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ARTICLE INFO ABSTRACT

Keywords: Micropores (<2 nm) are commonly well developed in shale kerogen, which plays an important role for gener-

Kerogen ) i ation and transport of gas in shales. However, the mechanism of micropores development in kerogen structure

I(\;/["le;'ﬂlar simulation has not been fully investigated. In this study, we provide an improved methodology to construct 3-D models of
as shale

kerogen structure, then we construct such molecular models of kerogen for two well-known shales (the Marcellus
shale from USA and Shanxi Formation shale from China), and finally we discussed the influences of chemical
composition and disorder degree on the formation of micropores in the mature kerogens. Results show that loss
of aliphatic structures and the increase in aromatic structures are favorable for the development of micropores.
By comparing the kerogen models of M-1 and SX-2, we found that the morphology of micropores in aliphatic
structures is more complex than that in aromatic structures. Analyses from '3C Nuclear Magnetic Resonance
(NMR) and Raman spectroscopy indicate that apart from chemical compositions, spatial arrangement of struc-
tural groups can also affect the development of micropores. For mature kerogen with a large proportion of ar-

Micropores in shale
Macromolecular structure

omatic rings, disordered aromatic rings are favorable for the development of micropores.

1. Introduction

Shale gas is generally regarded as self-sourced and, while some gas is
stored in the free space of macropores (>50 nm), most is adsorbed in
organic nanopores or on the surface and interlayer pores of clay (Loucks
et al., 2009). Most hydrocarbon gas is generated during thermal matu-
ration with organic-matter hosted pores providing storage space for free
gas and also specific surface area for adsorbed gas (Liu et al., 2018; Yao
et al., 2019). Even though the total organic carbon (TOC) content in
shales is usually less than 10% in shale, it has been shown that almost
half of the gas is adsorbed by the organic matter (OM) (Rexer et al.,
2014). The OM of the shale is mainly composed of kerogen and bitumen
(Tissot et al., 1974). Thus, the study of kerogen structure is significant
for our understanding of the development of OM porosity and its rela-
tionship with the generation and storage of shale gas.

Many advanced experimental methods have been applied to study
the chemical structures of kerogen over several decades. For example,

Tissot et al. (1974) simulated the natural degradation of kerogen during
burial process, by using the thermogravimetric analysis and infrared
spectrometry. Based on Fourier transform infrared (FT-IR), Borrego
et al. (2000) characterized the proportion of functional groups of shale
kerogen during pyrolysis, and they found that the proportion of
oxygen-bearing functional groups are abundant in immature samples.
Using solid-state 3C NMR, X-ray photoelectron spectroscopy (XPS),
FT-IR, and X-ray diffraction (XRD), Tong et al. (2011) evaluated the
structural characteristics of carbon skeleton and heteroatoms in oil shale
kerogen, and they found that oxygen in C-O and C-OH groups tend to
bound with aromatic carbons. Ungerer et al. (2015) constructed several
molecular structure models of kerogen based on XPS and '3C NMR, and
quantitatively predicted thermodynamic properties (e.g., heat capacity)
of models through molecular dynamic simulation. By combining XRD,
FT-IR and high-resolution transmission electron microscopy (HRTEM),
Wang et al. (2019) found that the average lateral sizes (L,) and stacking
heights (L.) of the kerogen macromolecular structure in Longmaxi shale
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Fig. 1. Sampling locations for Longmaxi, Shanxi (a) and Marcellus shales (b).

Table 1
Sampling locations.
Sample Formation Sedimental Location Sample
ID environment source
SX-1 Permian Transitional Well 3-4 in Drill core
SX-2 Shanxi Daning-Jixian Drill core
formation block
LMX-2 Silurian Marine Lujiao profile in Outcrop
Longmaxi Pengshui area
LMX-3 formation Shuanghe profile Outcrop
in Changning area
M-1 Devonian South central Outcrop
Marcellus shale Pennsylvania

gradually increased during maturation, which is favorable for the for-
mation of micropores.

Recently, many 3-D models of kerogen structures were widely used
in the study of microstructure characteristics and fluid dynamics of
kerogen. For example, using graphite slit model and grand canonical
Monte Carlo (MC) simulations, Mosher et al. (2013) found that the
excess adsorption amount decreases with increasing pore size. In
contrast, Zhang et al. (2019) used similar model but they found that the
excess adsorption amount increases with increasing pore size at < 2 nm,
while the excess adsorption amount decreases with increasing pore size
at > 2 nm. For these simulation studies, it is extremely important to
construct a realistic 3-D model of kerogen structure. There are various
molecular models of kerogen that have been constructed by different
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researchers. For example, Lille et al. (2003) constructed a molecular
model of Estonian kukersite kerogen by 13C NMR spectrum. Similarly,
Using '3C NMR, X-ray and XPS, Ungerer et al. (2015) built model units of
kerogens with different OM types. Moreover, Bousige et al. (2016)
constructed more realistic molecular models of mature and immature
kerogens, while Xiong et al. (2017) adopted graphite with functional
groups to simplify kerogen model.

Although previous researchers have completed a broad array of
studies on the simulation of the molecular structure of kerogen, there are
at least two clear deficiencies in these studies. First, most existing
simulation studies adopted the models of kerogen structure proposed by
Ungerer et al. (2015) (Huang et al., 2019; Zhao et al., 2018), with some
researchers simply adopting graphite as an alternate to bulk kerogen in
order to idealize OM porosity (Mosher et al., 2013; Xiong et al., 2017).
However, graphite does not exactly match the chemical and physical
properties and structural characteristics of bulk kerogen, and Ungerer’s
model is not representative of all kerogen types. Thus, it is necessary to
construct more realistic models of kerogen structure for different shale
types. Second, there are many methods for constructing models of
kerogen structures, however, most of these methods have difficulty in
replicating the real kerogen properties. For example, some methods only
consider the pore morphology but not kerogen molecular structure (Ju
et al., 2019), while others focus on the comparison of simulated density
and experimental data but neglect the influence of kerogen type and
thermal maturity (Huang et al., 2018).

In this study, five shale samples were collected from Shanxi, Long-
maxi and Marcellus Formations. We performed Raman spectroscopy,
13C NMR and CO, adsorption experiments to investigate the micro-
structure of kerogen. First, we provided an improved methodology for
constructing a 3-D model of kerogen structure. Based on this method-
ology, taking the Shanxi and Marcellus Formation shales as examples,
we then created two 3-D models of kerogen structure. Finally, we dis-
cussed the influence of chemical structure on the development of mi-
cropores in mature kerogens.

2. Samples and analytical methods
2.1. Samples

To investigate the microstructural differences among different shale
kerogens, five shale samples were collected from three well-known ba-
sins: the Middle Devonian Marcellus Formation in the Appalachian
Basin in the USA, the Permian Shanxi Formation shale in the south-
eastern Ordos Basin in China, and the Silurian Longmaxi Formation
shale in the Sichuan Basin in China (Fig. 1). Both the Longmaxi and
Marcellus are major targets for shale gas production, while the Shanxi
Formation has shown good prospects for shale gas exploration. Samples
SX-1 and SX-2 were obtained at a depth of ~2150 m in an exploration
well in the Daning-Jixian block in the southeastern Ordos Basin, while
the remaining samples were collected from outcrop (Table 1). Both the
Longmaxi and Marcellus shales were collected from outcrop, because it
is difficult for us to collect core sample in the related gas fields.

2.2. Analytic methods

The total organic carbon (TOC) content was measured according to
the China National Standard GB/T19145-2003. The instrument used
was a CS-230 carbon/sulfur analyzer produced by LECO Company, USA.
The sample was crushed to #80-100 mesh. The powdered shale was
treated with HCI to first dissolve the carbonates, and then pyrolyzed to
813.15 K.

The average vitrinite reflectance (Ro) was determined according to
SY/T5124-2012 to measure vitrinite reflectance in whole rock. An Axio
Imager Mlm instrument was used, with magnification of objective lens
at 50 x 0.85¢; (oil immersion). The average vitrinite reflectance was
calculated based on 15-30 random measurements. Due to the absence of
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Fig. 2. Workflow for constructing 3-D model of kerogen structure.

Table 2 Sample Ro
Geochemical properties of the collected shale samples.
Sample ID OM types TOC (Wt.%) Ro (%) EqVRo (%) —SX-2, 2.02
SX-1 III 1.42 1.67 - —SX-1, 1.67
SX-2 111 7.56 2.02 -
LMX-2 I 0.8 1.27 1.18 ——LMX-3, 1.25
LMX-3 I 3.51 1.38 1.25
M1 i 6.85 113 - — LMX-2, 118
—M-1, 1.13
Sample Ro
D, Band G Band
—SX-2, 2.02
—SX-1, 1.67
—LMX-3, 1.25
LMX-2,1.18
T T T T T T T T T
—PS-1, 113 0 50 100 150 200 250
Chemical shift (ppm)

Fig. 4. 3C NMR spectra of kerogen samples.

reflectance (EqVRo) and bitumen reflectance (BRo) is (Jacob, 1989):

—— EqVRo=0.618BRo + 0.4 @
1800 2000

T
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A standard kerogen isolation pretreatment was performed accordin
Wavenumber (cm™) & P P &

to the Chinese National Standard GB/T19144-2010. The carbonate and
silicate minerals were removed by adding 20% HCI, and a mixture of
20% HCI and 40% HF, respectively. Moreover, 20% HCI and zinc par-
ticles were used to remove the pyrite, and then the solid bitumen was
removed by chloroform extraction. After the pretreatments, the isolated
kerogen was analyzed by means of Raman and '3C NMR spectroscopy

Fig. 3. Raman spectra of kerogen samples.

Table 3
Band parameters of the Raman spectra.

SampleID V"' (em™)  V(em™) RBS(em™) I Ig In1/Ig and gas adsorption. Among them, the Raman and *C NMR spectroscopy
sx1 1333 1595 262 =30 570 061 were ut111zed. to charac.terlze the chemical structure of keroge.ns, while
SX-2 1339 1596 257 564 749 0.75 gas adsorption experiment was used to characterize micropores
LMX-2 1332 1600 268 4699 8535  0.55 structure.

LMX-3 1335 1599 264 2961 4944 0.60 Raman spectroscopy was carried out on a Senterra instrument
M-1 1327 1595 268 539 828  0.65

manufactured by the Bruker Company, Germany. Kerogen samples were

v is the central positions of the G and D; bands; RBS is the differences between
the central positions of G and D, bands; I is the intensities of the G and D; bands.

vitrinite in Silurian Longmaxi Formation shale, the solid bitumen
reflectance is considered for reflectance measurement (Landis and
Castano, 1995). The conversion formula of equivalent vitrinite

pulverized to about #200 mesh. The scan wavenumber range was
10002000 cm ™! and the experimental resolution was 9-18 cm ™. The
laser wavelength was 532 nm and the laser power was 5 mW. The
integration time was 2 s (Liu et al., 2013).

13¢ NMR spectroscopy was used to characterize the carbon skeleton
of kerogens. The instrument used was an INOVA300 spectrometer
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Fig. 5. CO, adsorption isotherms (a), and micropore size distribution (b).
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Fig. 6. N, adsorption/desorption curves (a), and pore size distribution (b).
Table 4
13C NMR parameters of different kerogen samples.
Sample ID far* ful fo i I £ £ fa© Xpp Xp
0-22 22-50 50-90 90-129 129-137 137-150 150-165 >165
SX-1 4.17 2.80 3.56 48.94 16.75 7.85 3.44 12.48 0.28 0.19
SX-2 4.24 2.69 3.01 53.37 20.24 5.38 2.87 8.20 0.33 0.23
LMX-2 2.35 9.88 2.81 49.14 10.58 9.70 3.89 11.64 0.17 0.13
LMX-3 5.95 6.38 2.97 53.13 8.70 8.45 3.23 11.17 0.14 0.11
M-1 10.57 8.34 2.67 48.46 11.46 10.13 2.15 6.22 0.19 0.15

far: total sp3 hybridized carbon; f,*: CH3 or quaternary carbon; falH: aliphatic CH or CHa; faloz aliphatic carbon bonded to oxygen; faY: aromatic carbon; faH: protonated
aromatic carbon; £, aromatic bridgehead carbon; f,5: alkylated aromatic carbon; f,”: aromatic carbon bonded to hydroxyl or ether oxygen; f, ©: carbonyl groups or
carboxyl groups; Xpp: ratio of aromatic bridge carbon to aromatic peripheral carbon; X}: average size of aromatic ring.

produced by the Varian Company, USA. Observations were made with a
sampling time of 0.05 s, cycle delay time of 4 s, and with 2000-4000
time scans (Hiroyuki and Ikuo, 2004). The total sidebands suppression

Table 5
Xpp in different aromatic rings.

Aromatic ring sized Aromatic bridge Aromatic peripheral Xpp technique was applied to obtain semiquantitative compositional infor-
carbon carbon mation (MAS = 3 kHz, contact time = 1 ms, recycle delay = 1 s). Peak
0 5 0 fitting method provided by Patience et al. (1992) was used to determine

the chemical compositions of kerogen.

CO; and N adsorption experiments were utilized to analyze the
2 8 0.25 microporous structure using an ASAP 2460 Surface Area and Porosity
Analyzer produced by Micromeritics, USA. Before the experiment, the
powdered kerogen was degassed in a vacuum at a temperature <100 °C
for 12 h to remove impurities. The analysis bath temperature of CO2 and
N, adsorption were 273.15 K and 77 K, respectively. For COz adsorption
experiment, Density Functional Theory (DFT) and Dubinin-
3 % 3 sized Radushkevich models were used to determine pore size distribution
and micropore volume, respectively (Nguyen and Do, 2001). For Ng
adsorption experiment, Brunauer-Emmett-Teller (BET) model were
employed to calculate specific surface area (Gregg et al., 1967). Note

2 x 2 sized
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Fig. 7. 2-D models (a and b), and organic geochemical information (c: modified from Tissot et al. (1974)).

that since the specific surface area calculated from N3 adsorption is used

Table 6. ) ) ) for the construction of kerogen models, the N5 adsorption experiment is
Comparison of experimental and simulated data on the structural properties of only carried out on M-1 and SX-2 samples.
models.
Structural parameters M-1 SX-2 3. Methodology for kerogen model construction
Model  Experimental’  Model  Experimental
Density (g/cm®) 104 10115 116 114+ 0.02 3.1. Construction based on experimental data
H/C 1 1.19 0.69 0.56
0/C 0.057  0.08 0.036  0.04 In this study, we provide an improved methodology to construct 3-D
fa (%) 7175 77.55 90.51  89.29 models of kerogen structure based on the experimental data including
* (O . ey . .
Jar (%) 3 24.86 21.59 9.49 9.94 the chemical compositions (from >C NMR), organic geochemistry data
Micropore volume (cm®/g) 0.020 0.021 0.048 0.051 R d d . d h L. £
Specific surface area (m%/g)  22.99  31.07 1547 1575 (atom ratio, Ro and OM types), density, and pore characteristics (from

gas adsorption analysis). The detailed construction process is given as

a . s - - -
The experimental densities and atomic ratios are obtained from the reported follows (Fig. 2):

data.

Experimental curve

(b)

Experimental curve
----- Calculated curve

----- Calculated curve

r T T 1 ‘
0 50 100 150 200 250
Chemical shift (ppm) :

Fig. 8. Comparison of 13C NMR spectra between the calculated curve and the experimental curve (a: M-1; b: SX-2).
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3.2. Simulation details
Table 7

Compare of the thermodynamic properties of the kerogens that are modeled
based on Ungerer et al. (2015)’models and this study.

Thermodynamic M-1 SX-2
parameters Model of  Ungerer’s Model of  Ungerer’s
this model for Type  this model for Type
study II-A kerogen study III -A kerogen
Lowest potential 1.6 / 5.7 /
energy (kJ/g)
Kinetic energy (kJ/ 0.5 / 0.5 /
g)
Total energy (kJ/g) 2.1 1.9 6.2 3.9
Heat capacity (J/g/ 0.7 1.4 2 1.5
K)
Total enthalpy (kJ/ 2.4 / 6.5 /
g)

I) Deconvolution of the 1*C NMR spectrum is used to calculate the
relative content of carbon structures (aliphatic carbons, aromatic
carbons, etc.) in the kerogen.

The initial version of the 2-D kerogen structure model is con-
structed using ACD Labs Pro software based on the carbon
structures from '>C NMR. Meanwhile the quantities of H and O
atoms are determined by matching experimental data from the
literature.

The '3C shift in the 2-D kerogen structure model is simulated in
gNMR software, and the differences of '3C shift between the
simulated results and the experimental *C NMR curves are
obtained.

The 2-D kerogen structure is modified by returning to the Step II
until the 13C shift from simulation agrees well with that from
experiment.

During the construction of the 3D model, a periodic box of cell
generated by adding periodic boundary conditions to the 2D
model is used to describe the amorphous structure of kerogen. A
series of 3-D models of kerogen structure with different densities
are generated in Materials Studio software by adding different
periodic boundary conditions to the 2-D models of kerogen
structure obtained in Step IV.

The configuration with the lowest local energy is obtained after
optimization of the geometry. Annealing simulation is performed
to calculate the density at the point of minimum potential energy.
Based on the density calculated in Step VI, a periodic boundary
condition is again added to the model of 2-D kerogen structure.
The final 3-D kerogen structure is generated by matching nano-
pore structure obtained from gas adsorption experiments.

II

-

111)

V)

\Y

-

VD)

VII)

The simulation was performed in Materials Studio (2017) (MS,
2017), from the Accelrys Company. The local energy minimum config-
uration of the 2-D kerogen structure model was obtained after optimi-
zation of geometry in the Forcite module. The algorithm used was the
Smart method. The force field is Compass II, and the cutoff is 15.5 A
(Sun, 1998; Xiong et al., 2019). The Ewald method is used to describe
the Coulomb forces, and the Atom based method is used for describing
the van der Waals forces (Steinbach and Brooks, 1994).

The annealing simulation searches the potential energy surface by
adding energy perturbations to obtain the lowest global energy config-
uration. The annealing simulation was performed in the Forcite module.
Both the annealing cycles and the heating ramps per cycle are 10. The
initial and maximum temperature were set as 300 and 600 K, respec-
tively. The NVT (isochoric-isothermal ensemble) dynamics steps per
ramp are 1000. The total simulation time is 200 ps, and the time step is 1
fs Andersen temperature control was used for the thermostat. The other
settings are the same as the geometry optimization. The micropore
volume and specific surface area of the 3-D kerogen structure model is
calculated by COy and Ny molecular probe in the Atom volumes &
surfaces tool of MS 2017.

It is well known that pores in both coal and kerogen have significant
fractal characteristics. In this study, the Atom volumes & surfaces tool in
MS 2017 enabled calculation of the pore volume in the 3-D kerogen
structural model is calculated by varying the probe molecule size. Thus,
the fractal dimension can be calculated as:

@

where V is total accessible volume of the 3-D kerogen structure model
calculated by the probe molecule, v is the accessible volume of the probe
molecule and D is the fractal dimension (Faulon et al., 1994; Pfeifer and
Avnir, 1983).

4. Results
4.1. Geochemical information

The geochemical characteristics of the shale samples are given in
Table 2. The OM types of the samples cover type I (Longmaxi shales),

type II (Marcellus shale) and type III (Shanxi shales), TOC ranges from
0.75 wt% to 7.56 wt%.

4.2. Raman spectroscopy

The Raman spectra of the five kerogen samples are illustrated in
Fig. 3. Two major peaks located between 1000-2000 cm ™! are D; and G
bands, respectively. The D; band reflects lattice defects and vacancy
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Fig. 10. 3-D structure of M-1 (a), micropores in M-1 (b), and the chemical structures that form micropores (c).

information between structural units, while the G band represents the
graphite characteristic peak (Jehlicka and Bény, 1992). Thus, the pa-
rameters of the D; and G bands can be used to evaluate the disorder
degree of the kerogens. However, there is no agreement on the best
parameter to evaluate disorder degree until now. The existing parame-
ters include the area ratio (AD;/AG), the intensity ratio (ID;/IG) and
FWHM (full widths at half mean for band) ratio of bands. Among these
parameters, AD;/AG and FWHM ratio are derived from the deconvolu-
tion methods, while ID;/IG is obtained by automatic peak finding
without any manual processing. Note that the parameters of disorder
degree obtained by deconvolution methods are hard to be accepted by
all researchers, because the results obtained from different deconvolu-
tion approaches are quite different (Henry et al., 2018). Thus, in this
study, Ip;/Ig is used to assess the disorder degree of kerogens. Raman
parameters are shown in Table 3.

4.3. 3¢ NMR spectroscopy

The '3C NMR spectra can be divided into three regions as shown in
Fig. 4: aliphatic (shift: 0-90 ppm), aromatic (shift: 100-156 ppm) and
ketone/carbonyl carbons (shift: 160-230 ppm) (Trewhella et al., 1986).
The peak intensity for the Marcellus (sample M-1) (Ro = 1.13%) in the
aliphatic part of the spectrum is significantly stronger than that of other
samples. Meanwhile, the Marcellus (M-1) and Longmaxi (LMX-2 and

LMX-3) have similar thermal maturity but different peak intensity in the
aliphatic part due to the different OM types. In contrast, peaks located in
the aromatic part of the spectrum show higher intensities in all the
samples with respect to peaks located in 160-230 ppm because
oxygen-containing functional groups such as ketone and carbonyl car-
bons disappear before reaching the oil window (Tissot et al., 1974).

4.4. CO3 and N adsorption experiments

The CO; adsorption isotherms are shown in Fig. 5a. For all samples,
the amount of adsorbed CO5 shows a rapid increase at relatively low
pressure followed by a slow increase at relatively high pressure. Note
that the Marcellus (M-1) and Longmaxi (LMX-2 and LMX-3) have similar
thermal maturity but different adsorption capacity due to differences in
OM type. As shown in Fig. 5b, the pore size distribution curves exhibit a
bimodal distribution with two distinct peaks: one large peak at
0.45-0.65 nm and a second small peak at 0.8-0.9 nm. The micropore
volume is highest for type III samples (SX-1 and SX-2), and then for type
II samples (M-1) and type I samples (LMX-2 and LMX-3).

According to the IUPAC classification, the Ny adsorption/desorption
curves of M-1 and SX-2 samples belong to Type IV isotherm (Fig. 6).
Moreover, the shape of hysteresis loops indicates that the pore types of
M-1 and SX-2 belong to H2 (inkbottle-shaped pore) and H3 (plate-like
pore) respectively. Results from pore size distribution analysis suggest
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Fig. 11. 3-D structure of SX-2 (a), micropores in SX-2 (b), and the chemical structures that form micropores (c).

that sample M-1 has a higher pore volume of the pores of 2-140 nm. Shanxi Formation have a high degree of condensation of aromatic rings.
According to Faulon et al. (1994) and Wang et al. (2020), the larger Xgp

5. Discussion in kerogens of Shanxi Formation show that 3 x 3 sized aromatic rings
comprise a large fraction of the total of aromatic rings (Table 5). For

5.1. Differences in chemical compositions from 1C NMR aliphatic structures, the relative content of f;* and f is highest for
M-1, and then for Longmaxi and Shanxi samples. Moreover, the relative

The '3C NMR parameters derived from deconvolution of the 3C content of f,° indicates that some alkyl chains still exist on the aromatic

NMR spectra are shown in Table 4. It can be seen from the *C NMR ring in M-1 kerogen.
parameters that aromatic structures are dominant in carbon skeleton of
all kerogen samples (f, >71.52%). For aromatic structures, the relative
content of £,/ and £, is significantly greater than that of other aromatic
structures. This means that aromatic carbons mainly exist in the form of
protonated and bridgehead carbons. Xgp and X; are usually used to
characterize aromatic rings. As shown in Table 4, Xgp and X}, of SX-1 and
SX-2 are 0.28 and 0.33, respectively. This suggests that kerogens of

5.2. Differences in 3-D kerogen models based on molecular simulation

Based on the workflow in Fig. 2, we constructed two 2-D models of
kerogen structure using the Marcellus (M-1) and Shanxi (SX-2) shales as
examples (Fig. 7). There are three reasons for choosing only these two
samples in this study: 1) the construction of the kerogen models is time
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Fig. 12. Fractal characteristics of pores in 3-D kerogen structure.

consuming, 2) 3-D kerogen models of Marcellus and Shanxi Formation
samples are absent in the literature, 3) in order to highlight the in-
fluences of chemical compositions on the development of micropore.
Note that kerogen molecular model is an averaged result in this study
because the chemical formula inferred from the 13C NMR spectroscopy
has multiple solutions. In this section, the accuracy of the models is
verified by comparing the structural parameters of models with exper-
imental measurements (Table 6), and then the differences between the
two models are discussed in detail.

The relationships among the modeled atomic H/C and O/C ratios,
Ro, and OM types are plotted on a Van Krevelen diagram (Fig. 7c). As
shown in Fig. 7c, the results of H/C and O/C are in reasonable domains
according to the predicated organic types and thermal maturities. The
modeled H/C and O/C ratios of SX-2 (0.69 and 0.036) are close to Yan
et al. (2015)’s experimental data (H/C: 0.56, O/C: 0.04) for the Shanxi
Formation kerogen. For the M-1 sample, due to the absence of atomic
ratio data for Marcellus (at the same maturity stage), we compared the
modeled H/C and O/C ratios (1 and 0.057) with Weck et al., 2017’s
experimental data (H/C: 1.19, O/C: 0.08) of type II Kerogen. Moreover,
the '3C shifts from the simulated results agree well with those from
experimental results (Fig. 8). Note that the quantity of S and N atoms
cannot be evaluated because of the lack of quantitative experimental
data - we will further improve this constraint in our future work.

For the chemical compositions in samples M-1 and SX-2, we found
that the aliphatic carbons in M-1 are more abundant than in SX-2, while
the aromatic carbons in SX-2 are more abundant than those in M-1
(Table 6). It was also found that some methyl groups and carbonyl
functional groups were still present in SX-2 (Fig. 7), which is consistent
with the observations of other researchers (Weck et al., 2017).

A series of 3-D models with different densities were generated by
varying the periodic boundary conditions of 3-D model, enabling the
relationship between total potential energy and density to be quantified
after annealing simulation. As shown in Fig. 9, the total potential energy
first decreases then increases with increasing density, and thus the
location of the lowest total potential energy is the density of the kerogen
structure model. Table 7 compared the thermodynamic properties of the
kerogens that are modeled based on Ungerer et al. (2015)’'models and
this study. Note that the differences in the thermodynamic properties
between this study and the reported models (e.g., Ungerer et al., 2015)
may be attributed to different sedimental conditions of the investigated
samples. On the other hand, the densities of M-1 and SX-2 kerogens are
1.04 g/cm® and 1.16 g/cm® respectively, which is consistent with the
densities reported by other researchers (type II kerogen: 1.0-1.15

Journal of Natural Gas Science and Engineering 95 (2021) 104239

g/cm?, type III kerogen: 1.14 + 0.02 g/cm®) (Mastalerz et al., 2012;
Okiongbo et al., 2005; Ungerer et al., 2015). Note that the simulated
density of kerogen is usually slightly lower than the actual density,
because impurities (e.g., clay minerals and non-mineral trace elements)
in kerogen tend to increase density.

3-D models of M-1 and SX-2 are shown in Figs. 10 and 11. It can be
seen from Table 6 that the micropore volume and specific surface area of
the two models calculated from CO2/N5 molecular probes are consistent
with the results from gas adsorption experiments. By comparing the 3-D
kerogen structures of M-1 and SX-2 (Figs. 10 and 11), we observe that
the nature of the micropores is different. The micropores in M-1 are
developed within volumes occupied by both aliphatic structures and
aromatic structures, whereas the micropores in SX-2 are mainly devel-
oped within volumes dominated by aromatic rings. This means that the
space of micropore development varies with the change of chemical
compositions.

As shown in Fig. 12, the R? of the fitting curves of log (V/v) vs log (v)
for M-1 and SX-2 are 0.9989 and 0.9955, respectively. This suggests that
the pores in the 3-D kerogen structure exhibit fractal features. The
fractal dimensions of M-1 and SX-2, calculated from Eq. (2) are 2.6138
and 2.4777, respectively. Based on fractal theory, the larger the fractal
dimension, the more complex the pore morphology and the more fully
the volume filled - larger fractal dimensions denote rougher, less-planar,
surfaces. Thus, the pore morphology in sample M-1 (less mature, more
aliphatic, Fig. 7) is more complex than that in SX-2 (more mature, more
aromatic, Fig. 7). Hence, we can infer that the morphology of micro-
pores developed in aliphatic structures is more complex than that
developed in the aromatic structures.

5.3. Relationships between chemical structure and the development of
micropores

5.3.1. Influences of chemical compositions on the development of
micropores

The chemical structure of carbonaceous materials (coal/kerogen)
has been widely studied (Yu et al., 2019). For coal, it has been found that
micropores tend to develop in aliphatic chains and oxygen-containing
functional groups (Liu et al., 2019). This begs the question as to
whether the development of micropores in kerogen is intrinsically
related to chemical structures?

Correlations between the micropore volume (from CO; adsorption
experiment) and the relative content of chemical structures are shown in
Fig. 13. It is evident from this diagram that the micropore pore volume
increases with increasing fa', Xgp, Xp and faB (Fig. 13a, b, ¢, d), whereas it
decreases with increasing f,' and f,° (Fig. 13e and f). This means that
the reduction of aliphatic structures and the increase in aromatic
structures are favorable for the development of micropores. These re-
lationships in Fig. 13 further confirm the deduction that the develop-
ment of micropore in kerogen is related to chemical composition.

5.3.2. Influences of disorder degree on the development of micropores

By comparing the relationships between the chemical compositions
and disorder degree, it was found that Ip;/I; is positively correlated with
the parameters of aromatic rings but not correlated with other param-
eters (Fig. 14). This means that in mature kerogens, disorder degree is
mainly reflected in the spatial arrangement of aromatic structures. In
general, the spatial arrangement of structural groups varies with
changes in chemical composition, because the overall kerogen structure
tends to retain a stable low-energy state. This may indicate that the
spatial arrangement associated with the change of chemical composition
also influences micropore development. Considering that disorder de-
gree is derived from the in-plane defects and vacancy between structural
clusters, we infer that the disorder degree affects the development of
micropores by changing the geometry and connectivity of voids between
structural clusters. The strong positive correlation in Fig. 15 confirms
the deduction that the development of micropore is also related to the
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Fig. 13. Relationship between micropore volume and relative content of chemical structures.

spatial arrangement of chemical compositions.

5.3.3. Differences in the development of micropores in mature kerogen

By analyzing the influences of kerogen microstructure on the
development of micropores, a suggested molecular-level mechanism of
the differences in micropore development is illustrated in Fig. 16. For
the M-1 kerogen, there are still some aliphatic structures that exist in
kerogen, whereas the aromatic structures have not yet undergone
polycondensation and stacking. The correlation between micropore
volume and the relative content of chemical structures shows that the
loss of aliphatic structures and the increase in aromatic structures are

10

favorable for the development of micropores. In addition, by comparing
the fractal dimension and the chemical compositions of M-1 and SX-2,
we found that the morphology of micropores developed in aliphatic
structures is more complex than that developed in the aromatic struc-
tures. Therefore, both the 3-D models and '*C NMR parameters indicate
that the development of micropores is related to the chemical
compositions.

For other kerogen samples, micropores are mainly developed within
the spaces in aromatic structures. Moreover, the 3-D model of SX-2
shown in Section 5.2 found that the micropores are mainly developed
in the inner aromatic layers. This means that in mature kerogens,
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aromatic structures can significantly influence the development of mi-
cropores. The correlation between Ip;/Ig and micropore volume in
Fig. 15 suggests that apart from chemical compositions, the develop-
ment of micropores is also related to disordered structural clusters. On
the other hand, the relationships between 3¢ NMR parameters and Ip;/
I indicate that in mature kerogens, disorder degree is mainly reflected
by the spatial arrangement of aromatic structures. Thus, for mature
kerogen, these disordered aromatic structures are favorable for the
development of micropores. The mechanism is that with increasing
disorder degree, void expansion between structural clusters results in
the development of some micropores (Fig. 16). This may be one of the
reasons why the micropore volume tends to decrease in over-mature
stage, because graphitization will reduce the disorder degree of aro-
matic layers (Mastalerz et al., 2013). Moreover, using HRTEM, Romer-
o-Sarmiento et al. (2014) and Wessely et al. (2020) also demonstrated
this phenomenon by directly observing the micropores developed in
disordered aromatic layer of kerogen. In short, the development of mi-
cropores is related to the surface properties of kerogen structure,
including its chemical composition and spatial arrangement.
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6. Conclusion

@ This study provides an improved methodology for the construction of
a 3-D kerogen structure model, which reveals an integrated under-
standing of the organic geochemical and chemical structures
together with thermodynamic and petrophysical properties of bulk
kerogen. This method can be used to characterize the macromolec-
ular structure in various kerogens.

The correlation between micropore volume and the relative content
of chemical structures shows that the loss of aliphatic structures and
the increase in aromatic structures are favorable for the development
of micropores. By comparing the 3-D kerogen structure of M-1 and
SX-2, we found that the morphology of micropores developed in
aliphatic structures is more complex than that developed in aromatic
structures.

The development of micropores is related to the surface properties of
kerogen structure, including its chemical composition and spatial
arrangement. For mature kerogens with a large proportion of aro-
matic rings, disordered aromatic structures are favorable for the
development of micropores.
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