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ABSTRACT: Lithologically diverse shales were collected from two < Miropore Surtace Are (/)

different proliferous basins, namely, the Korba (SM) and Raniganj i ][ Gas ] AT N
ontent Adsorption 1l

Basin (BK) in India, and were experimented with at an isothermal
condition using CO, and N, as probe gases in the low-pressure gas
adsorption method, demonstrating the disparity between shale pore
attributes and surface roughness. The Korba Basin is one of the co,
potential sites for gas storage and production in India and needs to be  Sequestration
explored in terms of pore statistics. Literature reviews demonstrate
that pore characteristics in shale changes with depth, organic matter,
and mineral composition, which can elucidate the gas storage organic
potential for anthropogenic CO, storage. Gas adsorption capacity Matter
and surface roughness are directly associated with the difference in
organic and mineral compositions, which certainly affects the phase
distribution of flow regimes in shale reservoirs. The result determines that micropore and mesopore attributes are in good correlation
with the TOC and clay minerals, respectively. SM shale shows 30—37% higher micropore attributes and 17—19% lower mesopore
attributes than those of BK shales. Furthermore, the siderite content shows a variance in the pore size distribution in BK shales. The
fractal dimension (D;) is evaluated based on the N, adsorption isotherm curve using the Frenkel—Halsey—Hill model. SM shales
show a strong correlation with both micropores and mesopores at low relative pressure regimes, while BK shales depict their
dominance with mesopores at the high relative pressure regime. Therefore, this research provides a preliminary attempt to determine
the influence of changes in the depth, surface roughness, and organic and mineral compositions on shales. However, a complete
extrapolation of other reservoir factors, viz., seam thickness, shale—water interaction, and permeability variation at reservoir
conditions, is vital to unlocking the technical and environmental feasibility of CO, storage and gas production in these basins.
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1. INTRODUCTION reconciling the nanoscale pore spectra. The gas storage potential

Global energy demands are witnessing an outlook for in shale reservoirs is substantially affected by the compositional

.15 :
sustainable energy sources and concerns over climate change and structural traits. ” The shale pore matrix network not only

mitigation. Climate change has drawn the attention of scientists affects the gas sorption capacity but also hydrocarbon (HC)
and researchers to unconventional resources, viz., coal bed transportation in the shale gas reservoirs. The International
methane (CBM)'~* and shale gas.>™® In the past few decades, Union of Pure and Applied Chemistry (IUPAC) has
shale has gained widespread popularity in the USA, Canada, and distinguished the shale pores into various sizes of spectra,
China as an alternative energy resource to conventional fossil namely, macro- (>50 nm), meso- (2—50 nm), and micropores
fuels.” Shale is a fine-grained complex sedimentary rock that (<2 nm).'"® Gases in shale reservoirs are predominantly
consists of different minerals (viz,, quartz, muscovite, clays, adsorbed to the pore walls of micropore sites in organic
carbonates, and feldspar) and ?ggallzlic matter, which influence matter'” 2 and at the surface of clay minerals®*** Gas
the gas storage and production. Shale acts as a source rock
in which the organic matter breaks down into methane-rich gas,

Received: September 7, 2023 energysfuels

primarily due to the thermogenic activities and the occasional
biogenic activities in subsurface formations. It also acts as a
reservoir rock that is suitable for storage of anthropogenic CO,.
Interpreting pores of shale reservoirs has always been
challenging due to the pore framework complexity, which is
limited to sophisticated techniques proficient in probing and
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Figure 1. Stratigraphy map of (a) Korba Basin (reproduced with permission from Geological Survey of India.”* Copyright 2005 Government of India),
and (b) Raniganj Basin (reproduced with permission from Chandra et al.>> Copyright 2020 Elsevier), indicating different study locations and

formations. The study locations are marked as green dots.

adsorption in shales is critical to understand for its storage,
where the process ranges from 20 to 80%,'® while gas desorption
plays an important role in the long-run gas exploitation.
Literature reviews depict that the organic content has a

3834

considerable role in gas storage and production since it
contributes to the large internal surface area in shales.”® The
organic composition in shales varies from 1 to 20%, which is a
key factor responsible for in situ gas storage and generation.

https://doi.org/10.1021/acs.energyfuels.3c03374
Energy Fuels 2024, 38, 3833—3847
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Table 1. Mineral Composition for Korba and Raniganj Basin Shales”

clay minerals

sample name depth (m) quartz kaolinite

SM 1 180 22.1 48.9

SM2 378 33.4 57.1

SM 3 538 24 50.3

BK 1 225 18.63 46.41
BK2 263 14.54 50.61
BK 3 293 22.73 44.62
BK 4 313 19.25 42.68
BK S 371 24.95 20.19
BK 6 443 19.79 25.10

“All values are in wt %.

illite feldspar (orthoclase) muscovite siderite
0 144 14.6 0

0 0 6.6 2.9
12.9 12.8 0 0
13.11 0 8.53 13.32
24.75 0 0 10.10
19.71 0 8.22 4.72
21.03 0 7.11 9.94
39.09 0 14.25 1.51
25.00 0 24.27 5.83

Thermal maturity, mineral matter, kerogen types, and total
organic carbon (TOC) are the prominent parameters
responsible for gas production and storage in shale reser-
voirs.”** Zhang et al. stated that adsorption is an important
prospect for gas sorption in both organic matter and clay
minerals. Moreover, the authors also reveal a linear relationship
between the Brunauer—Emmett—Teller (BET) surface area and
methane sorption potential, irrespective of their composition.”’
The clay mineral structure has a crucial role in gas adsorption,
and the clay mineral type influences the amount of gases that can
be adsorbed.*® Clay minerals, viz, montmorillonite, illite,
smectite, and kaolinite, show a significant influence on the gas
storage and transport dynamics.lz’zg’36 Literature reviews
illustrate that kaolinite and illite have a substantial correlation
with the mesopore attributes.'”*”*>*”** Various quantitative
methods such as low—gressure gas adsorption (LPGA),**¥~*
mercury intrusion,'”* and X-ray and neutron scattering**~**
techniques have been broadly studied to illustrate the pore
accessibility in shales. The pore characterization in the Korba
Basin has not been explored earlier, while similar research had
been executed by Bhapkar et al.”* and Hazra et al.*” in different
basins in India.

Initially, Mandelbrot et al. introduced the theory of the fractal
dimension (D;) in porous media to determine the surface pore
irregularity and surface roughness.*® Surface roughness in shales
is determined using N, adsorption isotherm curves.'*>*%°7~%3
The fractal dimension (D;) for any surface ranges from 2 to 3,
where D, = 2 and 3 represent the smoothest and roughest
surfaces, respectively. Pore surface roughness affects the oil/gas
flows in shale reservoirs, which emphasizes the importance of
the fractal dimension in shale pore characterization. Based on
adsorption isotherms, fractal models such as the analytical
model Frenkel—Halsey—Hill (FHH) equations®*~®® have been
introduced to explore the surface irregularity of the solid surface.
In this study, we aim to understand the disparity between shale
pore characteristics, viz., the specific surface area (SSA), pore
dimensions, pore size distribution (PSD), and fractal dimension
(D,) of shales collected from two different gas-rich basins,
namely, Korba and Raniganj Basins in India. The variation in the
pore attributes with changes in TOC, clay mineral composition,
and fractal dimension is investigated.

2. SAMPLE DETAILS AND METHODOLOGIES

2.1. Details of the Sample Location. Shales were collected
from the Korba Basin (SM) in Chhattisgarh and the Raniganj
Basin (BK) in West Bengal, which are situated in the eastern and
central parts of India, respectively, as represented by the
stratigraphy map in Figure 1. These basins belong to the

3835

Gondwana Supergroup. Korba shales were collected from the
Kartala block in the south-central part of the Son-Mahanadi
River, which has an area of 530 km” and comprises latitudes from
22°01' t023°01’ N and longitudes from 82°01" to 83°07 E. The
Korba Basin is the largest coal-producing site in India. The basin
has continual deposition of shale and a coal sequence with fine-
to medium-grain sized sandstone-shale. Sandstone channel
shaped-bedded means that it is sheet-shaped and channel-
shaped. Shale beds are layered and sheetlike structures.
Fractures are seen in thin to moderately thick coal facies.
Details about the tectonics and stratigraphy of the region can be
found in refs 69—71. Raniganj shales were collected from the
Asansol area, eastern part of India, from both opencast and
underground coal mines. The Raniganj Basin is a portion of the
Damodar Valley basin located at a latitude of 23°22"—23°52' N
and a longitude of 86°36'—87°30" E with an area of 1900 km”.
Sandstones with alteration in siltstones, thick coal seams, and
carbonaceous shale are characterized in the Barakar Formation.
The detailed petrography, stratigraphy, and tectonic studies for
the organic matter from the Raniganj Basin are mentioned in refs
32, 72.

2.2. Sample Collection and Processing. The depth range
of the samples that were acquired from SM vary between 180
and 538 m; the samples are represented as SM 1, SM 2, and SM
3. In contrast, the depth ranges of the samples from BK are
between 225 and 443 m; the samples are represented as BK 1,
BK 2, BK 3, BK 4, BK 5, and BK 6, as mentioned below in Table
1. Shale cores were collected and preserved in an airtight bag to
avoid any contamination. The samples were pulverized using an
agate mortar, and a <75 ym grain size fraction was retained using
a copper sieve (ASTM no. 200), which was used for the
experimental analysis of X-ray diffraction (XRD), Rock-Eval
pyrolysis, and LPGA method.

2.3. Determining Mineralogy and Organic Matter
Composition. To evaluate the diffractograms in a PANalytical
X’Pert Pro instrument, 2—5 mg of powdered samples was placed
uniformly on the sample holder. The peaks for mineral matters
were identified within the scanning range (26) of 5 to 70° with a
scan step of 0.0130°/s. This instrument was analyzed using a Cu
anode and a 40 kV maximum operating voltage. The
diffractogram peak for mineral matter was analyzed using the
HighScore Plus software suite.

Source-rock geochemical characterization of shales was
performed using a Rock-Eval 6 device. Revised protocols, as
developed by Hazra et al.>>”*”* for accurate estimation of TOC,
were followed to analyze the shales. To determine the
characteristics of the potential source rocks, 5—10 mg of
samples was used for analysis. The powdered samples were

https://doi.org/10.1021/acs.energyfuels.3c03374
Energy Fuels 2024, 38, 3833—3847


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c03374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

taken into crucibles and inserted initially into the pyrolysis
chamber to be heated isothermally at 300 °C. The released free
hydrocarbons (HCs) were carried by the N, gas and detected by
a flame ionization detector (FID); they are represented as the
“S,” peak. Following this, the shales were heated from 300 to 650
°C at a heating rate of 25 °C/min, at which organic matter
breaks into HCs; these were again carried by N, gas and
detected by the FID, and they are presented as the “S,” peak.
Tomax (the temperature at which the HC’s generation at the S,
stage is maximum) was recorded and allowed to investigate the
organic matter thermal maturity levels within the studied shales.
Similarly, oxygenated compounds in organic matter decom-
posed in the pyrolysis stage to generate CO, and CO were
detected by the infrared cell and represented as “S;”. The carbon,
which is generated under S}, S,, and S; curves, together yields the
pyrolyzable carbon (PC) fraction. After the pyrolysis process,
samples were shifted to the oxidation chamber, where they were
heated under an oxidizing environment, which generates
information about the amount of residual carbon (RC) in
shales. TOC is the summation of PC and RC.
Other important indices calculated are as follows:

hydrogen index(HI) = [(S,/TOC) X 100] (1)

)

2.4, Low-Pressure Gas Adsorption (LPGA). LPGA is the
most effective method applied to illustrate the proxies of
micropore and mesopore attributes such as SSA, PSD, and PV in
shales. It is performed using a Quantachrome Autosorb IQ
single-station physisorption device. The collected samples were
pulverized to <75 um. In a glass cell, 2—3 g of powdered samples
was loaded and degassed at a pressure of 10~* Torr and 110 °C
for 12 h to eliminate the moisture content that was present in
shale pores."***7®”” According to Singh et al,,”® it is important
to select the appropriate degassing temperature to minimize the
error in the determination of pore attributes. Several researchers
have reported the similar degassing temperature procedure of
110 °C, which is suitable to remove the moisture content and
lower hydrocarbons without any alteration of pores in
shales.”’” Singh et al.”® and Chandra et al."* have shown the
alteration in pore attributes due to breakdown of organic matter
in shales with an increase in the degassing temperature from 110
to 200 and 300 °C and concluded that 110 °C is the most ideal
degassing temperature without altering the solid organic matter
in shales. Some researchers have also applied the degassing
temperature of 250 °C°" where the mass change in solid organic
matter is minimal (~1-2%); however, this observation was
found to fail with shales of lower thermal maturity. Therefore, to
keep uniformity in the degassing procedure, 110 °C is widely
accepted, which causes a minimal mass change in solid organic
matter. Several researchers’”’® showed that the degassing
temperature exerts a strong effect on the shale pore dimensions.
The mesopore identity changes to a macropore identity when
there is a rise in the degassing temperature, from 110 to 200 °C,
which results in a manifold increase in the pore width/
diameter.*” After every 15 min cycle, a leak test was conducted
to ensure precise degassing without any alteration of the sample.
After degassing, the samples were loaded into the analysis
chamber with a relative pressure of 0.01 < P/P, < 0.99 at a liquid
N, temperature of 77 K (=196 °C) for N, adsorption. N, gas
with a purity of 99.995% was used as an adsorbate for the
samples. For CO, gas adsorption, the relative pressure varied as
0.00S < P/P, < 0.03, and the saturation pressure of 26,610 Torr

oxygen index(OI) = [(S;/TOC) x 100]

3836

was considered for the experiments. In addition, a recirculating
bath with a chemical composition that consisted of ethylene
glycol and water (50:50) was used to maintain the temperature
at273 K (0 °C). When there is an increase in P/P,, the adsorbate
molecule occupies the higher energy sites on the adsorbent and
forms consecutive layers, which exist in a dynamic equilibrium
with the adsorbent phase. The presence of specific functional
groups and free ions in shales interacts with N, molecules due to
their quadrupolar nature and adsorbed to the accessible active
sites in the sample. The N, molecule appears in a closely packed
“liquid state” in a monolayer that is compatible with hydro-
carbon surfaces. Molecules of N, are limited in their ability to
probe the pores that are at less than 1.3 nm.""'>*® BET is a
modified equation of Langmuir’s kinetics adsorption theory,
which is used to determine the SSA for fine powders and
nonporous and porous materials. It is seen that the pore size
distribution of narrow mesopores cannot be evaluated based on
the Kelvin equation. Density functional theory (DFT) is
independent of capillary condensation and can extensively be
applied for spectra of micro- and mesopore range. Non-local
DFT (NLDFT) and quenched-solid DFT (QSDFT)”*~*" are
two of the most used submodels of DFT. NLDFT is established
based on the concepts of classical and statistical thermody-
namics. The model assumes that the solid adsorbate is in
thermodynamic equilibrium with the gas adsorptive phases. The
NLDFT model can be used to evaluate the PSD of complex pore
networks from both the adsorption and desorption curves.*”
QSDFT is a modified version of NLDFT, which was introduced
to account for the degree of roughness in the pore surface. In this
study, N, and CO, gases were used as an adsorbate, while carbon
(C) was used as an adsorbent. The thermodynamic interaction
in DFT is more sensitive than the BJH model, which does not
have any thermodynamic consideration of adsorbent—adsorbate
interaction. Since the van der Waals force is more dominant in
smaller pores and constricted channels, ignoring thermody-
namics can cause significant error in estimating pore volumes.
This is why QSDFT has better accuracy quantifying smaller
pores. Organic carbon and clay minerals are the major
contributors in shale; therefore, both C-based DFT and Si-
based DFT were applied to the DFT model.”> The model was
restricted to obtain the PSD up to a range of 40 nm with the
carbon-based DFT model compared to the Kelvin equation-
based BJH model, which can go up to 200 nm. Since shale pores
are majorly smaller mesopores or micropores, DFT-based
models, which focus on smaller mesopores, are well-suited. The
wide spectrum of kernels with a specific adsorbent—adsorbent
model can be adapted with different pore shapes for more
accurate PSD calculations. The micropore SSA and the
micropore volume in CO, adsorption were calculated using
Dubinin—Radushkevich (D—R) and Dubinin—Astakhov (D—
A) equations.

3. RESULTS

3.1. Mineral Composition. The results that were obtained
from the XRD analysis of shales are represented below (Table
1). The samples have a substantial amount of quartz and clay
mineral contents. Samples SM 3 and BK 2 show the maximum
content of clay minerals, whereas samples SM 1 and BK 6 have a
minimum content of clay minerals. Although muscovite is
absent in SM 3 and BK 2 shales, feldspar is absent in SM 1 and
SM 3. In contrast, BK and SM shales show a significant
concentration of muscovite (except BK 2 and SM 3), while

https://doi.org/10.1021/acs.energyfuels.3c03374
Energy Fuels 2024, 38, 3833—3847
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Table 2. Source-Rock Geochemical Properties for the Studied Shales

sample name S, (mg HC/g rock) S, (mg HC/g rock)

Tpu (°C)  PC (wt %) RC (wt%) TOC (wt%) HI (mgHC/g TOC)

SM 1 0.15 4.38 428 0.5

SM2 0.30 10.73 428 1.06
SM 3 0.05 0.44 441 0.05
BK1 0.23 4.86 441 0.52
BK2 0.77 9.24 445 0.93
BK 3 0.45 5.87 445 0.67
BK 4 0.44 9.11 438 0.89
BK'S 0.36 7.94 444 0.75
BK 6 0.46 6.46 447 0.63

OI (mg CO,/g TOC)

6.92 7.42 59 25
10.73 11.79 91 16
0.99 1.04 42 15
S.51 6.03 81 19
9.78 10.71 86 8
6.11 6.78 87 16
6.43 7.32 124 14
5.78 6.53 122 10
6.34 6.97 93 12

feldspar is absent in SM 2 and all BK shales. The shales are also
composed of siderite (except SM 1 and SM 3).

3.2. Thermal Maturity and Organic Richness. The
results that were obtained from the Rock-Eval analysis are
presented in Table 2. T, reveals the contrasting thermal
maturities of the studied shales. While shales from the Korba
Basin (SM 1—SM 3) are “immature” to “early mature”, the
samples from the Raniganj Basin (BK 1-BK 6) are “early
mature” to “peak mature”, i.e., marked by a higher thermal
maturity level. The HI and OI of the samples from both the
basins vary between 42 and 124 mg HC/g of TOC and 8 and 25
mg CO,/g of TOC, respectively, which indicates an input of the
dominantly kerogen type III (as represented below in Figure 2).

*
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Figure 2. Modified van Krevelen diagram for the studied shales.

3.3. Pore Characteristics. N, adsorption for the shales
shows an isotherm of type IV with H3 hysteresis for the Raniganj
Basin and Korba Basin (Figure 3a,c). The sample shows the
tensile strength effect (TSE) within P/P, of ~0.45—0.55 due to
cavitation in pores.83 Among Raniganj shales, BK S has the
maximum adsorption capacity at 31.55 cc/g, while BK 2 and BK
3 have the least at 22.11 and 22.27 cc/g, respectively. In Korba
shales, SM 1 shows a maximum adsorption capacity of 30.47 cc/
g, which is slightly less than the maximum value of Raniganj
shales. In contrast, SM 3 has the least adsorption capacity of 25.
61 cc/g.

The CO, adsorption isotherms from Raniganj and Korba
Basins show type Il isotherms (Figure 3b,d), which indicates the
filling of active micropore sites. In micropore filling, initially, a
monolayer forms that occupies the active site on shales. The
shales from the Korba Basin (3.93 cc/g) show greater
adsorption potential than those from the Raniganj Basin (3.22
cc/g) from P/P, = 0.0003—0.03, which reveals the higher filling
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of micropores in the case of the Korba Basin. The Raniganj
shales show a uniform growth in the gas volume adsorbed with
an increase in the pressure; this growth denotes uniform filling in
shale pores.

3.3.1. Micro- and Mesopore Attributes. Pore attributes such
as TPV and SSA for nanopores were estimated by using
combined CO, and N, gas adsorption. The mesopore SSA was
evaluated using the BET equation, which is a modified equation
of the Langmuir kinetics theory of gases for the monolayer filling
of pores. In this case, it was assumed that the gas molecules
adsorbed to the solid surfaces that occupied the active
monolayer sites, and the enthalpy of adsorption decreased
when the layer increased. The maximum BET SSA is shown by
BK 5, whereas BK 3 has the minimum BET SSA among all the
samples. The BET SSA varies between 15.14 and 31.65 m*/g, in
which shales from the Raniganj Basin have a higher average BET
SSA than shales from the Korba Basin as mentioned in Table 4.
To evaluate the PSD for CO, and N, adsorption from
adsorption curves, CO,-DFT and QSDFT models, respectively,
are applied. The maximum total pore volume (TPV) is shown by
SM 3, while BK 6 has the minimum TPV among the samples.
TPV for shales varies between 0.05 and 0.092 cc/g as mentioned
below in Table 4. Shales from the Korba Basin have a
significantly higher micropore volume than shales from the
Raniganj Basin. The maximum average pore width (PW) is
shown by SM 1, whereas BK S indicates the minimum average
PW. The average PW for the samples varies between 6.17 and
10.40 nm.

3.3.2. Pore Size Distribution (PSD). Mesopore distribution is
evaluated using N, adsorption isotherms, explaining the pore
structural characteristics of shales. PSD is computed as the
derivative function of the pore volume to the logarithm of the
pore width (dV/dlog D), which illustrates spectra of pore
distribution in the shales. The DFT model accounts for an
interaction between the adsorbate and the adsorbent, which
provides better accuracy in determining smaller mesopores. The
PSD in shales is determined using the QSDFT model, which
assumes that a solid is a component that has homogeneous
density. The surface roughness of the distributed solid atoms is
due to heterogeneity. The addition of the surface roughness
correction factor to PSD calculation improves the knowledge of
pore characteristics in the NLDFT theory. Studies show that
QSDFT has a better fit of the measured adsorption isotherm,
which reduces errors in determining the PSD. The PSD
calculation using a desorption branch provides certain artifacts
due to the forced closure of the pore spaces. A combination of
PSD for both the CO, and N, experimental adsorption isotherm
is shown below, in Figure 4. In CO, PSD, SM 2 shows
multimodal PSD, with the maximum peaks at around 0.3—0.6
nm among the shale samples. A similar PSD behavior is seen in
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SM 1, SM 2, and SM 3, with peaks at around 0.3—0.6 nm. The
samples of BK shale also show a peak range of around 0.3—0.7
nm. They also show pore size peaks at around 0.3—0.7 nm,

where SM 2 and BK 2 peaks are the most dominant among the

respective basins.

In the N, PSD, BK 1, BK 2, and BK 4 show a sharp peak at
around 20—25 nm, while the other samples from BK shales shift
slightly to the right and have a significant PSD at around 25—30
nm; this may be due the higher siderite content in samples (BK
1, BK 2, and BK 4). The highest peak at around 20—2S nm is
shown by SM 1, which is similar to all other SM shales. The peak
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curve for the SM shales show higher values than that of BK
shales.

3.3.3. Fractal Dimension (D,). The fractal dimension (D,) is
one of the metrics that are used to characterize complexity in
pore surfaces of sedimentary rocks at different length scales. It
describes the pore formation and the degree of self-similarity in a
structure across different scales. The surface fractal is calculated
using the N, adsorption isotherm in nanoporous rocks, such as
shale. The fractal dimension depicts the effect of the organic
matter maturity in shales. Fluid flow kinetics and gas exploration
in a shale reservoir are significantly impacted by the surface
irregularity in shales and are independent of their depositional
nature. The fractal dimension model such as the FHH model
operates based on the equation mentioned in Table 3 in the

Table 3. Fractal Dimensions for the Korba and Raniganj
Basins”

D,=(3+8S,) D, = (3 +3S,)
sample name  0.01 < (f) <05 R? 0.5 < (f) < 0.98 R?
SM 1 2.55 0.99 1.89 0.99
SM 2 2.53 0.99 1.96 0.99
SM 3 2.57 0.98 2.1 0.99
BK 1 2.57 0.98 2.06 0.99
BK 2 2.55 0.98 2.05 0.99
BK 3 2.54 0.99 1.98 0.98
BK 4 2.56 0.99 2.06 0.99
BK S 2.59 0.98 226 0.99
BK 6 2.62 0.97 2.12 0.98

“Calculated using the FHH methods.

condensation regime. It must be noted that these mathematical
equations are based on Kelvin’s equation, considering that their
mathematical and physical configurations are similar.

The plot fitting to the curve shows linear trends, while certain
shale-fluid interactions show a little deviation from the linear
trend, as mentioned in the Supporting Information. This
uncertainty in linear fitting is mostly due to pore-space
heterogeneity or anisotropy in shale. The difference in the
pore-filling process defines two distinct fractal dimensions in the
shale samples. D is directly proportionate to the active surface
sites present in the adsorbate. At the 0.01 < P/P, < 0.5 regime,
the van der Waals force accounts for the adsorbate and
adsorbent due to low surface tension, while at the 0.5 < P/P, <
0.99 regime, surface tension dominates, and the capillary
condensation phenomenon has a significant role in the
determination of fractal characteristics. D, in the capillary
condensation regime is given as an equation below.

{2

ln(l] =C+ Aln
V

m ©)
At a low P/P, regime,
A= (D -3) (4)
At a high P/P, regime,
A=(D -3)/3 (3)

Table 3 shows that the values of Dgyyy at lower and higher
pressures are different, which signifies the nonlinearity

in the adsorption isotherm graphical plot between ln(Vl) vs

m
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ln(—ln(%)) in Figures S1 and S2 mentioned in the Supporting

Information. The Dgyy value shows 2.53—2.62 at the low-
pressure regime (0.01 < P/P, < 0.5) and 1.89—2.26 at the
higher-pressure regime (0.5 < P/P, < 0.98). Samples BK 6 and
SM 3 have the maximum Dgyy; and SM 1 and BK 3 shows the
minimum Dgyy at lower- and higher-pressure regimes,
respectively, in the respective basins. In Table 3, SM 1, SM 2,
and BK 3 show D values lesser than 2, which is lower than the
theoretical lower limit of the surface fractal dimension. The
reason for a lower D, value (<2) in Table 3 can be explained from
the concept of the FHH fractal dimension. Since the adsorption
mechanism in smaller and coarser mesopores is dominated by
the van der Waals force and capillary condensation, respectively,
the FHH fractal fit has different slopes for smaller and larger
pores. Hence, the fractal dimension (D;) calculated using the N,
adsorption isotherm has been divided into two relative pressure
regimes, namely, D, (0.01 < P/P, < 0.5) and D, (0.5 < P/P, <
0.99). At the lower-pressure regime, the interaction of the solid
surface and gas interface is dominated by the van der Waals force
of attraction, which makes the fluid interface replicate the
surface roughness. Therefore, the D; in this case is calculated
using eq 4. Meanwhile, at the higher-pressure regime, the
interaction between the solid and gas phase is dominated by the
surface tension (or capillary condensation), where the gas
interface moves away from the solid surface and thus reduces the
interface area. Therefore, the D; in this case is calculated using eq
S. However, in the intermediate-pressure regime that occurs
between eqs 4 and S, the multilayer formation (or second layer)
starts early, which makes the van der Waals of attraction weak
and eq 4 ineffective. Therefore, the D, value in the intermediate-
pressure regime is calculated using only eq 5 and neglecting eq 4.
Therefore, this phenomenon underestimates the fractal
dimension and provides the D value of less than 2. A similar
result has been obtained in other studies as well.**~*” The result
of the fractal dimension model varies for all of the samples, and it
is important to contrast the performance to comprehend the
pore structure of collected shales.

4. DISCUSSION

The combined CO,—N, LPGA method is applied to character-
ize the pore attributes of shales collected from different depths of
the Permian age. This method confers an understanding of the
important roles of clay minerals and organic matter in the
contribution of the total porosity in shales with the changes in
depth. The content of mineral matter, which is calculated using
XRD analysis, provides the quantification of silicates, carbo-
nates, and clay minerals in shale. The Rock-Eval method
provides information about thermal maturity and the organic
matter types in shale samples. The micropore SSA and
microporous PV, which are calculated using the D—R and D—
A methods respectively, show that SM 2 and SM 3 have the
highest contribution toward the micropore SSA and micro-
porous PV, respectively. PSD from the N, adsorption isotherm
that is determined by using the QSDFT method shows a
multimodal peak representation in the samples. The highest
peak between 20 and 25 nm is shown by SM shales, while the
highest peak of BK shales is between 20—25 and 25—30 nm for
some samples influenced by the presence of the siderite content.
In CO,-DFT, the samples show similar multimodal character-
istics: the highest peak between 0.3 and 0.6 nm is seen for SM 1,
SM 2, and SM 3, while BK shales show a peak at around 0.4 to
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Table 4. Pore Attributes of Shale Samples Collected from the Korba and Raniganj Basins

specific surface area (SSA) (m?/g)

average pore width (PW) (nm)

total pore volume (TPV) (cc/g)

sample micropore mesopore mesopore micropore mesopore micro + mesopores
SM 1 30.67 18.12 10.40 0.015 0.047 0.062
SM 2 38.02 16.11 9.15 0.020 0.037 0.057
SM 3 25.72 20.26 7.82 0.053 0.039 0.092
BK 1 27.06 19.59 7.99 0.014 0.040 0.054
BK 2 31.68 17.31 7.90 0.017 0.034 0.051
BK 3 33.13 15.14 9.10 0.034 0.034 0.068
BK 4 28.02 19.95 8.11 0.015 0.040 0.055
BK S 30.80 31.65 6.17 0.018 0.049 0.067
BK 6 31.84 19.37 731 0.015 0.035 0.050
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Figure S. Correlation of (a) micropore SA with TOC, (b) micropore SA with the clay mineral content, (c) mesopore SA with TOC, and (d) mesopore

SA with the clay minerals content for SM shales.

0.7 nm. Sample BK 4 shows the highest peaks as a consequence
of its high organic matter and clay mineral content.

Table 4 shows the pore characteristics of shales from the
Korba and Raniganj Basins. In SM shales, SM 1 and SM 2 have a
higher microporous SSA than SM 3, which could be due to the
high TOC value. This indicates a better relationship between the
organic matter composition and the microporosity attributes. In
BK shales, despite the high TOC values of BK 2 and BK 4, less
SSA than that of BK 3 is seen, which indicates the influence of
the siderite presence on the microporosity of the samples. BK
samples comprise a more significant amount of siderite than SM
samples, which indicates less microporosity in the samples.
Moreover, BK and SM shales show a confident correlation with
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the clay mineral content. In samples BK 2 and BK 4, despite their
high content of clay minerals, a low mesopore SSA is seen; this
could also be attributed to the significant amount of siderite in
the BK shales. On the contrary, BK S shows the maximum BET
SSA due to the low siderite content compared with all BK shales.
The result also implies that in the BK and SM samples, there is
an inverse correlation between the mesopore SSA and the
average PW.

Figures S and 6 display a correlation between TOC and clay
mineral composition along with shale pore attributes (micro-
and mesopores) for both Korba and Raniganj Basins. Figure Sa,c
depicts that the micro- and mesopore SA values have an
excellent fitting with 95 and 99%, respectively, while the micro-
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Figure 6. Correlation of (a) micropore SA with TOC, (b) micropore SA with the clay mineral content, (c) mesopore SA with TOC, and (d) mesopore

SA with the clay mineral content for BK shales.

and mesopore volume shows a good fitting (74%) and weak
fitting (1%), respectively, with TOC for SM shales. The
nanopore abundance in organic matter provides it with primary
sites for gas storage and production. Figure 5b,d illustrates a
weak fitting of micro- (11%) and mesopore SA (20%) with clay
minerals for both SM and BK shales respectively. Additionally,
there is a good relationship between the micropore (78%) and
mesopore volume (65%) with clay minerals. The results explain
that clay minerals have a significant contribution to gas storage
due to their clay structure. Figure 6 shows that micro- and
mesopore attributes have a weak correlation for both TOC and
clay mineral composition. However, the mesopore volume for
BK shales (20%) is higher than for SM (1%) shales, which
signifies that BK shales have a higher affinity toward mesopores.
TOC values for SM shales are higher than for BK shales, which
significantly results in higher micropore attributes. Furthermore,
TOC values for BK shales are relatively varying between 6 and 7
(except BK 2), which implies narrow SA and PV (except BK 5)
in BK shales compared with SM shales. The least siderite
content results in a higher SA and PV in sample BK 5.

Figures 7 and 8 explain the determination of the fractal
dimensions (D) with pore attributes, TOC, and clay minerals
for SM and BK shales, respectively. To determine the D, it has
been divided into two relative pressures (P/P,) regimes: the
low-pressure regime (0.01 < P/P, < 0.5) and the high-pressure
regime as explained earlier. Figure 7a shows an excellent (99%)
and weak correlation (32%) between D, and micropore SA at
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low- and high-pressure regimes, respectively. However, D,
becomes more significant with the mesopore SA as shown in
Figure 7b, specifically at high-pressure regimes. Additionally, D,
happens to be more dominant with pore width over the high-
pressure regimes in Figure 7c. Here, we can observe a reverse
trend between the mesopore SA and the average pore width.
Figure 7d,e illustrates a correlation between D, and organic
matter and clay minerals for SM shales. Furthermore, it depicts
that the TOC has a higher influence on D, compared with clay
composition, especially at lower-pressure regimes. Figure 8a
shows an insignificant correlation between D, and micropore SA
at both low- and high-pressure regimes. However, D, is more
substantial with mesopore SA in Figure 8b, especially at a high-
pressure regime (92%). Additionally, an opposite trend is
observed between the pore width and the mesopore SA, similar
to SM shales in Figure 8c. Figure 8d,e establishes a correlation
between D, and organic matter and clay minerals for BK shales,
which reveals that the clay minerals have a higher consequence
on D, as compared with TOC, significantly at a lower-pressure
regime.

Several researchers have provided the similar correlation and
fitted the curve with the coeflicient of determination
(R?).%7%° Wang et al.** showed a correlation between the
fractal dimension and the TOC content, mineral matters, and
pore structure parameters. It reveals a good correlation for the
BET surface area and a negative correlation with the average
pore diameter, while no correlation has been shown between the
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Figure 7. Correlations between fractal dimension and (a) micropore SA, (b) mesopore SA, (c) average pore width, (d) clay minerals, and (e) TOC for
SM shales. Representative colors for the fractal dimension at different (P/P,) regimes mentioned in the plots correspond to the respective Y-axes.

TOC content, mineral matter, and fractal dimension. Liu et al.*®

have shown the correlation between the pore structure
parameter with the TOC content and mineral composition
while also the relationship between the fractal dimension and the
mineralogy content. The glot shows a good correlation (47.65—
75.23%). Bhapkar et al.”* determined the correlation between
the influence of TOC and pore attributes. It also reveals a good
correlation range from 27 to 80%. Li et al’' revealed a
relationship between pore structure characteristics and mineral
contents. It shows a positive correlation between the pore
attributes and the TOC content, while it shows a negative
correlation between the pore attributes and the clay content.

3842

Since the correlations derived from our study follow similar
global trends, we believe the correlations to be valid within the
constraints of our experimental limitations.

5. CONCLUSIONS

This study provides an understanding of the comparative pore
attributes and pore accessibility of shales from Barakar
formations collected from two proliferous basins, namely, the
Korba and Raniganj Basins in India. The research was conducted
to investigate the gas exploration potentials in these basins. The
following are the key points of this research.
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Figure 8. Correlations between the fractal dimension model and (a) micropore SA, (b) mesopore SA, (c) average pore width, (d) clay minerals, and
(e) TOC for BK shales.

1.

2.

Mesopore pore size distribution (PSD) for both collected
shales shows a similar trend. However, the presence of
siderite shows a variance in the peaks for some shales
(BK1, BK2, and BK4), which are slightly lagging,
compared with the shales (BK3, BKS, and BK6) having
a low siderite content. Micro- and mesopore PSD in
shales can be interrelated with the TOC and clay minerals,
respectively.

Among the studied samples collected from different
locations across various depths, Korba shales are richer in
micropore volume than Raniganj shales, thereby a higher
total pore volume (micro- and mesopores). Korba shales
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signify a better choice for the shale gas recovery than
Raniganj shales.

. The fractal dimension (D;) is determined using the FHH
model, which reveals that D, has an excellent correlation
with micro- and mesopore attributes at low relative
pressure regimes for Korba shales, while Raniganj shales
show a strong affinity toward mesopores at high relative
pressure regimes.

. Korba Basin shales reveal higher micropore attributes
than the Raniganj Basin shales, which makes it suitable for
shale gas storage and production. Nevertheless, a
comprehensive inference on these basins could be
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conclusive, only after considering other reservoir
conditions and parameters. Therefore, these research
findings will be crucial to unlocking the technical
feasibility of gas storage capacity for other basins in
India as well.
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V = volume of nitrogen adsorbed on the adsorbent at an
equilibrium pressure (P/P,) (in cc)

V,n = volume of gas at monolayer adsorption (in cc)

A = power-law exponent depending on D;

PC = pyrolysis carbon

T\ax = thermal maturity

PC = pyrolyzable carbon
RC = residual carbon

TOC = total organic carbon
HI = hydrogen index

OI = oxygen index
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