogen GH are similar and
mole percent of aliphatic carbons in these two kerogens is
86.80 and 86.03%, respectively. Kerogen GLT has rela-
tively lower aliphatic structure with 59.10% of mole per-
cent of aliphatic carbons. The main peaks of three kerogens
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Table 3 Chemical structure parameters in Huadian kerogens

Structural parameter Symbol  Definition Kerogen = Kerogen  Kerogen

DCZ GLT GH
Ratio of aliphatic carbon fa fal :f;\ll +f4+ 421 + j + 3 + :1 + 3(1) 86.80% 66.01% 86.03%
Branched degree of aliphatic chain BI BI = At 0.0046 0.0987 0.0090
Average methylene chain length Cyal Cu _.fif.t.t;‘. 59.67 7.94 32.89

acl =7

Aromaticity fa Fo= SO 402 4 fO3 4 fH 4 fS | fB 8.49% 22.10% 9.15%
Average number of aromatic carbons per cluster  C, 9.1 9.0 8.6
Coordination number o+1 1= (ﬁ?’*tﬁf)@- 3.71 2.93 4.25

centered in about 20-40 ppm indicate the domination of
methylene carbons in carbon skeletons, but there are still
large differences between the structural characteristics of
three kerogens which can be obtained from detailed
quantitative information. The content of aromatic methyl in
kerogen GLT is far higher than that in kerogen DCZ and
GH. Assuming all methylene carbons exist as straight
chains in kerogen, and average methylene chain length,
calculated from mole presents of methylene carbons divi-
ded by that of aromatic branched carbons [6], is 59.67 of
kerogen DCZ, 7.94 of kerogen GLT and 32.89 of kerogen
GH. However, methylene chain lengths may be lower than
the values mentioned above because of the existence of
saturated rings and branched chains in carbon skeletons.
Peaks at 38 and 42 ppm are assigned to methane and
quaternary carbons, and branched degree of aliphatic chain
can be calculated by mole presents of methine and qua-
ternary carbons divided by that of total aliphatic carbons.
As shown in Table 3, branched degree of aliphatic chain is
much higher in kerogen GLT, and branched degree in
kerogen GH is about twice more than that in kerogen DCZ.
Tong et al. [3] compared full width at half maximum of
kerogens from Dachengzi, Nevada and Green River, and
concluded the content of alicyclics in kerogen DCZ was
very low. Therefore, short average methylene chain length
in kerogen GLT can be thought to result from high aro-
maticity and branched degree of aliphatic structure, and
difference of average methylene chain length between
kerogen DCZ and GH is mainly due to branched degree of
aliphatic structure although the content of aliphatic carbons
is similar. Compared to kerogen DCZ and kerogen GH
which mainly contain straight methylene aliphatic chains,
there are more saturated rings and/or branched chains in
aliphatic structure in kerogen GLT.

The resonance signals related to aromatic structures are
distributed in 90-200 ppm. The average number of aro-
matic carbons per cluster in kerogen can be calculated by

the method from Ref. [24], and the results shown in
Table 3 indicate the aromatic carbons are in the form of 1-
to 2-ring aromatic clusters. The coordination number [25]
is used to describe the substitutive number of single aro-
matic cluster, and the results show that approximate 3—4 H
atoms in per aromatic cluster are substituted by various
functional groups or aliphatic chains. By contrast, substi-
tutive degree of aromatic cluster in kerogen GH is highest,
followed by that in kerogen DCZ and GLT.

Heteroatom structures detected in the '*C NMR are
mainly associated with oxygen-containing groups. Peaks
between 50 and 90 ppm originate from aliphatic carbons
linked to oxygen with different bonds, such as kinds of
aliphatic alcohols and ethers. Peak in 175.5 ppm is
assigned to carboxyl, and resonance signals at
200-210 ppm are corresponding to carbonyl. For the three
Huadian kerogens, the content of carboxyl is higher than
carbonyl. NMR results indicate higher content of oxygen-
containing groups in kerogen GLT which are mainly in the
form of carboxyl, carbonyl and quaternary oxygen.

Distribution of oil products

The GCMS chromatograms are shown in Fig. 2, and pro-
duct distributions of kerogen pyrolysis are shown in Fig. 3.
Several studies [20, 26, 27] have showed the optimum
temperature for oil shale under fast pyrolysis is 520 °C,
because kerogen may not decompose completely at lower
temperature and excessively high temperature will cause
gas-phase oil cracking reactions. In this work, pyrolysis
temperature was set to 520 °C to ensure that pyrolysis
products mainly come from kerogen primary decomposi-
tion. It is obvious that the product distributions of kerogen
DZC and kerogen GH are basically similar, while that of
kerogen GLT is quite different. Overall, except undefined
components, pyrolysis products of kerogen DZC and
kerogen GH mainly consist of oil components, and
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Fig. 2 Gas chromatograms of Huadian kerogens. a Kerogen DCZ.
b Kerogen GLT. ¢ Kerogen GH

products of kerogen GLT have more gas components. As

expected, aliphatics originating from aliphatic structure are
the majority components in oil products. It is worth noting
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Fig. 3 Product distributions of kerogen pyrolysis

that kerogen GLT has the largest aromatic proportion
though total oil content is significantly less than those of
other two kerogens. It can be speculated that the relatively
high aromaticity of kerogen GLT causes abundant aro-
matics in products. High content of gas components in
products of kerogen GLT might be explained by following
reasons. First, relatively short average methylene chain
length in kerogen GLT indicates more aliphatic products
with relatively less carbon numbers release as hydrocarbon
gases rather than oil. And the higher content of aromatic
methyl means more aliphatic carbons are release as CH4 by
removal of aromatic methyl [28]. Moreover, there are
higher content of carboxyl and carbonyl which tend to
release as CO, and CO in pyrolysis. Detailed analysis of
distributions of oil components will be discussed in the
following.

According to product chemical structure, aliphatics can
be further classified into n-alkanes, cycloalkanes, branched
alkanes and alkenes [4, 17]. Considering alkanes occupy a
relatively large proportion in oil components, alkanes have
been signed in Fig. 2, and corresponding products are listed
in Table 4. It should be noted that there are some alkanes
with same carbon number exiting in different peak posi-
tions, which is due to the existence of isomerides that
cannot be distinguished well by GCMS. As Fig. 4 shows,
the distribution of alkanes ranges from C8 to C24 and
maintains a good continuity of carbon number. Alkanes are
mainly concentrated between C17 and C24, accounting for
87.73, 77.25 and 81.19% in total alkanes of kerogen DCZ,
GLT and GH, respectively.

Alkenes are basically consisted of mono-alkenes in
Fig. 5. There was also few branched alkene, 7-methyl-6-
tridecene, being detected in products of kerogen GLT and
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Table 4 Product distribution of alkanes

Product Content/area%
Kerogen Kerogen Kerogen
DCZ GLT GH
1 Octane 0.65
2 Decane 0.43 0.56
3 Undecane 0.45 0.53
4 Dodecane 0.48 0.62
5  Tridecane 0.9 0.7 0.81
6  Tetradecane 0.95 0.64 0.88
7  Pentadecane 1.3 0.87 1.18
8  Hexadecane 1.53 1.02 14
9  Heptadecane 5.12 2.39 4.38
10  Octadecane 5.93 0.94 3.12
11 Nonadecane 2.3 1.07 1.94
12 Eicosane 3.52 1.56 2.11
13 Heneicosane 6.05 32 4.44
14 Docosane 3.13 1.36 2.63
15 Tetracosane 4.62 6.05 4.08
16 Hexadecane, 2,6,10,14- 1.64
tetramethyl-
17 Undecane, 2,6-dimethyl- 0.46 0.51
18 Dodecane, 2,6,10- 1 0.45
trimethyl-
19 Hexane, 2,4-dimethyl- 0.96
20 Hexadecane, 2,6,10,14- 0.94
tetramethyl-
21 Tridecane, 5-propyl- 0.45
22 Cyclotetracosane 1.15 0.87
23 Cyclotridecane 0.39
24 Cycloeicosane 0.68
6 -
I - Kerogen DCZ
5k - Kerogen GLT
- Kerogen GH
O\O 4
©
e
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Fig. 4 Carbon number distributions of alkanes
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Fig. 5 Carbon number distributions of alkenes

GH. Formation of alkenes is thought to relate to alkanes. In
pyrolysis, a long methylene chain cracks into an alkene and
a shorter methylene chains and the latter will further crack
or form an alkane by combining a H atom [29]. This
mechanism can well explain the dominance of mono-
alkenes in total alkenes and carbon number continuity of
alkanes.

Branched alkanes and cycloalkanes detected in GCMS
occupy 9.5% of kerogen DCZ, 12.81% of kerogen GLT
and 12.72% of kerogen GH in total alkanes. The content of
branched alkanes is quite higher than that of cycloalkanes
in kerogen DCZ and GH as shown in Table 4. Huang et al.
[17] studied the product distribution of Dachengzi oil shale
during fast pyrolysis with different temperature, and the
results indicated cycloalkanes were far more abundant than
branched alkanes in high temperature. It was considered
that cycloalkanes partly came from the saturated rings in
original kerogen and partly resulted from the cyclization
reactions of the alkanes and alkenes. According to NMR
results, it can be concluded that higher branched degree of
aliphatic chain in kerogen GH compared to kerogen DCZ
causes the higher content and more variety of branched
alkanes and cycloalkanes in products.

As shown in Table 5, the relationship of the yield of
aromatics and kerogen chemical structure can be seen
clearly in product distribution. High aromaticity leads to
relatively abundant aromatic products of kerogen GLT. It is
considered that C,—C, bonds at the B points are much
easier to be cracked, and thus some methylenes will keep
linking to aromatic rings [5]. This explains that there is
relatively high content of benzene homologs with methyls
detected in aromatic products. Meanwhile, abundant
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Table 5 Product distribution of aromatics

Product Content/area%
Kerogen Kerogen Kerogen
DCZ GLT GH
Benzene 0.49 0.41
Toluene 1.08 0.84
Benzene, 1,3-dimethyl- 0.44
Bicyclo[4.2.0]octa-1,3,5- 0.71
triene
Benzene, 1,2,3-trimethyl- 0.58

Table 6 Product distribution of heteroatomic compounds

Product Content/area%

Kerogen Kerogen Kerogen

DCZ GLT GH
Phenol 1.12 0.8
Phenol, 3-ethyl- 0.41
Phenol, 2-methyl- 0.46
p-Cresol 1.07
Octanoic acid 0.77 0.99
Nonenoic acid 0.51
Nonanoic acid 0.74 0.49 1.21
Decanoic acid 0.82 0.64 0.73
Undecylenic acid 0.39
Dodecanoic acid 0.81 0.46 0.81
Tridecanoic acid 0.74
Tetradecanoic acid 0.76 1.05
Pentadecanoic acid 0.76 0.42 0.95
Hexadecanoic acid 3.94 2.35 2.56
Heptadecanoic acid 0.46 0.52
Octadecanoic acid 0.86 34 1.6
Nonadecanoic acid 0.62 0.47
Eicosanoic acid 0.49
Bis(2-ethylhexyl) 0.41

phthalate

benzene homologs in aromatic products of kerogen GLT
are also due to the high content of aromatic methyl.
Heteroatomic components studied in this work mainly
refer to those compounds with oxygen-containing func-
tional groups as shown in Table 6, which are consisted of
various fatty acids and less phenols. In kerogen GLT, one
kind of ester, Bis(2-ethylhexyl) phthalate, has been detec-
ted. Phenols are thought to be derived from oxygenated
aromatic carbon [30] since the C,—~O bond is quite ther-
mally stable and will not break up under usual oil shale
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pyrolysis temperature. According to NMR results, the mole
percent of oxygenated aromatic carbon is 1.71% in kerogen
DCZ, 6.88% in kerogen GLT and 2.87% in kerogen GH,
respectively. The product of kerogen GLT contains the
largest proportion of phenols and is followed by that of
kerogen GH. There were no phenols detected in products of
kerogen DCZ.

TG analysis

The TG results of three kerogens are present in Fig. 6. The
total mass loss is 74.7% of kerogen DCZ, 55% of kerogen
GLT and 75.2% of kerogen GH. Based on pyrolysis
characteristics of oil shale and kerogen, the pyrolysis
processes can be divided into three stages as shown in
Fig. 6a. stage I corresponds to the temperature range of
180-350 °C and was involved with small amount of mass
loss. And this stage is considered as transition from kero-
gen to bitumen [31]. Stage II, from 350 to 500 °C, is the
majority of total mass loss for most of oil shales
[10, 31, 32], which indicated severe decomposition of
kerogen macromolecule. In stage III, from 500 to 1000 °C,
there was still relatively distinct decline of TG curve of
kerogen GLT with 10.32% mass loss, while kerogen DCZ
and GH only had 5.16 and 4.85% mass loss, respectively.
From the view of the change tendency of TG curves, there
are sudden changes in the curves between stage II and III of
kerogen DCZ and GH, while the curve shape there of
kerogen GLT is relatively flat there. As mentioned above,
pyrolysis process of fossil fuel, including oil shale, can be
seen as cleavage of various chemical bonds and free radical
reactions. Cleavage and reaction of chemical bonds are not
only determined by the bond types but also affected by
surrounding functional groups [4, 33]. And the mass loss
during kerogen pyrolysis can be seen as macro reflection
resulting from a serious of cleavage and arrangement of
bonds in the molecular level. Peak fitting is widely used in
kinetic studies on thermochemical conversion of coal and
biomass by splitting result curve into different sub-curves
to analyze integrated process which is consisted of multiple
sub-procedures [34]. In this way, a DTG curve can be fitted
by different sub-curves to correlate the pyrolysis behaviors
with kerogen chemical bond reactions.

Figure 6 shows the DTG fitted results of three kerogens.
In fitted curves, full width at half maximum was set to the
value less than 200 °C, as listed in Table 7, meaning a
standard deviation of Gaussian distribution (o) of less than
85 °C [34]. Peak 1, with peak temperature from 320 to
360 °C, is likely related to release of carboxyl and ester
and CO, formation [34]. The mass loss of kerogen GLT is
relatively more obvious than other two kerogens in stage I,
which can be ascribed to more formation of gas compo-
nents, mainly CO,.



Structural characteristics and pyrolysis behaviors of huadian oil shale kerogens using... 1853
Fig. 6 TG and DTG curves of (a) 100 - . (b)
Huadian kerogen. a TG curves ' 1 =——Kerogen DCZ 0.0 -
of Huadian kerogen. b DTG . oL ﬁ:;gggg g,':iT _ ]
curve of kerogen DCZ. ¢ DTG e, 80r L 02
curve of kerogen GLT. d DTG é Stagel! Stagell} ! Stage Il = o4
curve of kerogen GH S el ! § —-—DTG curve
(7] ! %) —Peak 1
ke | c —0.6 —— Peak 2
o b T e— g ——Peak 3
% 40 | ' &b 08 ——Peak 4
s I = — Fitted curve
: o r
i | -1.0
1 1 ; 1 1 1 n 1 n 1 " 1
200 400 600 800 1000 200 400 600 800 1000
Temperature/°C Temperature/°C
c d
( ) 0.0 ( ) 0.0
IE IE -0.2
1S 1S
o —0.2 o —04 —-—DTG curve
% —-—DTG curve % —Peak 1
» — Peak 1 %) ——Peak 2
® ——Peak 2 © —0.6 — Peak 3
g ——Peak 3 g ——Peak 4
0] ——Peak 4 [0} — Fitted curve
e 04r ——Peaks = 08
[a)] ——Fitted curve (]
-1.0
1 1 1 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000
Temperature/°C Temperature/°C

Peaks 2 and 3 are located in stage II and associated with
a serious of bond cleavage related to aliphatic structure.
The energy of bonds between C, and heteroatoms is usu-
ally lower than that of C,;—C, bonds [34]. Therefore, peak
2 is assigned to cleavage of bonds between C, and O, S
and N. The cleavage of C,—S and C,—N can release het-
eroatomic functional groups such as amino, sulfhydryl,
sulfuryl and sulfinyl, and further result in formation of
NH3;, H,S and SO, [11, 35, 36]. C;;—O bonds can be in the
form of ether bonds, carbonyl and hydroxyl existing in
aliphatic structure. These oxygen-containing aliphatic
bonds can potentially low activation energy of reaction and
usually first crack in pyrolysis [4, 5]. Peak 3 is the main
peak for kerogen pyrolysis and related to C,;—C, bond
cleavage. And these bond cleavage reactions can occur in
straight methylene chains, branched chains and saturated
rings, or at the B points of chains linked to aromatic
clusters and cause kerogen decomposition and formation of
molecular fragments with various sizes. Finally, these
fragments which are small enough to evaporate from the
solid particle will release as kinds of volatiles. Much
experimental effort [12, 13, 37] on oil shale pyrolysis from
different regions showed that main volatiles, including
various aliphatics, aromatics and oxygen-containing non-
hydrocarbons, basically released in the temperature from
400 to 500 °C, which is in agreement with assignments of
peak 2 and peak 3. Theoretical analysis and simulation

researches on bond cleavage during kerogen thermal
decomposition also confirm rationality of these assign-
ments [4, 5, 33]. Obviously, mass loss of kerogen mainly
results from thermal decomposition of aliphatic structure,
and the difference of total mass loss is related to the dis-
tinction of aliphatic carbon content.

Peaks 4 and 5 are mainly considered to be reaction with
aromatic carbons. Peak 4 is considered to be the cleavage
of C,, with C,;, O and S [34] which causes release of some
volatiles and mass loss. For example, removal of aromatic
methyl results in the formation of CHy4. Researchers have
found there may be two reaction paths [28]: dehydro-
genation of methyl linked to aromatic ring occurs and H
free radical adds to the aromatic ring in ipso position and
then leads to demethylation; or demethylation occurs
directly. These two paths are all involved in cleavage of
C.—C,: bond. Peak 5 is assigned to condensation of aro-
matic clusters through cross-linking reaction which results
in formation of H,. Huang et al. [37] studied kerogen
pyrolysis using TG-MS and detected intense generating
process of H, above 600 °C, which is consistent with
assignment of peak 5. Obviously, peak 4 was more
remarkable in kerogen GLT compared to DCZ and GH,
and peak 5 only existed in kerogen GLT. The difference of
DTG curves in high temperature indicates more intense
reactions of aromatic structure in kerogen GLT.
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Table 7 Fitted results of DTG curves

Kerogen DCZ Kerogen GLT Kerogen GH

Peak 1

Tp/°C 353 344 351

fwhm/°C 167 200 162

Peak area/% 19.18 27.42 19.73
Peak 2

Tp/°C 429 424 429

fwhm/°C 52 64 52

Peak area/% 24.11 23.89 22.42
Peak 3

Tp/°C 462 454 462

fwhm/°C 40 44 42

Peak area/% 53.92 35.32 55.06
Peak 4

Tp/°C 583 552 588

fwhm/°C 105 68 122

Peak area/% 2.79 5.82 2.79
Peak 5

Tp/°C 668

fwhm/°C 143

Peak area/% 7.55

Table 7 also lists peak areas of sub-curves. The peak area
is considered as a measure of contribution of bond cleavage
to mass loss and is related to the mass of volatile products
[34]. For kerogen DCZ and GH, peak 2 and peak 3 occu-
pying over 77% in total DTG curves indicate decomposition
of aliphatic structure is the main process of kerogen
pyrolysis. With the termination of release of volatiles from
aliphatic structures, mass loss of kerogen tends to be slow.
Relatively low area proportion of peak 3 in kerogen GLT
reflects limited yields of aliphatics and relatively high
contribution of other structures related to peak 4 and 5,
which can be considered as aromatic structures and oxygen-
containing functional groups. Therefore, the effect of
release of volatiles from aliphatic structures on mass loss of
kerogen GLT is small compared to other tow kerogens and
the curve shape tends to be gentle.

Conclusions

In this paper, the chemical structures of three Huadian
kerogens were investigated by solid-state '*C NMR.
Kerogen pyrolysis behaviors were studied by the methods
of Py-GCMS and TG experiments. The following conclu-
sions can be drawn:

@ Springer

Huadian kerogens are mainly composed of aliphatic
carbons generally in the form of straight methylene chain
and thus aliphatics originating from aliphatic structure
constitute the majority of oil components. Aromatic
structure is mainly in the form of 1- to 2- aromatic rings.
Heteroatom structure is mainly related to oxygen-contain-
ing functional groups in carbon skeleton. And these
structures are the source of various products in fast
pyrolysis. Comparatively speaking, kerogen GLT has
higher content of aromatic methyl, greater branched degree
of aliphatic chain and more aromaticity in this kerogen
results to abundant aromatic components in products. Main
stage of kerogen pyrolysis is due to bond cleavage asso-
ciated with aliphatic carbons, especially C,—C,; bonds, and
the difference of total mass loss results from distinction of
content aliphatic structure. Mass loss of kerogen GLT in
high temperature results from cleavage of bonds related to
aromatic carbons.
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