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ARTICLE INFO ABSTRACT

Keywords: Shale can be both a source rock and a reservoir rock, which is a typical self-generating and self-storing type of oil
Shale accumulation. Its main organic component is kerogen. Using molecular dynamics (MD), a realistic kerogen
Kerogen

molecular structure model is an alternative to experimental and analytical-only approaches for studying shale
organic matter’s microscopic properties. Therefore, it is useful to establish an average molecular structure model
for shale kerogen. Moreover, the pyrolysis mechanism of shale kerogen is of great significance for developing and
utilizing shale mineral resources. In this study, geochemical and spectroscopic measurements such as the
elemental analysis, >C nuclear magnetic resonance spectroscopy (13C NMR), Fourier transform infrared spec-
troscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were used to obtain information about the carbon
skeleton, aliphatic structures, and aromatic structures of the kerogen. Following information analysis and mo-
lecular fragment splicing, a 2D molecular structure model of kerogen from the Nanpu shale, with the chemical
formula C;99H240020NeS2 and molecular weight of 3096 Daltons was constructed. After that, the accuracy of the
2D structure was verified by comparing the 13C NMR spectra simulated by the 2D structure to the experimental
spectra. Using MD simulation, based on the kerogen density, 10 2D structures are then combined to create a
realistic 3D molecular structure model of kerogen. Finally, pyrolysis analysis was performed based on the
established 3D molecular structure model of kerogen to determine the effect of temperature on pyrolysis. Using
the advantages of various technologies, this study not only provides a systematic method for establishing a
realistic 3D molecular structure model of kerogen but also contributes to in-depth research on the reaction
mechanism of kerogen pyrolysis, providing a reliable foundation for future research on the properties of shale at
the molecular scale.

Molecular dynamic simulation
ReaxFF molecular dynamic simulation
Nanpu Sag

Average molecular structure model

1. Introduction

Shales can not only store but also produce oil and gas. It is a valuable
fossil resource [1]. Shale oil is the accumulation of oil in shale forma-
tions rich in organic matter and dominated by nanoscale pore sizes. It is
an important alternative energy source for oil and gas in the future and is
of great significance for alleviating energy crises and promoting sus-
tainable economic development [2,3,4]. Shale gas is abundant in re-
sources, easy to store and transport, and relatively environmentally

friendly when compared to other resources like coal. It is a significant
replacement resource for conventional oil and gas supplies [5]. Ac-
cording to the Energy Information Administration (EIA) energy outlook,
the global recoverable capacity of shale oil technology is 345 billion
barrels [6]. Shale gas production will account for over 75% of total
natural gas production in the coming decades [7]. Therefore, under-
standing the various properties of shale is beneficial to learning the
characteristics of shale oil and gas reservoirs, thereby enhancing shale
oil and gas recovery efficiency.
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MD is currently an essential means of studying the microscopic
behaviour of minerals [8]. MD methods have substantially expanded
their theory, technology, and application domains since their inception
and can now be applied to equilibrium and non-equilibrium systems [9].
MD simulation is a method that takes molecules as the primary research
object, treats a system as a collection of molecules with specific char-
acteristics, and uses classical mechanical methods to obtain the macro-
scopic characteristics by studying the microscopic molecules [10,11].
Due to its ability to simulate interactions between substances and
accurately replicate experimental results, this method has been widely
applied in fields such as materials, physical chemistry, and life sciences,
as well as in the fields of geoscience and petroleum engineering [12].
Currently, many scholars have used molecular dynamics to study the
adsorption, wetting angle changes, and mechanical properties on the
surface of shale [13,14,15,16,17]. However, many scholars are currently
using graphene to replace organic matter (mainly kerogen) in shale for
research purposes [10,18,19,20,21]. Unlike the organic matter in shale,
graphene has a TOC content of 100% and is entirely composed of carbon
atoms. Thus, there may be some errors in the experimental results ob-
tained [22]. Since a realistic molecular structure model of kerogen is the
basis for studying the microscopic properties of shale organic matter
using MD, it is necessary to establish a molecular structure model of
shale kerogen for MD simulation research.

The molecular structure model of kerogen from oil shale and coal has
been the subject of numerous investigations. For instance, Behar et al.
(1987) analyzed the functional groups and pyrolysis properties of three
different kerogen types from the United States Green River, France
Toarcian, and Cameroon Douala using elemental analysis, electron mi-
croscopy, 3¢ NMR, and other techniques [23]. Through the statistical
analysis, 2D molecular models of different types of oil shale kerogen
were constructed. Siskin et al. (1995) obtained the carbon skeleton
structure of kerogen by analyzing solid >C NMR data and used gas
chromatography to statistically process the small molecules after the
pyrolysis of kerogen [24]. Finally, a 2D molecular model of kerogen with
the molecular formula Cg45H1017N19017S4 was constructed. It should be
noted that kerogen is the organic matter in sedimentary rocks that is not
extractable by organic solvents and is a product of diagenesis. Every
kerogen is a little different (or a lot different), based on source materials,
preservation during deposition, and its diagenetic history. Ru et al.
(2012) used elemental analysis, 13C NMR, FTIR, and other testing
methods to analyze the molecular structure of the kerogen statistically
[25]. They constructed a 2D molecular model of kerogen with the
chemical formula Cy43H49703N25S2. Computer quantum chemistry and
MD methods were used to optimize the 2D structure model of kerogen to
obtain the 3D molecular model. Wang et al. (2015) and Guan et al.
(2015) conducted XRD, *C NMR, FTIR, and XPS experiments on five
different types of oil shale kerogens (Huadian, Jilin, Yaojie, Gansu,
Longkou, Fushun, Liaoning, and Maoming, Guangdong) [26,27]. Taking
Huadian oil shale kerogens in China as an example, a set of carbon
skeleton isomers of Huadian oil shale kerogens was constructed, and
computer quantum chemical calculation methods were used. The sta-
bility of isomer models with various carbon skeletons resulting from
various substitutional positions of functional groups was discussed, and
a relatively stable 3D molecular structure model of kerogen in the iso-
mers was summarized. Liu et al. (2021) used °C NMR, FTIR, XPS, high-
resolution transmission electron microscopy (HRTEM), and elemental
analyses to construct the 2D molecular structure of kerogen. Compara-
tive experiments and calculated *C NMR spectra verified the connec-
tion of kerogen fragments [28]. The final 3D model’s density and
micropore structure were verified using experimental helium density
and micropore volume. It can be seen that there have been previous
studies on the molecular structure modeling of kerogen. However, there
is relatively little research on utilizing multiple experimental methods to
construct kerogen models and providing detailed descriptions of the
modeling process for kerogen. Moreover, no one has constructed the
average molecular structure of kerogen in Nanpu shale. Therefore, it is
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necessary to build an average molecular structure model of shale (taking
Nanpu shale as an example) kerogen. “Average molecular structure”
refers to an atomic aggregate after averaging the number of aromatic
clusters in the structure. It cannot be regarded as the chemical structure
of any specific molecule in the group, but as a mathematical model,
which can reflect the typical chemical and physical properties of the
mixture molecular group [29]. Because of the complex composition and
structure of kerogen, it is extremely difficult to get the molecular
structure model to reach the level of simulation. The analysis data based
on which the model is designed cannot be comprehensive. The molec-
ular structure model designed should be an expression of the average
molecule of kerogen, which does not mean that the assumption of the
actual molecular size of kerogen is given. This concept has been widely
used in the study of the chemical structure of coal, kerogen, and various
asphalts [25,30,31]. In fact, kerogen is usually chemically reacted by
molecular group, so it is feasible and reasonable to use “average mo-
lecular structure” to describe kerogen.

The pyrolysis of kerogen is a very complex process [32]. At present,
thermogravimetry-mass spectrometry, microwave pyrolysis technology,
and thermal simulation of hydrocarbon generation are mostly used to
analyze pyrolysis products. However, using experimental methods can
only achieve macroscopic analysis of pyrolysis products; They cannot
collect microscopic details and reveal the pyrolysis mechanism [33].
The Reax FF MD combines the advantages of Quantum chemistry and
traditional MD methods, and can be used to simulate the chemical re-
action process of complex systems without preset reaction paths, which
makes it possible to study the pyrolysis mechanism at the molecular
level [34]. ReaxFF MD has many advantages and potential in studying
complex systems involving chemical reactions, including its ability to
handle large systems with thousands of atoms and dynamic optimization
of atomic charges [35]. ReaxFF MD simulation methods can shorten
research time, reduce research consumption, and achieve microscopic
descriptions of the dynamic process of chemical reactions. Simulta-
neously, quantum chemistry calculations have substantially improved,
making it possible to examine intricate reaction pathways of numerous
chemicals [36]. Salmon et al. (2009) used ReaxFF MD to simulate the
decomposition and formation of functional groups in the pyrolysis
process of Morwell lignite [37]. Zhang et al. (2014) explored the thermal
decomposition mechanism of Hatcher sub-bituminous coal using the
same method [38]. According to the calculation results, the pyrolysis
reaction of Hatcher coal primarily starts with intramolecular modifica-
tions, and the creation mechanisms of certain typical pyrolysis products
are addressed Li et al. (2015) conducted a ReaxFF MD simulation at
1500 K to elaborate the formation path of CO,, Hy, CH4 and other py-
rolysis gas product molecules [39]. Hong and Guo (2017) combined
pyrolysis experiments with classical model pyrolysis simulation to study
the effects of different temperatures and heating rates on the pyrolysis
behavior of Zhundong coal, revealing the mechanism of tar secondary
cracking [40]. Currently, research into coal pyrolysis is the main
emphasis of ReaxFF MD modeling techniques. ReaxFF MD simulation
techniques, however, have many benefits and can potentially be used in
the analysis of intricate and large-scale systems involving chemical re-
actions and will also be widely used in pyrolysis and combustion of shale
kerogen.

In this study, the shale in the Nanpu area was selected as the actual
sample. Firstly, a 2D molecular structure model of kerogen in this area
was constructed using elemental analysis, 13C NMR, FTIR, and XPS ex-
periments. Secondly, the accuracy of the 2D structure is verified by
comparing the 13C NMR spectra simulated by the 2D structure with the
experimental spectra. Next, a realistic 3D molecular structure model of
kerogen is established using MD simulation based on kerogen density.
Finally, based on the established 3D molecular structure model, pyrol-
ysis analysis was conducted to determine the effects of pyrolysis tem-
perature on pyrolysis. Using the advantages of various technologies, this
study not only provides a systematic method for establishing a realistic
3D molecular structure model of kerogen, but also can characterize the
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kinetics of microscopic reactions on an atomic scale, contributing to the
in-depth study of the reaction mechanism of kerogen pyrolysis.

2. Samples and methods
2.1. Preparation of shale samples and kerogen
A shale (Lacustrine shale) sample was used from the Gaoshangbao

region (Fig. 1a and b), located northeast of Nanpu Sag in the Bohai Bay
Basin, China. There are two main reasons for choosing which shale
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sample to extract kerogen from. (1) In order to make our extraction of
kerogen more effective, we need to choose samples with high TOC
content. (2) In order to comprehensively characterize the changes in the
characteristics of hydrocarbon generation products in kerogen samples,
it is necessary to use low maturity samples for pyrolysis analysis. This
area is a long-established anticlinal structural belt dominated by NW and
NE trending faults and one of Nanpu Sag’s primary onshore oil-
producing regions [41]. The Bohai Bay Basin is one of the most impor-
tant hydrocarbon generating regions in China. The sample is grayish
black, with a depth of 4108.9 m, and belongs to the Es3 member
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13-Southern China

14-Khorat Plateau Basin

15-Assam Basin

16-Chao Phraya River Basin

17-Central-South Sumatra
Basin

18-Kute Basin

19-Bintuni Basin

20-Canning Basin

21-Georgina Basin

22-Erromanga Basin

23-Bonn-Sulate Basin

24-Orphesus-Amatius Basin

25-Perth Basin

26-Indus Basin

27-Wendia Basin

28-Karoo Basin

28-Timan-Pechora Basin

30-Volga-Ural Basin

31-North Caucasus Basin

32-Norway-Denmark Basin

33-Baltic Basin

34-Northeast Germany-
Poland Basin

35-Dnieber-Donnets Basin

1-East Siberian Basin
2-West Siberian Basin
3-Songliao Basin

4-Erdos Basin

5-Qaidam Basin

6-Tarim Basin

7-Junggar Basin

8-Tuha Basin

9-Great Lake Basin
10-Central-South-East Basin
11-Hailar Basin

12-Middle Amur Basin

10 15keV

58-Upper Amazon-Amazon Basin
59-Barnabas-Sint Francisco Basin
60-Paresis Basin

61-Barana Basin
62-Chakao-Cretaceous Basin
63-Chaco-baras Basin
64-Neuquen Basin

65-St. George Basin
66-Magallenas Basin

36-Pannon-North Carpathian Basin

37-South Carpathian Basin

38-Paris Basin

39-Turingen Basin

40-Provence Basin

41-Tindouf Basin

42-Tinimont/Ahnet Basin

43-Triassic-Gudamis-Iliz
Basin

44-Muzuk Basin

45-Hilte Basin

46-Kufra Basin

47-Alaska North Slope Basin
48-Alberta Basin
49-Gulf of Mexico
50-Williston Basin
51-Rocky Mountains, USA
52-Appalachian Foreland-Black
Warrior Basin
53-Michigan-Illinos Basin
54-Forest City-Chernokee Basin
55-San Joaquin Basin
56-Maracaibo Basin
57-Barinas-Apuer-Yanos Basin

Fig. 1. (a) Distribution of shale oil and gas-bearing basins worldwide (modified after [43]); (b) The geographical location of the shale sample; (c) Pictures of shale
samples; (d) Field emission scanning electron microscope images of shale samples; (e) Prepared kerogen powder; (f) Energy spectrum images of organic matter in

shale samples.
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(Fig. 1c). Through the vitrinite reflectance measurement experiment,
the Ro of shale sample is 0.63%, which is in the mature stage. Using the
H/C and O/C atomic ratios of kerogen, it was determined that the shale
sample is type II kerogen. The TOC content of this sample is 2.15%.
Shale samples underwent field emission scanning electron microscopy,
which revealed a dark, central stripe (Fig. 1d). The energy spectrum of
the stripe revealed that the primary element was C, which is indicative
of organic matter (Fig. 1e).

Before establishing the molecular structure of kerogen, it is first
necessary to extract the kerogen from the shale. The extracted kerogen is

e ——>
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shown in Fig. 1f. The detailed process of kerogen extraction mainly in-
volves five main steps, including acid treatment, alkali treatment, pyrite
removal, heavy liquid separation, and chloroform asphalt cleaning of
soluble organic matter (Fig. 2), meeting the GB/T 19144-2010 standard.
Five acid treatments were performed to remove the main minerals from
the matrix. HCl is used to dissolve carbonate minerals, while HCl and HF
are used to dissolve quartz, clay minerals, and feldspar. Pyrite is
removed by repeatedly mixing 6 mol/L of hydrochloric acid and arsenic-
free zinc particles into the enriched sample and then washing it with
distilled water until the reaction gas has no hydrogen sulfide odor. The

Weigh 100g rock sample and soak it in distilled water.
After 2 ~ 4 hours, remove the upper clear liquid.

\ 4
— Acid treatment —_—
—>
\ 4
a
— AlKali treatment —> b

I

b.

matter by chloroform

1. Acid treatment
a. 6 mol/L HCI (stirring for 1 ~2 hours at 60 ~ 70 °C)
b. Wash with distilled water to weak acidity

2. Acid treatment
a.6 mol/L HCI + 40 % HF (stirring for 1 ~2 hours at 60 ~ 70 °C)
b. 1 mol/L HCI1 washing for three times

3. Acid treatment
a. 6 mol/L HCI (stirring for 1 hour at 60 ~ 70 °C)
b. 1 mol/L HCI washing for three times

4. Acid treatment
a. 6 mol/L HCI + 40 % HF (stirring for 4 hours at 60 ~ 70 °C)
b. 1 mol/L HC1 washing for three times

5. Acid treatment
a. 6 mol/L HCI (stirring for 1 hour at 60 ~ 70 °C)
b. 1 mol/L HCI washing three times
c. Hot distilled water washing to neutral

. 0.5 mol/LNaOH (200 mL), continuously stir for 30 min
. Repeat the above operation until the alkali liquor is colorless
. Wash with hot distilled water to neutral

. 6 mol/L HCI1 + arsenic free zinc particles, to the reaction gas without

hydrogen sulfide odor

. Washing with distilled water

Clean inside the ultrasonic cleaner replace chloroform ev

After standing for 2 hours, air dry, dry at 60 °C and 18 KPa, weigh and grind

Fig. 2. Flow Chart of Careful Preparation of Kerogen.
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kerogen obtained by heavy liquid flotation is washed with distilled
water until it is free of halogen ions. The heavy liquid separation step
aims to remove heavy metals from rock samples using a heavy liquid
medium with a relative density of 2.0-2.1 g/cm®. Place the dried fine-
grained kerogen in chloroform and wash it in an ultrasonic cleaner.
Replace chloroform every 20 min of cleaning to remove soluble organic
matter. After standing for 2 h, the solution appears colorless. Finally,
conduct air drying, dry, weigh, grind, and bottle for standby at 60°C and
18 KPa. The final particle size of the obtained kerogen is about 100
mesh. It should be noted here that the long experimental process may
have changed the chemical structure of organic matter to some extent
[42], so the analysis of extracted kerogen may not give a completely
accurate representation of the structure of the organic matter in the
original shale.

2.2. Experimental methods

2.2.1. Elemental analysis

Elemental analysis is a chemical analysis method that studies the
elemental composition of organic compounds. There are two types of
elemental analysis: qualitative elemental analysis and quantitative
elemental analysis. The former is used to identify which elements are
contained in organic compounds, while the latter is used to determine
the percentage content of these elements in organic compounds [44]. A
Vario MICRO cube element analyzer from Germany is used to measure
the element content and atomic ratio of C, H, O, N, and S in kerogen.

2.2.2. 13C NMR experiment

13C NMR experiment can provide qualitative and quantitative
component analysis for the type of carbon in the framework of organic
compounds, which is of great significance for the identification of the
chemical structure characteristics of kerogen [45,46]. The advantage of
13C NMR detection for kerogen is that it can eliminate interference from
the presence of minerals (except Fe mineral) on the organic structure of
kerogen. Because carbon atoms are extremely sensitive to their chemical
environment, subtle changes in the surrounding structure can be directly
reflected in the carbon spectrum, affecting the chemical shifts of each
carbon atom [47]. Therefore, 13C NMR analysis of kerogen can yield
relatively accurate and high-resolution spectral lines, providing accu-
rate and suitable analysis data for carbon skeleton synthesis [25].

The '3C NMR testing device is a Bruker AVANCE III HD from Ger-
many. Parameter setting conditions: probe, 4 mm solid state dual reso-
nance probe, ZrO2 (equipped with Kei-F) rotor; Rotating speed, 12 kHz;
13¢ resonance frequency, 100.80 MHz; Contact time, 2 ms; Cycle delay,
5 s; Number of data acquisition points, 2048. The testing instrument
adopts cross-polarization and magic angle spinning technology, with a
hydrocarbon cross-polarization contact time of 2 ms and a magic angle
spinning frequency of 12 kHz.

2.2.3. FTIR experiment

The most widely used application of FTIR is to analyze the chemical
composition of substances qualitatively and quantitatively [48].
Infrared spectroscopy has the advantage, like *C NMR, of causing no
structural damage to the experimental sample and avoiding the impact
of external chemical reactions on the test structure. At the same time,
this method has high sensitivity and speed. It can determine the chem-
ical structure of the contained groups based on the infrared character-
istic peaks and group frequencies of different substances in the mixture
[49]. The position of its vibration absorption peak is relatively fixed for
the same type of chemical bond. Therefore, it is feasible and effective to
study the type and content of chemical or active functional groups of oil
parent materials through infrared spectroscopy detection [50].

The Bruker ALPHA Fourier infrared spectrometer was used to mea-
sure the infrared spectrum. The sample processing for infrared analysis
is as follows: 2.5 mg of kerogen concentrate were mixed with 200 mg
potassium bromide and ground in an agate mortar. 60 mg of the ground
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mixture was pressed into thin sheets under a pressure of 10 MPa, and
dried for 6 h under nitrogen at 60°C. The accuracy of the infrared
spectrum is 2 cm ™. The Spectral resolution is 4 cm ™}, and the wave-
number range is 400 to 4000 cm™!. The experiment was completed in
transmission mode. The number of scans is 16. Baseline correction was
performed. The results are reported using absorbance.

2.2.4. XPS experiment

XPS is a method for analyzing and detecting samples’ atomic valence
states and molecular structures [51]. When compared to other spectral
detection methods, it is possible to better provide structural parameters
such as the occurrence type, molecular structure, chemical bonds, and
concentrations of heteroatoms in the molecular structure of oil matrix
due to its ability to measure electronic information such as atomic inner
layer valence and chemical displacement in the structure. At the same
time, XPS often does not seriously perturb the surface structure, which is
helpful for quantitative and qualitative analysis of organic macromo-
lecular structures. It can provide an accurate and effective experimental
basis for the design of O, N, and S atoms in the molecular structure
model of the oil matrix [44]. However, it is important to note that XPS is
a surface analysis method that provides the atomic valence state and
molecular structure of the sample surface (less than5 nm depth) rather
than the whole sample.

Nexsa is an XPS testing instrument manufactured by Thermo Fisher
Company in the United States. Parameter setting conditions: mono-
chromatic X-ray, aluminum anode target (Ka Radiation); Working
voltage, 15 kV; Emission current, 10 mA. The wide scan Pass Energy is
100 eV and the energy step size is 1 eV. The narrow scan Pass Energy is
30 eV and the energy step size is 0.1 eV. The scanning speed is 2°/min,
and the scanning range is 2° — 90°; The acquisition speed is 0.3 s/step,
and the acquisition step size is 0.02°.

2.2.5. COg adsorption experiment

CO,, adsorption tests can measure specific surface area, pore volume,
pore size distribution, etc. CO3 adsorption tests mainly reflect micropore
information [52]. Compared with Langmuir model which assumes
saturation after monolayer adsorption and BET model which assumes
multi-layer adsorption, Density Functional Theory (DFT) Method is
more suitable for gas adsorption in micropores [52]. Assume that the
total isotherm constitutes lots of individual “single pore” isotherms
multiplied by their relative PSD. Through the correlation between
theoretical adsorption isotherm (N(P/P,)) and experimental adsorption
isotherm, the PSD can be obtained [53].

P Wiax P
N(E) :[ N(E, W) o (W)aW &)

Wmin

Where N(P/P,) = experimental adsorption isotherm data, W = pore
width, N(P/P,, W) = isotherm on a single pore of width W and f(W) =
pore size distribution function.

A set of individual “single pore” isotherms (N (P/P,, W)) of width W
can be obtained by DFT theory [54]. In this study, The CO5 adsorption
isotherms were analyzed using Density functional theory (DFT) to pro-
vide an accurate pore size distribution, thus obtaining pore volume and
surface area.

CO3 adsorption was carried out using a MacASAP 2460 device at 273
K to characterize the pore structure of the sample at less than 2 nm. The
crushed sample was dried in an oven at 110°C for 24 h to reduce the
impact of free water and volatile gases. It should be noted that during
the drying process of kerogen, it can lead to the volatilization of kerogen,
but this volatilization is not important. Pretreatment: heating and vac-
uuming the sample; Record the weight of the sample after degassing:
After degassing, reweigh the total weight of the sample tube, sample,
and plug assembly, and then subtract the weight of the empty sample
tube and plug, and record the weight of the sample; Carry out adsorption
experiments, set parameters such as equilibrium relative pressure points
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and experimental conditions, continuously inject carbon dioxide gas,
and the equipment automatically records the adsorption amount of the
sample at different equilibrium relative pressure points. The saturated
vapor pressure of CO3 is 3.48 MPa.

2.2.6. Laser Raman experiment

With the development of laser Raman spectroscopy technology, it
has become a relatively mature analysis and testing method, which can
play an essential role in fluid inclusions, sedimentary organic matter,
and rock ore identification. It has the advantages of simple sample
preparation, convenient and rapid testing, and short cycle time. Xiang
et al. (2019) first used the drift coefficient to quantify the degree of
fluorescence interference related to the coalification degree for dozens
of coal samples [55]. Raman spectroscopy-based mineralogical studies
can elucidate the changes in crystalline structures of manganate min-
erals in response to the growth of ferromanganese nodules [56]. There is
a proportional relationship between the intensity of the characteristic
peaks in Raman spectroscopy and the concentration of the substance. By
correcting the intensity parameters of the characteristic peaks, quanti-
tative analysis information of fluid inclusions (relative percentage con-
tent of moles) can be obtained [57]. In terms of thermal maturity, the
Raman reflectance of samples can be calculated using the kerogen’s
peak spacing and height ratio, solid asphalt, carbonized animal and
plant fossils, and solid organic matter in mineral inclusions [28].

The LabRAM HP Evolution instrument from HORIBA Corporation of
Japan is the testing instrument. Spectral range: 200-2100 nm. Laser:
532 nm. Focal length: 800 mm. The wavelength used is 532 nm, and the
instrument setup allows a spectral resolution of 4 cm™'. We used a
scanning time of 20 s of spectrum in an extending mode spanning
100-4000 cm ! with a grating of 1800 gmm .

2.2.7. Scanning transmission electron microscope (STEM) experiment

Field emission transmission electron microscopy is mainly used to
analyze the internal microstructure of materials. Using methods
including HRTEM, STEM, Element mapping, and EDX, it can perform
microscopic analysis of the morphology, crystal structures, chemical
composition, interface, and crystal defects of samples [28]. STEM is
becoming an increasingly important electron microscope due to its
combination of transmission electron microscopy and scanning electron
microscopy functions. Liu et al. (2021) observed the morphology of
kerogen particles using TEM and found that the kerogen particles were
significantly clustered together, with rough surfaces and nanopores
present in the particles [28]. Qian et al. (2020) characterized the
morphology and structure of the synthesized materials using STEM [58].

The STEM of the kerogen sample was obtained using the Japanese
electronic JEM 2100F instrument. STEM resolution: 0.20 nm. Electron
acceleration voltage was 200 kV, spherical aberration coefficient was
0.5 mm, and point resolution and line resolution were 0.19 nm and 0.14
nm, respectively. The STEM images were performed at an electron
accelerating voltage of 300 kV with a probe convergence angle of 17.8
mrad.

2.2.8. True density test experiment

True density refers to the actual mass per unit volume of solid ma-
terial in an absolutely dense state, that is, the density after removing
internal pores between particles [59]. Use the gas volume method to
measure true density. The gas volume method is to measure the volume
of the sample to be tested based on the measured pressure, and then
measure the density of the sample based on its mass. This method uti-
lizes helium gas (a small molecular diameter inert gas with easy diffu-
sion, good permeability, and stability) to penetrate into the internal
pores of the material, quickly filling the pores of the material that cannot
be measured by conventional methods. The sample volume measured by
this method will be closer to the true volume of the sample, thus making
the true density value of the sample closer to the true value [60]. The
true density is calculated as follows:
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p=" @

Where p is the true density, m is the mass of the sample, and V is the
volume of the sample.

Use AccuPyc II 1345 true density tester for measurement. Method:
Place the sample in a true density tester, use helium as the medium,
gradually pressurize it to a specified value in the measurement chamber,
and then helium expands into the expansion chamber. The equilibrium
pressure of the two processes is automatically recorded by the instru-
ment. According to the Conservation of mass, the volume of the mea-
surement chamber and expansion chamber is calibrated by the standard
ball, then the volume of the sample is determined, and the true density is
calculated. Parameter setting: Sample mass, 1.4919 g; Test temperature
298 K; The volume is 1.2622 cmg; Expansion volume: 8.4450 cm®.

2.3. Method for constructing the average molecular structure of kerogen

Due to the complexity and irregularity of the molecular structure of
shale kerogen, it is impossible to construct a model that conforms to all
the physicochemical properties. Therefore, the concept of the “average
molecular structure model” [25] was introduced to study some chemical
or physical properties of shale kerogen. Based on experimental data such
as elemental analysis, XPS, FTIR, and 13C NMR, an average molecular
structure model that can represent the kerogen of the Nanpu shale is
constructed, which is summarized in seven steps (Fig. 3).

Step 1: Information on the carbon skeleton structure, aliphatic
structure, and aromatic structure of kerogen is obtained by analyzing
experimental data such as elemental analysis, XPS, FTIR, and 13C NMR.

Step 2: Based on the information obtained in Step 1, the molecular
fragments are spliced using ChemDraw software to obtain a preliminary
2D structure of kerogen.

Step 3: The structure of 2D kerogen is obtained based on experi-
mental results such as elemental analysis, XPS, FTIR, and 3¢ NMR.
Therefore, the '*C NMR spectrum of 2D kerogen may not be consistent
with the 13C NMR results measured in the experiment. Analyze the 2D
structure of kerogen obtained in Step 2 using MestRenova software for
13¢ NMR spectroscopy and compare it with the spectrum obtained from
the experimental results.

Step 4: Constantly adjust the structure of 2D kerogen based on the
difference between the '3C NMR spectrum obtained from the 2D struc-
ture of kerogen and the experimental results.

Step 5: Until the '3C NMR spectrum obtained from the 2D structure
of kerogen coincides with the curve of the spectrum obtained from the
experimental results, the final 2D structure of kerogen is obtained.

Step 6: Import the final 2D structure of kerogen into Materials Studio,
and after a series of operations such as optimization and annealing,
obtain the 3D structure of kerogen.

Step 7: Use the Amorphous Cell module in Materials Studio to put
multiple 3D structures into a box and then continuously conduct dy-
namic simulation until it is concluded that the density of 3D kerogen is
almost the same as the actual density of kerogen. Then the final 3D
structure model of kerogen is obtained.

2.4. ReaxFF MD simulation

The reaction force field uses the idea of molecular mechanics to
describe the interaction potential between atoms. It can be used to
calculate for example small molecule reactions, combustion, explosion,
and transition metal catalysis. ReaxFF is two orders of magnitude slower
than a general force field, and takes and its time consumption is between
those of simple molecular force fields those of semi-empirical quantum
chemical methods. It can be used to calculate thousands or tens of
thousands of atoms [61]. The expression of reaction force field energy is
as follows:
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2D kerogen model
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Step 1: “C NMR, FTIR, and XPS data analysis

Step 2: Based on°C NMR, FTIR, and XPS
data, the two-dimensional structure of

kerogen was preliminarily established.
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Step 5: The final two-dimensional structure of kerogen was determined until
the estimated results were basically consistent with the experimental results.
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Step 6: The final 2D structure is optimized
and annealed to obtain a 3D structure

Step 7: The final 3D structure builds a true
3D kerogen model based on the density of the kerogen.

Fig. 3. Construction process of average molecular structure model of kerogen.

3)

Where E,gjence is composed of chemical bond stretching energy, bond
angle bending energy, dihedral angle torsion energy, etc., Ecrossterm
represents the coupling cross terms between bonds and angles, and
Enonbond takes account of weak interactions such as those due to van der
Waals energy, hydrogen bond energy, etc.

MD deals with the motion of particles based on classical mechanics.
The finite difference method is used for the numerical integration of
equations of motion. At present, there are no computational limits in

Eroal = Evatence + Ecrossterm + Enonbond

simulating complex biological macromolecular systems due to the
continual maturation of MD simulation technologies.

ReaxFF MD does not require a predefined reaction path and enhances
computation accuracy by dynamically optimizing atomic charge.
Moreover, the simulated system can have more than 1000 atoms. After
determining the molecular model and setting technical parameters such
as periodic boundary conditions, integration time steps, simulation
ensemble, state variables (P, T, V), simulation steps, and information to
be output, formal simulation can be conducted.
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This study used ReaxFF MD to simulate the pyrolysis of kerogen. The
specific parameter settings are as follows: the periodic boundary is
3.597 nm x 3.597 nm x 3.597 nm; Simulate a time step of 0.25 fs, with a
total of 1,000,000 steps; Select NVT ensemble and H/C/O/N/S/B force
field. The pyrolysis temperatures are set at 1500 K, 2000 K, 2500 K,
3000 K, 3500 K, 4000 K, 4500 K, and 5000 K, respectively, and the
heating rates are set at 20 K/ps.

3. Results
3.1. Carbon skeleton structure information of kerogen

The skeleton of kerogen is made up primarily of C, making '>C NMR
spectroscopy a key technology for studying the structure of kerogen.
This technology can reflect the overview of the carbon skeleton structure
in kerogen [25,45,46]. The '3C NMR spectrum of kerogen from the
Nanpu shale can be divided into three major categories: aliphatic carbon
(0-90 ppm), aromatic carbon (90-170 ppm), and carbonyl carbon
(170-220 ppm) (Fig. 4) [62,63]. We can see that aliphatic and aromatic
groups make up most of the spectrum. The principal peaks in the
aliphatic groups are attributed to aromatic methyl carbon, methylene
carbon, and multi-branched center carbon [64]. The FTIR spectrum in
Section 3.2 provides further support for the above NMR interpretation.

In order to determine the relative fraction of different carbon forms
in the kerogen of the Nanpu shale, the '3C NMR curve was fitted using
Origin software (Fig. 4 and Table 1). The following conclusions can be
drawn through analysis:

(1) Among the average 100 carbon atoms in the molecular structure,
there are about 6 terminal aliphatic methyl groups, while the methylene
carbon connected to the terminal methyl group is 0, indicating that there
are 6 non-chain aliphatic methyl groups.

(2) The components of the aromatic structure: According to 3¢ NMR
data, there are approximately 55 total aromatic carbons, 31 proton ar-
omatic carbons, 4 bridged aromatic carbons, and approximately 20
alkyl-substituted aromatic carbons.

(3) The components of aliphatic structure: calculated from '3C NMR
data, the number of terminal methyl groups is about 6, the number of
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aromatic methyl groups is about 11, and the number of methylene
groups is about 11.

After calculation, the following structural parameters of kerogen
from the Nanpu shale kerogen can also be obtained:

(1) Carbon Aromaticity: From the 13C NMR (CP/MAS) spectrum of
kerogen, the boundary between the chemical shift between aliphatic
carbon and aromatic carbon is between 95 and 100 ppm. The aromatic
carbon ratio is defined as the fraction of aromatic carbon in the total
carbon content, which can be calculated from the fraction of the 95-164
ppm signal intensity integral value in the '3C NMR spectrum to the total
signal intensity value.

fo=fT+fE 4+ 8 =54.67 )

(2) The percentage of alkyl carbon is the percentage of aliphatic
carbon in the total carbon content.

fu =F 4+ 1+ = 40.13 5)

This indicates that the main molecular structures of kerogen are ar-
omatic and aliphatic chain structures.

3.2. Molecular fragments and functional group analysis of kerogen

3.2.1. FTIR experimental results

The composition, relative abundance, and bonding characteristics of
chemical groups in kerogen can be studied using the location and rela-
tive strength of infrared absorption peaks. [48]. Fig. 5 depicts the FTIR
curve of kerogen from the Nanpu shale. The main spectral bands are as
follows: 2920 cm™}, 2849 cm™}, 1451 cm ™, and 1374 cm™! (saturated
hydrocarbon structure); 1631 cm ™Y, 870 cm ™, and 808 cm ™! (aromatic
hydrocarbon structure); 3433 cm_l, 1164 cm_l, 1126 cm_l, 614 cm™!
(oxygen atom structure).

Three main peaks attributable to aromatic carbon, methylene car-
bon, and ~OH were seen in the vicinity of 1600 cm™L, 2900 em ™, and
3400 cm ™, respectively [65]. The 2920 cm ™! and 2849 em™! spectra
indicate an antisymmetric and symmetrically stretched frequency band
of aliphatic methylene (-CHy-) [62], consistent with the methylene
signal (at 30 ppm) dominating the '3C NMR spectrum. In addition, the
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Fig. 4. 13C NMR spectrum and fitting curve of kerogen from Nanpu shale kerogen.
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Table 1
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Chemical shifts and distribution parameters of different types of carbon determined by solid *C NMR.

Peak Area Chemical shift Symbol Ratio% Location Carbon type
1 1.51E + 03 7 A 1.54 —CH3 Terminal methyl carbon
2 4.03E + 03 14.8 A 4.12
3 1.11E + 04 23.45 A 11.29 Aromatic methyl carbon
4 1.08E + 04 28.11 ﬁ:l 11.02 —CH,—CH,—CHo— Methylene carbon
5 1.19E + 04 42.72 A 12.16 | | Multi branched central carbon (quaternary carbon, tertiary carbon)
I
6 8.39E + 02 103 o 0.86 7 Proton aromatic carbon
7 2.90E + 04 120 £ 29.63 oH
X
8 3.80E + 03 132 ) 3.88 | N Xy Bridged aromatic carbon
G G
9 6.79E + 03 138.32 A 6.93 Alkyl substituted aromatic carbon
10 1.37 E + 04 138.32 S 13.37 Z |C
\
11 1.16E + 03 178 £ 1.20 o Carboxylic carbon
——C—O0H
12 3.92E + 03 217 ° 4.00 o Carbonyl carbon
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Fig. 5. FTIR spectrum of kerogen sample.

presence of ether groups (C-O or C-0O-C) in the structure was demon-
strated at 1164 cm™'; 3433 cm™! is the vibration frequency band of
hydroxyl (-OH). The bands of aromatic hydrocarbon structures are
weaker than those of saturated hydrocarbons. The kerogen preparation
procedure is lengthy, and entirely removing minerals is challenging. Oil
shale primarily contains silicate minerals such as kaolinite, quartz, illite,
etc. Their presence can substantially interfere with the absorption of
oxygen containing groups (ether, ester) and the out-of-plane flexural
vibration bands of aromatic hydrocarbons.

3.2.2. XPS experimental results

The occurrence mode and relative content of oxygen, nitrogen, and
sulfur elements in the organic structure of kerogen were obtained by
fitting the XPS spectra of kerogen samples by peak division (Fig. 6,
Table 2, and Table 3); taking the attribution of each characteristic peak
in the literature as a reference [28,51]. The main Cls peak was obtained
at 284.8 eV and the main O1s peak was obtained at 532.66 eV (Table 3).
Due to the absence of nitrogen oxides, pyrite, and other minerals in shale
organic kerogen, the XPS data were normalized to 90.6% and 5.9%
carbon and oxygen, 2.5% nitrogen, and 1.0% sulfur, respectively
(Table 2).
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Fig. 6. XPSspectrum of kerogen from Nanpu shale.

Table 2
XPS data of kerogen from Nanpu shale.
Name Peak FWHM Area Atomic %
Cls 285.08 2.62 1801394.05 90.6
Ols 532.82 4.02 282437.13 5.9
N1s 400.06 3.33 76677.64 2.5
S2p 163.39 2.01 39047.28 1.0

Fig. 7 and Table 3 show the XPS peak fitting spectrum of kerogen
from the Nanpu shale and the proportions of different bond types. The
carbon atoms in the form of C-C and C-H bonds account for over 80% of
the total carbon. Some carbon atoms also exist as O = C-O (1.9%),
indicating traces of carboxylic groups in the structure of kerogen. More
than half of the oxygen atoms are in the form of ~OH (59.0%). The ox-
ygen atoms in the carbonyl group account for 17.6% of the total oxygen
atoms. The oxygen atoms in the carboxyl group account for 23.4% of the
total oxygen atoms. According to XPS data, nitrogen atoms in kerogen
mainly exist in the form of amines, accounting for approximately 48.0%
of the total nitrogen atoms. There are also some pyrrole nitrogen atoms

Table 3
Peak fitting results of XPS.

and pyridine nitrogen atoms, with ratios of 36.8% and 15.2%, respec-
tively. The S element in kerogen mainly exists in the form of aliphatic
sulfur and thiophene. The sulfur atoms of aliphatic sulfur account for
38.8% of the total sulfur atoms. The sulfur atoms on thiophene account
for 30.4% of the total sulfur atoms. However, it is important to note that
XPS is a surface analysis method that provides the atomic valence state
and molecular structure of the sample surface rather than the whole
sample. Therefore, there will be a certain amount of adventitious car-
bon, which mainly exists in the form of C-O (Table 3). And by comparing
the XPS with the results obtained from elemental analysis, it can be
found that the proportion of nitrogen measured by XPS is higher than
that measured by elemental analysis. This indicates that the surface
nitrogen content of the sample is slightly higher, and the relative pro-
portion of nitrogen functional groups inferred from XPS is slightly
higher.

3.2.3. Elemental analysis experimental results

Shale kerogen is a 3D heterogeneous complex with complex struc-
tures without fixed molecular weights and structural formulas. There-
fore, the molecular structure model designed represents the average

Name Position(eV) Area FWHM (eV) Atomic Functional group Structural formula
Cls 284.8 110533.49 1.51 85.9% / C-C; C-H
286.1 8822.7 1.22 6.9% / Cc-0
287.3 6840.02 1.94 5.3% Carbonyl 0=C
289.5 2437.33 1.68 1.9% Carboxyl 0=CO
Ols 532.66 12463.56 3.26 59.0% / -OH
533.31 4935.98 2.57 23.4% / —-COOH
531.49 3728.79 1.77 17.6% Carboxyl Cc=0
N1s 400.18 2723.16 1.44 36.8% Pyrrole nitrogen /H
-
398.52 1129.69 1.09 15.2% Pyridine nitrogen N\
F
400.94 3557.29 3.38 48.0% Quaternary amine R-N-R
S2p 162.62 1369.64 0.97 38.8% Aliphatic sulfur R-SH
163.94 1074.4 1.51 30.4% Thiophenes S
169.04 1089.6 2.87 30.8% Sulfate /

10
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Fig. 7. XPS peak fitting spectrum of kerogen from Nanpu shale (a) Cls scanning; (b) Ols scanning; (c) N1s scan; (d) S2p scan.

molecule of kerogen. The interaction between shale kerogen and inor-
ganic matrix [66] leads to the tight binding between kerogen and min-
erals, making it difficult to completely separate shale kerogen
[67,68,69]. The actual measured total amount of these five elements is
less than 100%. Thus, a normalization correction has been applied in
this research based on the experimental data of shale kerogen, as shown
in Table 4.

3.3. Construction and verification of 2D structural model of kerogen

Structural parameters of shale kerogen in Nanpu Sag were obtained
based on elemental analysis, 13C NMR, FTIR, and XPS. The kerogen
structure of the Nanpu shale is mainly composed of aliphatic and aro-
matic structures. The nitrogen element is present in the kerogen as
pyrrole, pyridine, and quaternary amine. The sulfur element and its
compounds are mainly present in the kerogen as aliphatic sulfur and
thiophene. The construction process is as follows:

From the normalized XPS parameters, the ratio of pyrrole, pyridine,
and the quaternary amine is about 3.7:1.5:4.8. To make the constructed

kerogen model more consistent with the actual characteristics of
kerogen, it is determined that the number of amines is 3, pyrrole is 2,
pyridine is 1, and the total nitrogen atom is 6. Based on elemental
analysis data and atomic number ratio, the total number of Cs inversely
estimated is about 200. In addition, Table 3 and 4 indicate that there are
1 thiophene and 1 aliphatic sulfur for every 200 Cs. At the same time, the
number of oxygen atoms is calculated to be 20, based on the atomic
ratio. According to 13C NMR data, there are 3 carboxyl groups, and 7
carbonyl groups, and the remaining O atoms are most simply assigned to
—OH, but the 13C NMR would not support such an assignment, so that the
matter remains doubtful.

Table 1 shows the number of terminal methyl carbon, aromatic
cyclomethyl carbon, methylene carbon, multi-branched center carbon,
proton aromatic carbon, bridged aromatic carbon, alkyl-substituted ar-
omatic carbon, carboxyl carbon, and carbonyl carbon that can be ob-
tained in the kerogen structure. Finally, lipid chains connect various
aromatic structural units and place functional groups in appropriate
positions. The molecular plane model of kerogen was drawn using
ChemDraw software.

Table 4
Element analysis and the atomic ratio of kerogen.
Organic matter Inorganic matter (%) 0O/C (atomic) H/C (atomic) N/C (atomic) S/C (atomic)
C (%) H (%) 0 (%) N (%) S (%)
79.18 5.75 10.33 2.51 2.23 10.65 0.10 0.87 0.03 0.01

11
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Fig. 8 shows the final molecular structure. This molecular model’s
key characteristic is a network structure of aliphatic and aromatic
structures instead of a parallel sheet structure dominated by aromatic
structures, like those found in coal molecules. According to the above
steps, the chemical formula of the molecular model is C;99H240020NeS2,
and the molecular weight is about 3096 Daltons.

Since 13C NMR spectroscopy maps reflect the general structure of the
carbon skeleton in kerogen and are the most critical information for the
structural composition of kerogen, they are used as a standard for
modifying the structural model. The obtained 2D molecular structure
model of kerogen was imported into the nuclear magnetic spectrum
simulation software MestRenova for correction calculations. Specific
process: (1) Obtain 3C NMR spectra of the kerogen structural model
through the MestRenova software; (2) compare the differences between
the simulated and the experimental spectra; and (3) correct the 2D
structural model of shale kerogen. The specific correction process is
shown in Fig. 9.

The construction standard is reached by continuously adjusting the
kerogen structure until the constructed shale kerogen structure model
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matches the experimental parameters. The final kerogen model is shown
in Fig. 8. The characteristics of this model, such as size and degree of
condensation, are taken from the average values measured for actual
kerogen and correlate well with the experimental structural parameters,
as shown in Fig. 10. Therefore, it can be considered that the model
established is reasonable and can represent the realistic structure of
kerogen molecules in the Nanpu shale.

3.4. Construction of 3D structural model of kerogen

Based on the 2D structure, Materials Studio (MS) was used for geo-
metric optimization and kinetic operation to construct a 3D molecular
structure model of the kerogen from the Nanpu shale. Molecules are
composed of atoms, and both molecules and atoms exist as systems in
nature. Due to the interaction of covalent and non-covalent bonds be-
tween atoms and intermolecular forces, the molecular configuration
must be 3D. Under natural conditions, all molecules reside in their most
stable configuration, i.e., the conformation with the lowest total mo-
lecular energy. In this section, the initial stable conformation of the 2D

INoo e

Fig. 8. 2D molecular structure of kerogen from Nanpu shale.
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Fig. 9. Flow chart for modification of Nanpu shale kerogen model.
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Fig. 10. Comparison of '*C NMR data for experimental and 2D kerogen
structure estimation.

model is presented through MD calculations. On this basis, structural
optimization and annealing simulation are performed to obtain the
optimal configuration of the 3D geometric structure of the model Dy-
namic calculations are used to compare the total molecular energies of
various 3D geometric configurations that are optimal, and the

13
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configuration with the lowest total energy is ultimately chosen to build a
cubic crystal cell with periodic boundary conditions through the Con-
struction task of the Amorphous Cell module as the final 3D average
molecular structure model. The construction process and details of the
3D kerogen structure model is shown in supplementary materials.

Through molecular dynamics NVT and NPT ensemble calculations,
the variation of the density of the kerogen polymolecular system with
temperature was obtained. As shown in Fig. 11, the calculated density at
298 K was 1.106 g/cm>. The density of kerogen we measured through
experiments is 1.182 g/cm®>, which is similar to the density of 1.106 g/
cm? of the established 3D kerogen model, confirming the reliability of
our model. The total energy of the system is 13216.544 kcal/mol, 3.597
nm X 3.597 nm x 3.597 nm. The final 3D molecular structure model of
kerogen in the crystal cell is shown in Fig. 12. Molecular structure model
of 2D and 3D kerogen is shown in Supplementary Material.

3.5. ReaxFF MD simulation of kerogen pyrolysis

The temperature range simulated by ReaxFF MD is often much
higher than that of pyrolysis experiments, which does not mean that
ReaxFF MD pyrolysis simulation unreliable under experimental tem-
perature conditions. However, along simulation time is required for low
temperatures. However, due to computer power restrictions, the simu-
lation process often needs to be completed in picoseconds, which is
significantly less than the experimental reaction time. According to the
Arrhenius formula, increasing the reaction temperature can significantly
increase the reaction rate. Therefore, we often shorten the reaction time
by increasing the reaction temperature [70,71,72]. Although there are
significant differences in reaction temperature and time between the
experimental and simulated processes, the product distribution and ki-
netic parameters obtained from the simulation are in good agreement
with the experimental results [73,74]. This study focuses primarily on
how temperature affects the pyrolysis reaction mechanism. Use the 3D
structural model of kerogen obtained in section 3.4 (Construction of
3D structural model of kerogen) to conduct molecular dynamics
simulation of the reaction. The specific process is shown in Fig. 13.

Fig. 14 shows the number of molecules produced by the pyrolysis of
kerogen at different temperatures for a reaction time of 250 ps. As the
temperature increases, the slope of the curve gradually increases, the
reaction rate accelerates, and the number of molecules ultimately
generated also gradually increases. At 1500 K, the number of molecules
produced during pyrolysis is very small, indicating that the pyrolysis
reaction has not yet occurred at this temperature. At 2000 K, the number
of molecules produced by pyrolysis began to increase, ultimately pro-
ducing 190 molecules. When pyrolysis is carried out at a temperature of
5000 K, the number of molecules gradually increases in the initial stage
of the pyrolysis reaction, and the final number of molecules produced
during pyrolysis is similar to that under 4500 K, indicating that when the
temperature exceeds 5000 K, and the pyrolysis of kerogen is less affected
by temperature.

The distribution of gas products by ReaxFF MD simulation at
different temperatures is shown in Fig. 15. It can be observed that the
quantities of HyO and Hj gradually increase with the increase of py-
rolysis temperature, especially when the temperature exceeds 2000 K,
the generation rate of Hj significantly increases. As the temperature
increases, HyO and H are greatly affected by temperature, while CO; is
less affected by temperature. This phenomenon is consistent with the
conclusion obtained by Qian et al. (2016) through Reax FF pyrolysis
simulation [75].

Fig. 16 shows the variation of different types of pyrolysis products
with temperature. It can be seen that temperature is an important factor
affecting the composition of pyrolysis products. The generation of liquid
products (Cs-C40) mainly occurs in the low-temperature region. As the
temperature increases, the overall number of gaseous hydrocarbons (C;-
C4) shows a gradually increasing trend. This is consistent with the trend
of changes in the content of gaseous hydrocarbons (C;-C4) that undergo
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Fig. 12. 3D molecular structure of kerogen in the crystal cell.
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Fig. 13. Construction and pyrolysis process of molecular structure models of kerogen based on various experiments and simulations.

the initial reaction of kerogen in a sealed gold tube system [76,77,78].
The amount of light Shale oil (Cs-Cs) increased rapidly from 2000 K,
and began to decrease again after 2500 K. Cao et al. (2021) found that
the change trend of light Shale oil is consistent with our conclusion
through experiments [78]. Xu et al. (2021) believe that this is because
the primary pyrolysis of kerogen is gradually completed with the in-
crease of temperature, but the high pyrolysis temperature will lead to
the secondary pyrolysis of Shale oil to generate gas, reducing the yield of
Shale oil [79]. When the temperature exceeds 2500 K, the quantity of
heavy Shale oil (C16-C40) and solid products (C40.) begins to signifi-
cantly decrease due to secondary cracking reactions. The evolution
trend of the yield of heavy Shale oil obtained by pyrolysis simulation
with temperature is also consistent with the experimental results
[76,78,80,81].
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4. Discussion
4.1. Aggregation morphology and apparent morphology of kerogen

Through STEM images, we can see that the kerogen contains many
nanopores, and its borders are thin. (Fig. 17a). We can also directly
observe the particles of kerogen, which aggregate with each other, with
a rough surface and a bright white color (Fig. 17b).

4.2. Chemical information for kerogen

Using low maturity samples for pyrolysis analysis can more
comprehensively characterize the changes in the characteristics of hy-
drocarbon generation products in kerogen samples [82]. The reflectance
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Fig. 15. Changes in gas products from kerogen pyrolysis at different temperatures.

of Vitrinite is a key indicator of maturity. Therefore, we need to measure
the Vitrinite reflectance of kerogen. The Raman D band (1300-1400
em ™)) and G band (1400-1500 cm™ 1) positions are closely related to
thermal maturity. The D and G bands are located at 1363 cm™* and
1588 cm ™! respectively in the Raman spectra of kerogen (Fig. 18a),
while the band gap between the G and D bands is 225 cm ™. According
to the predecessors’ proposed association between age and Raman
spectral band separation [28,83,84,85], the band separation of G and D
bands rises with kerogen sample maturation (Fig. 18b). The maturity of
Nanpu shale kerogen (represented by vitrinite reflectance) is estimated
to be around Ro = 0.6%, which is comparable with the experimental Ro
of 0.63% obtained from the vitrinite reflectance experiment.

4.3. CO2 quantity adsorbed and pore size distribution (PSD) of kerogen

The COy quantity adsorbed and PSD of kerogen can be obtained
through CO;, adsorption experiments. At the same time, the kerogen
model we have established can also use the Grand Canonical Monte
Carlo (GCMC) method in MD simulation to analyze the adsorption of
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CO,. Comparing the CO quantity adsorbed simulated by the established
kerogen model with the experimental CO, quantity adsorbed is a very
effective validation method. After verification, it was found that the CO,
quantity adsorbed obtained from our kerogen simulation is very close to
the COy quantity adsorbed obtained from experiments, further con-
firming the reliability of our model (Fig. 19). Monte Carlo is a simulation
method that obtains a solution by calculating the statistical ensemble
average of random variables [86]. In a molecular simulation, it can be
used to study the adsorption properties of gases in nanopores. Through
the combination of Monte Carlo and molecular dynamics simulation, the
adsorption and diffusion mechanism of CO, in minerals can be revealed
at the micro-scale [87]. The details of the GCMC simulation are shown in
Table 5.

To understand the differences in PSD between kerogen sample and
shale, this study conducted carbon dioxide adsorption experiments on
both shale and kerogen samples. CO, adsorption only gives the PSD for
pores less than about 2 nm in diameter. Through comparison, it can be
found that the pore volume of kerogen is 0.013 cm®/g, and that of shale
samples is 0.003 cm®/g. In general, the trend of increasing pore volume
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Table 5
Main input parameters of the GCMC simulation.
Simulation Parameter Input Unit
Modules
Sorption Task Fixed pressure ~ MPa
Monte Carlo method Metropolis /
Equilibration steps 3,000,000 step
Production steps 5,000,000 step
Force field COMPASS /
Electrostatic Summation method Ewald /
Van der Waals Summation method  Atom based /
Cutoff distance 15.5 A

3.50E-03

0.06 0.08 0.1

across all pore sizes is consistent (Fig. 20). However, the PSD of kerogen
is significantly larger than that of shale samples.

5. Conclusion

The average molecular structure of the kerogen from the Nanpu shale
was built in this study using elemental analysis, 13C NMR, XPS, FTIR,
and MD simulations. The pyrolysis simulation of the kerogen was also
carried out. The main understanding is as follows:

(1) The chemical formula of the 2D molecular structure of the
kerogen from the Nanpu shale was finally established to be
C199H240020NgS2. The final 3D molecular structure model of kerogen is
a cubic crystal cell with periodic boundary conditions built from 10 2D
single molecular structures of kerogen, with a density of 1.106 g/cm®
and a box size of 3.597 nm x 3.597 nm x 3.597 nm.

(2) The kerogen structure of the Nanpu shale is characterized by a
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Fig. 20. Comparison of PSD between shale samples and kerogen samples obtained from CO, adsorption.
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network structure made up primarily of aliphatic and aromatic com-
pounds. Nitrogen is present in the kerogen as pyrrole, pyridine, and
quaternary amines, while sulfur and its compounds are mainly present
in the kerogen as aliphatic sulfur and thiophene.

(3) As the temperature increases (250 ps reaction time), the number
of molecules produced by the pyrolysis of kerogen gradually increases.
At 1500 K, the pyrolysis reaction almost did not occur. When the py-
rolysis temperature of kerogen in the Nanpu shale exceeds 5000 K, the
system remains basically unchanged, and the pyrolysis of kerogen is less
affected by temperature. As the pyrolysis temperature increases, the
amount of HyO gradually increases, but when the temperature exceeds
2500 K, the rate of Hy generation significantly increases. As the tem-
perature increases, HoO and Hj are greatly affected by temperature,
while CO; is less affected by temperature. Temperature is an important
factor affecting the composition of pyrolysis products. The generation of
liquid products (Cs-C4) mainly occurs in the low-temperature region.
As the temperature increases, the overall number of gaseous hydrocar-
bons (C;-C4) shows a gradually increasing trend. When the temperature
exceeds 2500 K, the quantity of heavy Shale oil (C14-C40) begins to
significantly decrease due to secondary cracking reactions.
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