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Abstract

Quantitative characterization of pore structure and analysis of influencing factors of methane adsorption are important seg-
ments in shale gas reservoir and resources evaluation and have not been systematically carried out in marine—continental
shale series. A series of integrated methods, including total organic carbon (TOC) contents, Rock-Eval pyrolysis, mineral
composition analysis, pore structure measurement, high-pressure CH, adsorption analysis and FE-SEM observation, were
conducted on 12 transitional shale samples of well WBC-1 in the southern North China Basin (SNCB). The results indicate
that TOC contents of the transitional shales range from 1.03 to 8.06% with an average of 2.39%. The transitional shale con-
sists chiefly of quartz, white mica and clay minerals. Interparticle pore, intraparticle pore, dissolution pore and microfrac-
ture were observed in the FE-SEM images. The specific surface area (SSA) of BET for the samples ranges from 3.3612 to
12.1217 m*g (average: 6.9320 m?/g), whereas the DR SSA for the samples ranges from 12.9844 to 35.4267 m*/g (average:
19.67 m%/g). The Langmuir volume (V; ) ranges from 2.05 to 4.75 cm?/g (average =2.43 cm?/g). There is unobvious correction
between BET and DR SSA with TOC contents, which means inorganic pores are the main component of pore space in the
transitional shale from the SNCB. The relationship of SSA and pore volume shows that micropore has a greater impact on
the CH, adsorption capacity than mesopore—macropore in the transitional shale. Different from shales in other petroliferous
basin, clay minerals are the primary factor affecting adsorption capacity of CH, for transitional shale in this study. The pore
structure of the transitional shale for this study is characterized by higher fractal dimension and more heterogeneous pore
structure compared to shale in other petroliferous basin. This study provides an example and new revelation for the influenc-
ing factors of pore structure and methane adsorption capacity of marine—continental transitional shale.
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Introduction

Shale gas is considered as an important unconventional
natural gas resource worldwide (Law 2002). The shale
gas can be generated by degradation of kerogen in shale
matrix. Generally, self-generation and -storage act as the
specific characteristics of shale gas (Zou et al. 2010).
The generated shale gas was in different states, including
adsorbed gas in micropore and mineral surfaces, free gas
in cracking and dissolved gas in crude oil (Martini et al.
1998). Previous studies reveal that the adsorption propor-
tion in shale gas ranges from 20 to 85% (Hill and Nelson
2000). Hence, the adsorption characteristics of shale act
as an important leading factor influencing the shale gas
accumulation. And investigation of methane adsorption of
shale can help to correct evaluation of shale gas resources.

Previous investigations indicate that the adsorption
behaviors were closely related to the pore network of shale
(He et al. 2019a). The pore can be divided into organic
pore and mineral-related pore based on the composition
of shale matrix (Zou et al. 2010). Meanwhile, based on the
classification of International Union of Pure and Applied
Chemistry (IUPAC), three categories of pore consist of
the pore network, including macropore, mesopore and
micropore. The diameters of them are > 50 nm, 2-50 nm
and <2 nm, respectively. Therefore, the pore in shale is
complex and heterogeneous with different pore sizes, pore
origins and pore types. Some studies indicate that the pore
size can influence the adsorption force between the pore
walls and adsorbed gas molecules (Burggraaf 1999; Cao
et al. 2020; Chen et al. 2019; Cui et al. 2004; Qiu et al.
2021; Wang and Jin 2019). Generally, the adsorption force
decreased with increasing pore width (Burggraaf 1999;
Cui et al. 2004). Meanwhile, forming of the organic pore
was related to the organic matters in shale, whereas the
mineral-related pore has relations with clay, rock-forming
and carbonate minerals in shale. Therefore, the adsorption
potential can be joint influenced by TOC contents, mineral
compositions and pore network.

Shale gas exploration and exploitation have been made
breakthroughs in Wufeng-Longmaxi shale and Yan-
chang shale (Liang et al. 2017; Liu et al. 2020a, 2018a).
Recently, the potential of shale gas resources in the SNCB
has been confirmed (Liu et al. 2018b; Tang et al. 2016).
The SNCB, with area of 15 x 10* km?, was characterized
by a transitional coal-bearing basin in the central area of
China (Dang et al. 2017). The deltaic facies marine-terri-
genous shale is of wide distribution in the basin and shale
gas exploration achieved significance breakthroughs (Liu
et al. 2016). The marine—continental transitional shale in
this area, including Upper Shihezi, Lower Shihezi, Shanxi
and Taiyuan formations, is of high maturity stage and TOC
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contents, which is a unconventional natural gas exploration
potential target (Wang et al. 2015, 2014).

However, the pore network structure, methane adsorp-
tion capacity variation and its main controlling factors of
transitional shale in different formations in SNCB are not
clear. Meanwhile, previous related studies mostly focused
on marine and continental shale series, and there is a lack
of case study and systematic research on marine—continental
transitional shale samples. Hence, in this study, core sam-
ples were collected, TOC contents, rock pyrolysis, mineral
composition measurement, pore network analysis and CH,
adsorption analysis were performed. The quantitative char-
acterization of pore structure in different formations was
investigated and the main controlling factors of adsorption
capacity of CH, from the transitional shale in the SNCB
were analyzed (Fig. 1). The results could help us better
understanding the shale gas enrichment mechanism and
potential in the SNCB basin and provides an example and
new revelation for the influencing factors of pore structure
and methane adsorption capacity of marine—continental tran-
sitional shale.

Geological settings

Fuyang—Bozhou (FB) area is located around Yanji sag,
Niqiuji sag, Wanglou slope and Gucheng lower uplift in
the east of Zhoukou depression in SNCB (Fig. 2). The
basin straddles the southern part of the North China plate
(Kaifeng depression), the fault fold belt at the southern
margin of the North China plate (Southern Zhoukou
depression, Hefei depression) and the North Huaiyang
fault fold belt (Xinyang Basin) (Xu et al. 2003). The main
forming periods of SNCB span a long time, leading the
basin nature and deforming history relatively complex.
The tectonic evolution closely related to the Qinling-
Dabie orogenic belt, which can be divided into 6 stages
as shown in Fig. 3. Neogene, Paleogene, Permian, Car-
boniferous, Ordovician and Cambrian strata are developed
successively in FB area. From top to bottom, it can be
further divided into 3 structural layers: Upper structural
layer, mainly including Quaternary Pingyuan Formation,
Neogene Minghuazhen Formation and Guantao Forma-
tion; Middle structural layer, including Paleogene, Trias-
sic, Permian, Carboniferous, Ordovician and Cambrian
strata; Lower structural layer is composed of Precam-
brian basement, including Archean gneiss and Proterozoic
metamorphic rock (Fig. 4) (Yu et al. 2005). The data of
outcrop observation, drilling and seismic profiles show
that Cambrian—Ordovician, Carboniferous—Permian and
Neogene—Quaternary strata are relatively thick and widely
distributed, while Triassic, Jurassic, Cretaceous and Paleo-
gene have giant residual thickness but limited distribution
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(China Geological Survey) (Anees et al. 2019). Due to the
Caledonian movement, the Carboniferous—Permian strata
in FB area generally lack the Lower Carboniferous and
only have the Upper Carboniferous and Permian, which is
mainly a set of marine—continental transitional sandstone,

mudstone, carbonates and coal seam strata (Huang et al.
2005). The Carboniferous—Permian strata are deposited
continuously and composed of transitional facies clastic
rock, mudstone and coal seam.
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Fig.3 Tectonic evolution process of the southern North China Basin (Wang et al. 2020)

Samples and experiments
Samples

Twelve core samples were collected from the Permian in
Well WBC1, which located in the northern part of the
Zhoukou Depression in the basin (Fig. 2). The depths of
the collected samples from single borehole WBC1 Well
range from 2127 to 2718 m. The lithology of the collected
samples was mainly typical gray-black shale or mudstone.
The geological information of the samples is presented in
Table 1.

Experiments
Total organic carbon (TOC) contents

In this study, the TOC contents were measured by a CS Ana-
lyzer (LECO CS-230). Firstly, the samples were crushed
to> 100 mesh and excessive HCI was added slowly and then
heated at least for 2 h with temperature ranging from 60
to 80 °C. After treated with acid, the sample was put in
the porcelain crucible which lay on a nutsch filter and then
water-washed until neutral. Finally, the sample was dried
with temperature ranging from 60 to 80 °C, then the TOC
content was measured and reported as wt%.
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Rock-Eval pyrolysis

The rock samples were conduct Rock-Eval pyrolysis experi-
ments by an OGE-II pyrolysis device. In this method, the
temperature programmed pyrolysis was applied to shale
samples, pyrolysis products at different assigned tempera-
tures were measured and presented as mg/g. In this study,
S, (the amount of free hydrocarbons in the sample), S, (the
amount of hydrocarbon generated through thermal cracking
of nonvolatile organic matter), 7,,,,, value (the temperature at
which the maximum release of hydrocarbons from cracking
of kerogen occurs during pyrolysis (top of S, peak) were
obtained from the OGE-II pyrolysis device.

Mineral compositions

A X-ray diffractometer (Bruker D8 advance) with a Cu tube
was used to determine the mineral compositions. The tube
voltage and electric current are less than 40 kV and 40 mV,
respectively. The scan ranges from 0 to 140° with a rate of
2°/min and step size of 0.02°.

Pore structure measurement
Low-pressure N, and CO, adsorption were performed

by an ASAP 2020 adsorption apparatus (Micrometrics
Instrument Corp., USA) to obtain the pore structure
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Table 1 Geological information of the transitional shales from Well
WBC1 in the southern North China basin

No. Samples Depth (m) Lithology Formation

1 WBCl1-4 2127.7 Shale Upper Shihezi
2 WBCI1-17 2428.2 Shale Lower Shihezi
3 WBC1-24 2459 Shale Lower Shihezi
4 WBC1-40 2533.6 Shale Shanxi

5 WBCI1-N119 2692.29 Shale Shanxi

6 WBCI-N121 2692.99 Shale Shanxi

7 WBC1-N133 2699.35 Shale Shanxi

8 WBCI-N141 2703.92 Shale Shanxi

9 WBC1-N145 2706.41 Shale Shanxi

10 WBCI1-N155 2713.79 Shale Taiyuan

11 WBCI1-N159 2716.74 Shale Taiyuan

12 WBCI-N161 2718.52 Shale Taiyuan

characteristics. Low-pressure N, adsorption experiment
was performed at 77.35 K and the partial pressure (P/
Py) of N, ranges from 0 to 1, whereas CO, adsorption
experiment was conducted at 173.15 K and the partial
pressure (P/P,) of CO, ranges from O to 0.03. Before the
adsorption experiment, ~0.5 g sample with 60-80 mesh
was loaded and pretreated at 150 °C for 12 h. Then, the
adsorption experiments can be conducted. Based on the
experiments, the pore width distribution, specific surface
area (SSA) and pore volume (PV) can be achieved by
Brunauer—-Emmett-Teller (BET) model, Dubinin—Radush-
kevich (DR) model, Barrett—Joyner—Halenda (BJH) model
and density functional theory (DFT) model, respectively.

High-pressure CH, adsorption analysis

In this study, the methane adsorption isotherms were
measured from 0 to 30 MPa at 60 °C. Firstly, the blank
experiments were performed and the volume of the sam-
ple tube can be achieved. Then, the sample with 80 mesh
was loaded. The sample tube was pumped to less than
10° MPa and maintained at 105 °C for 4 h in order to
remove the water and other gases, which can be adsorbed
onto the sample surface. Based on this, the mass of sample
can be obtained. Meanwhile, buoyancy measurement was
conducted for shale samples with Helium as the carrier
gas. The alteration of magnetic suspension balance can
be achieved to obtain the buoyancy curve for samples.
Therefore, the volume of samples can be obtained by Cla-
peyron equation. Finally, the sorption measurement was
conducted from 0 to 30 MPa at 60 °C.
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FE-SEM observation

Five typical samples including WBC1-4, WBC1-N119,
WBCI1-N133, WBC1-N141 and WBC1-N159 were selected
from 12 shale samples to study the microscopic visualiza-
tion characteristics of pore system and minerals identifica-
tion. The FE-SEM images of pore morphology visualization
were obtained by using a field emission scanning electron
microscope (FEI Nova Nano SEM 450). The samples were
firstly polished and then prepared by Ar ion beam purg-
ing to obtain clear and flat high-magnification images. The
secondary electron (SE) images can be achieved at varying
magnification of 500 X to 10,000 X . Meanwhile, the mineral
type of specific detrital grains was identified by X-ray energy
dispersive spectroscopy (EDS).

Table2 TOC contents and organic geochemical parameters of the
transitional shales from Well WBC1 in the SNCB

Samples TOC (%) S, S, T nax

(mg/g) (mg/g) O
WBCl1-4 1.52 0.01 0.08 587
WBC1-17 8.06 0.01 0.18 538
WBC1-24 2.66 0.01 0.09 588
WBC1-40 2.65 0.08 0.04 524
WBC1-N119 2.65 0.03 0.05 431
WBCI1-N121 1.59 0.02 0.04 433
WBC1-N133 2.73 0.02 0.06 390
WBCI1-N141 1.03 0.01 0.02 450
WBC1-N145 1.42 0.01 0.03 436
WBCI1-N155 1.23 0.01 0.03 374
WBC1-N159 1.26 0.01 0.02 386
WBCI1-N161 1.89 0.01 0.04 427

Results
Organic geochemical parameters

Organic geochemical parameters for the samples are pre-
sented in Table 2. Generally, the TOC contents of the transi-
tional shales are of 1.03-8.06% (average: 2.39%). However,
S, which represents the amounts of hydrocarbon which
can be released as the relatively low pyrolysis temperature
(Liu et al. 2019b), is of low values ranging from 0.01 to
0.13 mg/g (average: 0.02 mg/g). Meanwhile, quantification
of §, parameters during rock pyrolysis indicates the hydro-
carbon generated by cracking of organic matters (Liu et al.
2019b). The S, in the transitional shales is of 0.02-0.18 mg/g
(average: 0.06 mg/g). Generally, the T,,,,—Ro relationship is
as follows (Peters et al. 2004):

EqVg, =0.018X T,

max

—7.16.

Based on this, the EqVy, of the collected transitional
shales was calculated, the EqVy, of the Upper Shihezi and
Lower Shihezi shales mainly reveals an over-mature stage.
Whereas the samples in Shanxi formation indicate a matu-
rity to over-maturity stage, the samples in Taiyuan formation
indicate a low maturity stage.

Mineral composition characteristics

The mineral compositions of the shale samples from Well
WBCI are presented in Table 3. The XRD results reveal that
the transitional shale consists chiefly of quartz, muscovite
and clay minerals. The contents of quartz range from 3 to
50%, with an average of 33.4%. The contents of muscovite
range from 22 to 56% (average: 38.3%). Besides, the clay

Table 3 Mineral compositions

o Samples No. Qtz (%) Fsp(%) Ms (%) Clay (%) Ant (%) Cal(%) Dol(%) Pyr
of the transitional shales from - (%)
Well WBC1 in the southern Kl il  Prl
North China basin

WBCI1-4 35 2 44 2 11 6 / / / /
WBCl1-17 6 2 36 3 23 30 / / / /
WBC1-24 3 2 41 4 30 18 2 / / /
WBC1-40 45 3 31 2 14 5 / / / /
WBCI-N119 49 2 24 2 19 4 / / / /
WBCI-N121 41 3 38 2 13 3 / / / /
WBCI-N133 38 2 41 2 13 4 / / / /
WBCI-N141 35 2 46 2 10 5 / / / /
WBCI-N145 50 2 22 3 18 5 / / / /
WBCI-N155 34 2 45 2 14 3 / / / /
WBCI-N159 26 2 52 2 14 4 / / / /
WBCI1-N161 39 2 40 2 14 3 / / / /

Note Qtz—quartz; Fsp—feldspar; Ms—muscovite; Kl—kaolinite; ill—illite; Prl—pyrophyllite; Ant—
anatase; Cal—calcite; Dol—dolomite; Pyr—pyrite
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minerals contents are of 17-56%, with an average of 25.9%,
whereas the feldspar and carbonate minerals are of low con-
tents in the transitional shale. Meanwhile, no obvious dif-
ference of the mineral composition for the transitional shale
from different formations can be observed, may revealing a
same depositional environment.

Microscopic characteristics of pore system

Based on the shale pore types classification from Loucks
et al. 2012(Loucks et al. 2012), the microscopic pore types
of transitional shale samples include interparticle pore
(inter-pore), intraparticle pore (intra-pore), dissolution pore
(D-pore) and microfracture. Specifically, inter-pores are
chiefly slit and polygonal shaped with relatively good con-
nectivity (Fig. 5b). Intra-pores can be further subdivided into
nearly parallel slit-like pores inside mineral grains (Fig. 5a, d
and f) and disordered inter-crystalline pores associated with
clay matrix (Fig. 5a, b and f), in which intra-pores within
clay are mostly hosted by I/S mixed layer aggregates and
constitute the mainstay of micropores. D-pores are mainly
distributed as long slits along the edge of grains and filled
with organic matter (OM) mostly (Fig. 5d). Long micro-
fractures that cut through the grains are quite developed
(Fig. 5b), together with intra-pores comprised the most
prevalent pores in the samples. In addition, organic matter
pores (OM-pores) are not developed basically (Fig. Sc and

.

e Intra-Pore

n P(‘)’re Inter-C-Pere

WBC1-4,2127.7m§ WBC1-N119, 2692.29m 8

mmcral edge,

: D-Pore ».‘

.

WBC1-N133, 2699.35m)|

WBCI-N141,2703.92

Fig.5 Pore system microscopic characteristics of the transitional
shale samples. a Nearly parallel slit-like intraparticle pore (intra-pore)
hosted by mineral grains and disordered inter-crystalline pore within
clay matrix (inter-C-pore); b long microfracture, slit and polygonal
interparticle pore (inter-pore) along with inter-C-pore; ¢ no obvious

~“Inter-Pore
Sk

e), only a few shrinkage pores occasionally occur at the rim
(Fig. 5¢). Meanwhile, inter-crystalline pores within pyrite
are undeveloped also (Fig. 5e).

Low-pressure adsorption isotherms

Types of adsorption—desorption isotherms of N,
and hysteresis loops

The adsorption isotherms of N, represent the relationship
of pressure and measured adsorption—desorption capacity,
which act as the foundation of calculating the SSA and pore
width distribution via BET and BJH model. Besides, the
adsorption—desorption isotherms are the only measured data
during the low-pressure adsorption experiment of N,. The
adsorption—desorption isotherms of N, for the sample are
presented in Fig. 6. The results reveal that the isothermal
adsorption—desorption curve for samples from Upper Shi-
hezi, Lower Shihezi, Shanxi and Taiyuan present the type II
curve shapes based on the classification of Brunauer—Dem-
ing—Deming-Teller (BDDT) (Kuila and Prasad 2013). In
addition, based on the IUPAC classification of the adsorp-
tion hysteresis, the adsorption hysteresis for the tested sam-
ples can be distinguished as types H, and H, (Sing 1982).
Meanwhile, some samples show a mixture adsorption hyster-
esis from H, and H,. The isothermal adsorption—desorption
curve and adsorption hysteresis of the transitional shales

\ /' 3 No obvious
M-Pore

Micro-fracture

s Inter-C-Ppre |

WBCI1-N119,2692.29m|

Inter-C-Por

WBC1-N159,2716.74m)|

organic matter pore (OM-pore) are found; d narrow and long disso-
lution pore (D-pore) distributed along the edge of grains; e organic
matter (OM) and pyrite aggregates without pore developed; f slit-like
intra-pore and disordered inter-C-pore
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Fig.6 Adsorption and desorption isotherms of N, for the transitional shales from Well WBCI in the SNCB

indicate that the monolayer adsorption can occur on the
surface of the shale matrix. Two inflection points can be
observed in the isothermal adsorption—desorption curve dur-
ing the ascent process, which means that the sub-monolayer
adsorption has transferred to the monolayer adsorption and
the monolayer adsorption transferred to multilayer adsorp-
tion. Moreover, the types of adsorption hysteresis reveal
that the shales are characterized by a uniform pore structure
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and same cylindrical pore can also contribute to the pore
structures.

Adsorption capacity of N, and CO, for shale
Maximum adsorption capacity of N, and CO, for shale

samples from different formations of SNCB is presented in
Table 4. The experimental results show that the maximum
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Table 4 Maximum adsorbed N, and CO, for shale from different for-
mations in SNCB

Samples Depth (m) Formation Maximum  Maximum
adsorbed N, adsorbed
CO,
em’/g em’/g
WBC1-4 2127.70 Upper Shihezi  8.5951 2.4433
WBCI1-17 2428.20 Lower Shi- 10.0551 3.0013
hezi
WBC1-24 2459.00 Lower Shi- 12.5993 4.2429
hezi
WBC1-40 2533.60 Shanxi 7.8761 1.9854
WBCI-N119 2692.29 Shanxi 5.3033 1.8757
WBCI-NI121 2692.99 Shanxi 5.4928 1.2639
WBCI1-N133  2699.35 Shanxi 4.8521 2.3214
WBCI-N141 2703.92 Shanxi 9.7950 1.3650
WBCI-N145 2706.41 Shanxi 8.7309 1.9743
WBCI-N155 2713.79 Taiyuan 8.8197 1.9655
WBCI-N159 2716.74 Taiyuan 8.3703 1.6135
WBCI-N161 2718.52 Taiyuan 9.9556 2.1124

adsorbed N, (cm*/g) for all the samples is greater than maxi-
mum adsorbed CO, (cm®/g). For shale sample from Upper
Shihezi formation, the maximum adsorbed N, and CO, are
8.5951 cm?/g and 2.4433 cm’/g, respectively. The average
maximum adsorbed N, and CO, for Lower Shihezi shales are
11.3272 cm®/g and 3.6221 cm®/g, respectively. In addition,
the average maximum adsorbed N, and CO, for Shanxi shales
are 7.0008 cm®/g and 1.7976 cm?/g, respectively. The aver-
age maximum adsorbed N, and CO, for Taiyuan shales are
9.0485 cm®/g and 1.8971cm?/g, respectively. Generally, the
shale from the Lower Shihezi formation is characterized by
highest value among the different formations.

High-pressure methane adsorption isotherms

In this study, following equation was applied to calculate the
actual adsorbed amounts (Gasparik et al. 2012):

Vex=VL. —2—. (1 —@>.
PL+P pa

V., represents the excess adsorbed amount at p (MPa). P,
and V; are the Langmuir pressure (MPa) and the Langmuir
volume (cm?/g), respectively. The measured V. _ at different
pressure ranging from O to 30 MPa is presented in Fig. 7.
In this study, the measured V,, of methane was fitted by
the above model to describe the adsorption behavior of the
transitional shales. The Langmuir pressure P; (MPa) and the
Langmuir volume V; (cm*/g) in CH, adsorption experiment
are listed in Table 5. V| for 10 samples ranges from 2.05 to
4.75 cm®/g (average =2.43 cm?/g). P, for 10 samples ranges

40- o
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3.5 WeGT 119
—4—WBC1-N121
i —- WBC1-N133
3.0 —@— WBC1-N145
. —%— WBC1-N155
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2.5
;U,‘ J
€ 2.0
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> 154
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P(MPa)

Fig.7 Measured excess adsorbed amount of methane (V,,: ml/g) at P
(MPa) for shale from SNCB

from 2.01 to 3.63 MPa (average =3.09 MPa). Generally, V|
for shales from Upper Shihezi and Lower Shihezi forma-
tions ranges from 2.35 to 4.75 cm®/g (average =3.42 cm’/g),
V, for shales from Shanxi formations ranges from 1.14 to
2.47 cm®/g (average = 1.94 cm?/g), V; for shales from Tai-
yuan formations ranges from 2.05 to 2.27 cm’/g (aver-
age =2.16cm>/g), suggesting that the Upper Shihezi and
Lower Shihezi shales are characterized by greatest adsorp-
tion capacity of methane among the shale samples.

Discussion

Relationship between SSA and TOC contents and its
geological significance

Based on the adsorption—desorption isotherms of N, the
BET model was applied to obtain the SSA. However, BET

Table 5 Fitted Langmuir pressure and Langmuir volume of the tran-
sitional shales from Well WBC1

Samples Depth (m) Formation Vi Py
em?/g MPa
WBCl1-4 2127.70 Upper Shihezi 2.35 3.33
WBCI1-17 2428.20 Lower Shihezi 3.16 2.53
WBC1-24 2459.00 Lower Shihezi 475 2.01
WBC1-40 2533.60 Shanxi 1.97 3.62
WBCI-N119 2692.29 Shanxi 1.88 3.63
WBCI1-N121 2692.99 Shanxi 1.14 391
WBC1-N133 2699.35 Shanxi 2.47 3.05
WBC1-N145 2706.41 Shanxi 2.24 3.39
WBCI1-N155 2713.79 Taiyuan 2.05 3.08
WBC1-N159 2716.74 Taiyuan 2.27 2.86
aﬁ#’iﬁﬁ'ﬂw @ Springer
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SSA only can describe the SSA of >?2 nm pore (Liu et al.
2020b). Hence, the features of micropore were obtained
from the adsorption isotherms of CO, The Dubinin—Radu-
shkevich (DR) model can be applied to obtain the SSA
of <2 nm pore. The BET and DR SSA are presented in
Table 6. In general, the BET SSA for the samples ranges
from 3.3612 to 12.1217 m?/g (average: 6.9320m%/g). The
DR SSA for the samples is of 12.9844-35.4267 m*/g, with
a mean of 19.67 m?%/g. The results show that the DR SSA
is greater than BET SSA in all samples. Meanwhile, the
BET and DR SSA show different characteristics among
four formations. In general, the Upper Shihezi and Lower
Shihezi shales are characterized by higher specific surface
area compared to Shanxi and Taiyuan shale.

Table 6 Specific surface area (SSA) of the transitional shales from
Well WBC1

Figure 8a shows the relationship of BET and DR SSA
with TOC contents of the samples. The results reveal that
unobvious correction can be discovered between BET and
DR SSA with TOC contents. Accordingly, the R? of the
linear regression for BET and DR SSA with TOC contents
is only 0.13 and 0.27, respectively. In addition, the cor-
rection of TOC contents and maximum quantity adsorbed
N, and CO, are presented in Fig. 8b, the results indicate
that the maximum quantity adsorbed N, and CO, show
an unobvious positive correction with TOC contents. The
experimental results reveal that the micropore, mesopore
and macropore in the transitional shales may mainly be
contributed by inorganic pore. However, compared with
the relationship of BET SSA and maximum quantity
adsorbed N, with TOC contents, better corrections of DR
SSA and maximum quantity adsorbed CO, with TOC con-
tents can be observed in this study, indicating that organic
pore contributes more micropore in shale compared with
mesopore and macropore. The FE-SEM images can fur-

Samples Depth (m)  Formation BET SSA DR SSA ther support this understanding. The pore space of transi-
m%/g m¥g tional shale samples is mainly composed of intra-pore and
microfracture. OM-pores are undeveloped basically, just a
WBCl1-4 2127.7 Upper Shihezi 7.3279 22.5739 . . . L
o few shrinkage micropores and slits distributed at the edge
WBC1-17 2428.2 Lower Shihezi  10.8256 25.8123
o of OM, and these pore spaces belong to the category of
WBC1-24 2459 Lower Shihezi  12.1217 35.4267 . .
) micropore (Fig. 5¢).
WBC1-40 2533.6 Shanxi 4.3277 20.4935
xigii ;? ;Zgi'gz zﬂanxf ; '22}& ESZEZ Comparison of pore width distribution
i ‘ anxt : ‘ characteristics of shale from different formations
WBCI1-N133  2699.35 Shanxi 4.1465 20.7379
zigigii i;gzz? ziamq jiii 132(8); Figures 9 and 10 show the SSA and PV distributions for
WBCI-NISS 2713'79 T ?mﬂ 6.9427 17'1972 the shale samples from transitional shale of SNCB, which
) ’ a%y uan ) ’ was obtained from BJH model. Based on this, the SSA and
WBCI1-N159 2716.74 Taiyuan 7.7223 14.0413 . .
WBCLNI6I 27185 Tui 8732 183796 PV of micropore, mesopore and macropore can be obtained
. : aryuan : : and the results are presented in Table 7. Generally, SSA of
= BET SSA 1
—~ = N
%1 o DRSSA @ g ; . (b)
1 = ] ® CO,
)
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Fig. 8 Relationship of specific surface area a and maximum quantity adsorbed gas b with TOC contents of the shale samples
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micropore in shale from Lower Shihezi Formation ranges
from 8.5894 to 14.9121 m%/g (average=11.7508 m?/g).
However, average SSA of micropore of shale in Upper
Shihezi, Shanxi and Taiyuan Formations is 3.8602 mz/g,
3.9124 m%/g and 3.9031 m%/g, respectively, while the aver-
age SSA of mesopore in shale from Shanxi Formation is
1.1565 m?/g, which is less than samples from other forma-
tions. But, no obvious difference can be discovered in SSA
of mesopore in the samples. Meanwhile, the PV in the sam-
ples shows similar characteristics. Hence, the results indicate
that the shale in Lower Shihezi Formation is characterized
by the greatest SSA. Moreover, relative percent of micropore
of shale from Shanxi Formation is the highest among the
shale samples of four formations (Fig. 11).

Heterogeneity of pore system

It is widely acknowledged that fractal dimension can
describe the irregularity of pore structure and evaluate the

complex shapes in shales (Cao et al. 2016; Guo et al. 2020;
Mangi et al. 2020; Xi et al. 2018; Yang et al. 2016b). Het-
erogeneous shale pore network can be quantitatively charac-
terized by fractal dimension (Pfeifer and Avnir 1983). Pre-
vious studies have proposed different methods and models
to obtain fractal dimension, including fractal Frenkel-Hal-
sey—Hill (FHH) model, Langmuir model, thermodynamic
model, fractal BET model and MIP (Avnir and Jaroniec
1989; Jaroniec 1995; Rouquerol et al. 1994). Among above
methods and models, FHH model is considered as the most
effective approach to obtain the fractal dimension and
describe the irregular geometry of pore structure of shale
(Shang et al. 2020; Sun et al. 2016; Xu et al. 2020). The
FHH fractal dimension can be directly obtained from N,
adsorption and can be described as follows:

1nV=i-ln<lnP?9>+K
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Fig.9 Incremental pore area at different pore widths of shale from different formations (a, b, ¢ and d are Upper Shihezi Formation, Lower Shi-

hezi Formation, Shanxi Formation and Taiyuan Formation, respectively)
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Table 7 Quantitative specific
surface area and pore volume
characteristics of the transitional
shales

jllate ¢llodl ay .
des Shevis @) Springer

Samples Specific surface area (m%/g) Pore volume (cm?/g)
Total Micropore Mesopore Macropore Total Micropore Mesopore macropore

WBCl1-4 8.6392 4.7088  3.6696 0.2608 0.0131 0.0016 0.0064 0.0050
WBCl1-17 12.6005 8.5894  3.7510 0.2601 0.0146 0.0028 0.0067 0.0050
WBC1-24 20.0978 14.9121  4.8318 0.3540 0.0204 0.0047 0.0087 0.0069
WBC1-40 57195 43274  1.1370 0.2058 0.0121 0.0013 0.0037 0.0072
WBCI-N119 5.6701 4.3274  0.6730 0.6698 0.0085 0.0014 0.0028 0.0042
WBCI-NI121 4.0911 22749  1.5977 0.2185 0.0083 0.0008 0.0032 0.0044
WBCI1-N133  8.3453 59016  2.2929 0.1509 0.0085 0.0019 0.0038 0.0028
WBCI-N141 59456 3.4466  2.1373 0.3618 0.0139 0.0012 0.0052 0.0075
WBCI-N145 8.7619 4.0860  4.4154 0.2606 0.0136 0.0014 0.0073 0.0049
WBCI-N155 8.4256 4.0150  4.1509 0.2596 0.0137 0.0013 0.0070 0.0053
WBCI-N159 7.6711 3.0736  4.3711 0.2264 0.0124 0.0012 0.0068 0.0044
WBCI1-N161 10.2719 4.6206  5.3675 0.2837 0.0154 0.0016 0.0081 0.0057
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Fig. 11 Relative percent of a specific surface area and b pore volume of macropore, mesopore and micropore for shale samples

where V and P, represent the equilibrium volume of
adsorbed N, (cm?/g) and the saturation pressure of N,
(MPa), respectively. 4 and K are the linear correction coef-
ficient and a constant, respectively. Fractal dimension (D)
can be calculated as follows [40—41]:

D=1+3.

The calculated FHH fractal dimension (D) for shale
samples is presented in Fig. 12 and Table 7. In this calcu-
lation, the pressure has been divided into two groups for

linear fitting according to the diverse stages for adsorp-
tion isotherm curves: (1) P/P,=0-0.5. In the fitting during
this pressure, the FHH fractal dimension (D,) indicates
the heterogeneous of surface roughness and pore struc-
ture for micropore at low pressure; (2) P/Py=0.5-1. In
the fitting during this pressure, the FHH fractal dimen-
sion (D,) indicates the heterogeneous of main pore struc-
ture and relative great pores at higher pressure. It is well
accepted that N, is characterized by different adsorption
approaches at varying pressure. Previous studies reveal

Fig. 12 The selective results of 2.4 2.7
fractal dimensions from sample YBCI1-4 K (b)YBC1-24
a YBC1-4, b YBC1-24, (¢) 214 ° @ 2.4
YBC1-40 and (d) YBC1-N159 1.8 3 3
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the N, adsorption in low pressure (P/P,=0-0.5) was con-
trolled by the Van der Waals force, indicating that the D,
obtained from P/P,=0-0.5, can act as the indicator for the
roughness of pore surface (Shang et al. 2020; Wang et al.
2016), whereas the N, adsorption in relative high pres-
sure (P/Py=0.5-1) is influenced by multilayer adsorption,
revealing that the D,, obtained from P/Py,=0.5-1, can act
as the indicator for the irregularity of pore system (Shang
et al. 2020; Wang et al. 2016).

Fractal dimension can reflect and characterize the fractal
patterns by quantifying their complexity. The fractal dimen-
sion increases as the irregular geometric of shale pore struc-
ture becomes more complex. The calculated fractal dimen-
sion in this study is presented in Table 8, the results show
that D, ranges from 2.7006 to 2.8493 (average =2.7666),
whereas D, ranges from 2.6452 to 2.7958 (average =2.7254).
It is obvious that D, is generally less than D,, indicating that
the surface roughness and micropore irregularity of the pore
system of transitional shale are slightly stronger than the het-
erogeneity of the whole pore structure. Compared with the
transitional facies shale in other basins, the fractal dimension
of shale samples in FB area is significantly higher than that
of Dalong Formation in Lower Yangtze Platform (D ranges
from 2.511 t0 2.619) (Xu et al. 2020) and Shihezi Formation
in Huainan coalfield (D, ranges from 2.4750 to 2.6104) (Bu
et al. 2015) and slightly higher than that of Niutitang and
Longmaxi Formation in Lower Cambrian strata (Hu et al.
2016; Xi et al. 2018). Hence, the result may suggest that the
surface roughness and pore structure heterogeneity of shale
samples in this study is more complex compared to other
marine—continental transitional shale.

Influencing factors of CH adsorption
for the transitional shales

Pore structure

The relationship of SSA and PV with Langmuir volume is
presented in Fig. 13. The results indicate that the total SSA
and total PV, obtained from the BJH model in N, adsorption
experiment and DFT model in CO, adsorption experiment,
are positively correlated with Langmuir volume. The R? of
liner fitting for total SSA and total PV is 0.9669 and 0.723,
respectively. But the V| increased with an almost constant
value of SSA and PV of macropore, indicating that the
macropore almost cannot influence the methane adsorption
in shale matrix. In addition, unobvious positive relationship
can be discovered of SSA and PV of mesopore with Lang-
muir volume. However, positive correlation can be observed
of SSA and PV of micropore with Langmuir volume. The
R? of liner fitting for micropore SSA and total PV is 0.9228
and 0.9505, respectively. Hence, the experimental results
reveal that the micropore SSA and total PV can obviously
influence the transitional shale methane adsorption capacity.
Furthermore, the micropore SSA may have a greater impact
on the methane adsorption capacity than micropore PV.
Pore structure parameters, mainly including pore size
distribution, can influence the adsorption force between the
pore walls and adsorbed gas molecules (Burggraaf 1999;
Chen et al. 2019; Cui et al. 2004; Wang and Jin 2019). Gen-
erally, the adsorption force between gas molecules and pore
walls decreased with increasing pore width (Burggraaf 1999;
Cui et al. 2004). During the adsorption of methane on shale
matrix after hydrocarbon generation, the physical adsorp-
tion acts as the leading pattern and controlled by Van der
Waals force (Kumar et al. 2015; Tao and Rappe 2014; Zhua
et al. 2016). Therefore, the adsorption force of CH, on the
shale matrix decreases with increasing pore width. Hence,

Table 8 Fractal dimensions of

- ° Samples Formation PIP,(0—-0.5) PIPy(0.5-1)

transitional shale samples from

Well WBC1 R R D=3+, A R? D,=3+1,
WBC1-4 Upper Shihezi  —0.2493 0.9939 2.7507 —0.2563 0.9840 2.7437
WBCl1-17 Lower Shihezi —0.1648 0.9864 2.8352 —0.2042 0.9835 2.7958
WBC1-24 Lower Shihezi —0.1876 0.9901 2.8124 —0.2309 0.9894 2.7691
WBC1-40 Shanxi —-0.2013 0.9934 2.7987 —0.3548 0.9835 2.6452
WBC1-N119  Shanxi —-0.1507 0.9285 2.8493 —0.3459 09801 2.6541
WBC1-N121 Shanxi —-0.2326 0.9709 2.7674 —0.3337 0.9823 2.6663
WBCI1-N133  Shanxi —0.2926 0.9890 2.7074 —0.2684 0.9874 2.7316
WBCI-N141 Shanxi —0.1542 0.9910 2.8458 —0.3099 0.9878 2.6901
WBCI1-N145 Shanxi —0.2994 0.9916 2.7006 —0.2585 0.9866 2.7415
WBCI1-N155 Taiyuan —0.2951 0.9939 2.7049 —0.2637 0.9887 2.7363
WBCI-N159 Taiyuan —0.2690 0.9931 2.7310 —0.2297 0.9887 2.7703
WBCI1-N161 Taiyuan —0.3044 0.9956 2.6956 —0.2395 0.9945 2.7605
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Fig. 14 Relationship between Langmuir volume and TOC content

the pore structure parameters of micropore are the primary
factor affecting adsorption capacity of CH4 for transitional
shale in this study.

TOC contents

The relationship between SSA and TOC contents indi-
cates that the organic pores were not well developed in
marine—continental transitional shale. The experiments
reveal that the inorganic pore mainly contributed to the
pore structure. Based on this, the relationship between Lang-
muir volume and TOC content is presented in Fig. 14. The
results reveal that the V| was unobvious positive correlated
with TOC (R?=0.0564), indicating that the organic matters
almost rarely contribute to adsorption capacity of CH, from
the shale samples.

Previous studies have investigated the relationship
between the V| and TOC content for shale from different
petroliferous basins (Han et al. 2020; He et al. 2019b; Li
et al. 2019; Tan et al. 2014; Wang et al. 2019; Yang et al.
2016a), the results indicate that a positive correlation
between adsorption capacity of CH, and TOC contents can
be observed. However, the experimental results in this study
reveal that the adsorption capacity of CH, is not related to
the organic matters, may suggesting that the adsorption
capacity of CH, can be controlled by other factors.

Mineral compositions

Previous studies reveal that the clay minerals can affect
adsorption capacity of CH, (Liu et al. 2013). In addition,
hydrocarbons can absorb onto the surface of the carbonate
mineral (Liu et al. 2019a; Suess 1970; Zullig and Morse
1988). Moreover, quartz is of low adsorption capacity of
methane due to the fact that quartz has no pore structure.

The relationship between Langmuir volume and mineral
compositions is presented in Fig. 15. The results show that
the V| is of negative correlated to the contents of quartz,
suggesting that high content of quartz can dilute the remain-
ing mineral components that can absorb methane (Fig. 15a).
However, positive correlation can be discovered between
Langmuir volume (V) and clay contents (Fig. 15b). Mean-
while, no positive relationship of Langmuir volume (V} ) and
Muscovite and Feldspar can be observed. Hence, the experi-
mental results indicate that clay minerals act as the leading
factor influencing the adsorption capacity of CH4 from the
transitional shale samples in this study.
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Fig. 15 Relationship between Langmuir volume and mineral compositions (a) quartz; (2) clay; (3) muscovite; (4) feldspar)

Summary and conclusions

In this study, a series of experiments were conducted to
investigate the pore structure and adsorption capacity of
methane from transitional shale from the SNCB. Based on
this, the pore structure characteristics and fractal dimen-
sion were studied. Moreover, the influencing factors of CH,
adsorption for the transitional shales were analyzed. The
major conclusion can be listed as follows:

(1) Inorganic pores are the main component of pore net-
work in the transitional shale from the southern North
China basin;

Micropore has a greater impact on the adsorption
capacity of methane than mesopore and macropore in
the transitional shale from the SNCB;

Different from shales in other petroliferous basin, clay
minerals are primary factor affecting adsorption capac-
ity of methane for transitional shale in this study;

The pore network in the transitional shale for this study
is characterized by greater fractal dimensions and more

2

3

“
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heterogeneous pore network compared to other marine—
continental transitional shales.

However, it must be pointed out that the above conclu-
sions are only for the transitional facies shales of SNCB. The
transition shales in other basins or areas may have different
pore structure features and adsorption properties due to the
possible differences in physical and chemical character.
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