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ABSTRACT: The interaction between various components of
shale and CO, is interesting since it alters pore structures that are
the governing factor in different projects. In this study, samples
from the Upper (UB) and Lower (LB) Bakken were exposed to
super critical CO, for 3, 8, 16, 30, and 60 days. Then, chemical and
structural changes during the process of exposure were evaluated
with different methods, including X-ray diffraction (XRD), gas
adsorption (N,) isotherm, and fractal theory. The results showed
that quartz increased in the UB and decreased in the LB, whereas
clay and other minerals had a decreasing trend for both UB and LB
after CO, saturation. After saturation, the pore size distributions
(PSDs) were skewed to smaller pore sizes at all diameters,
indicating that the number of pores decreased as a result of the
reaction. Fractal dimension has an increasing trend as the samples
were exposed to CO,, where the roughness of the pore surface and
the complexity of pore structure increased after 8—16 days of CO, saturation and then decreased after 30—60 days of saturation to
become more homogeneous. Furthermore, clay mineral dissolution enhanced the pore volume, and carbonate dissolution increased
the specific surface area. These results provided experimental evidence to further test the mechanisms of geological storage of CO, in
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organic-rich self-sourced plays.

1. INTRODUCTION

The importance of unconventional shale plays in today’s
energy supply has driven a considerable amount of research in
the past decade to various directions in petroleum engineering
and geosciences. This is because of the complex nature of shale
rocks that is heterogeneous and anisotropic.”” This complexity
originates from the pore structure and the presence of various
constituent components (mineral matrix and organic matter)
in such lithology. Different sizes of pores exist in shale rock and
are not distributed uniformly while ranging from nano to
micrometer in size.” Such pores can be isolated or connected
and can be found within the matrix or the organic matter. To
be more specific, pores with a diameter greater than 50 nm are
classified as macropores, and those between 2 and 50 nm are
classified as mesopores. Pores with a diameter not exceeding 2
nm are micropores according to the International Union of Pure
and Applied Chemistry (IUPAC),* and all can be found in
shale samples.” In this regard, total porosity, pore distribution,
and specific surface area (SSA) are some of the quantitative
characteristics of pore structures that should be known for
geophysical, petrophysical, and geomechanical modeling of any
porous material.”~ Furthermore, storage and fluid conductiv-
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ity of organic rich shales are highly dependent on pore
structures”~ and become even more significant in enhanced
oil recovery (EOR) with CO, and/or carbon capture and
sequestration (CCS) operations.®™® Organic-rich shale, as
defined by Duncan and Swanson,” is a fine-textured
sedimentary rock containing about 5 to 65% by weight of
naturally occurring organic matter (kerogen). Organic-rich
shales consist of reduced carbon primarily and smaller amounts
of hydrogen, oxygen, nitrogen, and sulfur. The increase of the
total organic carbon (TOC) in shales can decrease the porosity
because of the occurrence of nonporous organic matter'® and
becomes altered with increased thermal maturation.
Considering the significance of pore structure evaluations, a
wide range of methods have been used to analyze and
characterize pore structures of shales, including gas adsorption
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methods,”" "> mercury intrusion porosimetry (MIP),"*"* shale were altered after exposure to ScCO,, finding that the

small angle neutron scattering (SANS), ultrasmall angle
neutron scattering (USANS),15 and nuclear magnetic reso-
nance (NMR).'® There are other direct observation methods
such as field emission scanning electron microscopy (FE-
SEM),"*"""® atomic force microscopy (AFM),"”* microfocus
X-ray computed tomography (u-CT),”"** and transmission
electron microscopy (TEM).”® Each of these methods has its
advantages and disadvantages and can provide specific
information about the pore size distribution (PSD), porosity,
geometric, morphological details, and other quantitative
measures of shale rock pore structures.” For example, MIP,
instead of measuring the true pore size, determines the largest
entrance of mercury into the pore.”* FE-SEM cannot provide
information about the micropores because of the limitations in
tool resolution but can directly detect size and distribution of
larger pores.'” A collection of gas adsorption techniques would
be necessary to obtain an entire spectrum of pore size
distribution (PSD), from the submicron to the macroscale. In
addition to understanding the porosity and PSD of the shale
rock quantitatively, another major parameter affecting flow
properties and storage capacity is the complexity of the pore
network.” This becomes more important when the formation is
a target for CO, EOR or CCS since pore structure parameters
become altered during exposure to carbon dioxide.

CO, EOR and CCS are two types of operations that are
becoming prominent in organic-rich shale formations, such as
the Bakken. In both of these processes, the rock gets exposed
to CO,, and when the gas is injected into the shale layers, it
dissolves and changes the acid—base equilibrium that triggers
the dissolution and precipitation of minerals.”>*® As a result of
dissolution, flow channels can be formed in the rock, which
will eventually alter the intrinsic permeability and porosity of
the rock. This can also induce changes in the microstructures
of the material if the exposure time is long enough, presenting
itself as changes in pore size and pore connectivity. Ultimately,
this will cause retention capabilities of the rock matrix and the
organic matter as well as its capability to conduct fluids to
deteriorate or improve.”” The phase state of CO, has a
significant influence on the CO,—shale interaction as found in
the study of Pan et al.'* Supercritical CO, (ScCO,) has a
greater influence on the shale pore structure than subcritical
CO, (SubCO,), and the change in the pore structure
parameter is also related to the shale sample.”® One study
found that pores with diameters less than 100 nm were
developed in a marine shale sample after exposure to CO,,
which was interpreted to be due to the complex chemical
reactions caused by CO, saturation.'* Okamoto et al*’
suggested that supercritical CO, (ScCO,) has a stronger
solubility and can modify organic matter and dissolve more
minerals when injected at higher pressures to improve the
porosity and permeability of the medium.”” Considering that
the common elements in shales are C, O, Mg, Al, Sj, S, K, and
Ca,”**?! Caroll et al.”” reported that CO, has an effect on the
properties of shale, especially dissolution of siliceous and
carbonate minerals. Calcite dissolution is more common in
carbonate-rich formations, which softens the pore contacts and
then changes the pore geometry and, eventually, the
microstructure of the material. Some studies have shown that
dry CO, can dissolve the minerals in shale, such as
montmorillonite, kaolinite, and calcite, which further contrib-
utes to changes in shale pore structures.’”* Yin et al.*’
reported that the pore structure and mineral composition in

content of clay and carbonates minerals in the shale decreased,
the specific surface area of the shale decreased, and the average
pore size increased due to the extraction or dissolution effect of
CO, and CO,-adsorption induced swelling. Exposure of
mudrocks to supercritical CO, at different temperatures and
pressures also controls the dissolution quantity and can
increase it.*’ Jiang et al. reported an increase in the specific
surface area and porosity and that ScCO, would be capable of
extracting organic matter in shale and dissolvin§ primary pores
and fractures of the Longmaxi Formation.”® Collectively,
interaction of ScCO, and shale causes microscopic pore
structure changes with the influence of temperature and
pressure.””*>® Since a high adsorption preference of shale for
CO, is well proven,”” > Sorensen et al.® calculated the CO,
storage capacity of the Bakken Formation ranging from 121
megatons (Mt) to 3.2 gigatons (Gt), concluding that a more
accurate estimation would require additional detailed in-
formation about the pore structures and subsequent changes
after the formation is exposed to CO,.

Considering the above, a proven tool to interpret pore
structure data from any complex porous media is through
fractal theory. This theory, first suggested by Mandelbrot, " has
also been commonly used for the study and quantification of
the complexity and heterogeneity of pore structures.'>***"**
The fractal dimension should be in the range of 2—3 according
to fractal theory.*”** Given the increasing complexity and
heterogeneity of shale pores, fractal dimension generally
increases. Fractal measurements can be estimated using the
appropriate model, based on experiments with gas adsorption,
such as the Lagmuir model, Frenkel-Halsey—Hill (FHH)
model, fractal BET model, and thermodynamic method. ™"
Research into fractal characteristics based on the FHH model
and N, adsorption experiment data is widely used to
quantitatively describe the pore structure in shale.”>*"**

The Bakken and similar organic-rich shale plays are
becoming the target for CCS and EOR simultaneously.
Hence, this article attempts to study the changes that will
occur to the pore structures when the shale is exposed to
carbon dioxide for a long period of time. In this study,
alterations to the pore structure of the Bakken Shale at various
times of exposure to ScCO, are evaluated. Changes
investigated include mineral dissolution and quantification of
several pore structure parameters such as the PSD, porosity,
and surface area. This information would ultimately enable us
to develop an appropriate injection strategy, estimate injection
potential, and quantify injection induced seismicity risks for a
more successful sequestration and EOR process in the Bakken
and similar formations.

1.1. Geology of the Research Area. The Bakken
Formation is a major unconventional petroleum play in the
Williston Basin which spreads through North Dakota and
Montana in the United States and Saskatchewan in Canada
and is the second largest shale play in the United States of
America. The Bakken is of Late Devonian—Early Mississippian
age and consists of the upper, middle, and lower members.
The Bakken play holds about 3.6 billion barrels of recoverable
oil, 1.85 trillion cubic feet of dissolved gas, and 148 million
barrels of natural gas liquids.”” The Upper and Lower Bakken
are dark marine shales with high organic content and are
referred to as the source and seal rock in the Bakken, while the
middle member is a middle fine-grained combination of clastic
and carbonates, calcareous or dolomitic siltstone, and sand-
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Table 1. Mineralogical Composition of the Samples (in wt %) before CO, Saturation for the Upper Bakken and for the Lower

Bakken Samples

CO, exposure days name quartz pyrite calcite
0 day UB-0 18.7 3.0 3.9
0 day LB-0 53.0 3.0 3.0

“Clay minerals: illite + kaolinite + chlorite.

dolomite clay minerals® others TOC% T C
0.0 50.5 23.9 13.3 449.0
9.0 19.0 13.0 14.4 448.0

stone known as the tight reservoir.’”! The middle member,
which is the reservoir, has a porosity between 1% and 15% and
a permeability of <0.1 millidarcies.”*** Furthermore, while all
three types of pores exist in the Bakken Formation, the upper
and lower members have dominant micropores, but mesopores
and macropores are the main contributors to the overall
porosity of the Bakken.'” Ultimately, the Bakken Formation
has natural fractures too which act at the secondary porosity in
the Middle Bakken.”’

2. METHODOLOGY

2.1. Sample Preparation. Samples from the upper and
lower members of the Bakken Formation (source rocks) were
retrieved from cores that are stored in the North Dakota
Geological Survey Core Library located at the University of
North Dakota. Samples were dried, crushed, and sieved with
<250 pm mesh for homogenization. A portion of the crushed
sample was used for laboratory analysis before CO, saturation,
and the rest was put in a Vinci hydrostatic core holder for
saturation and varying exposure times. The core holder was
connected to a high-pressure CO, cylinder, while the pressure
was monitored with a regulator on the cylinder to ensure
ScCO, conditions were maintained. The core holder was
tightly closed, leaving the valve open to bleed the CO, from
the connection pipes before shutoff. The CO, saturation was
set at a pressure of about 1020 psi (supercritical) and room
temperature. After 3 days of CO, saturation, the core holder
was opened to collect crushed samples for laboratory analysis.
This procedure was repeated for 8 days, 16 days, 30 days, and
60 days of saturation/exposure to CO, under similar pressure
and temperature conditions. A total of 12 samples were
prepared for geochemistry, mineralogical and pore structure
analyses at each stage and prior to the incubation process
(Tables 1—4).

Table 2. Mineralogical Composition of the Samples (in wt
%) after CO, Saturation for the Upper Bakken Sample

CO, exposure

days 0 day 3 days 8 days 16 days 30 days 60 days
name UB-0 UB-3 UB-8 UB-16 UB-30 UB-60
quartz 18.7 24.8 16.4 35.0 34.8 35.0
pyrite 3.0 4.0 16.0 2.8 S.3 2.5
calcite 3.9 6.0 22 49 3.3 6.8
dolomite 0.0 1.0 3.2 4.2 0.0 0.5
clay mineral” 50.5 26.1 43.0 18.2 7.4 12.6
others 23.9 38.1 19.2 34.9 49.2 42.6
CO, exposure

days 0 day 3 days 8 days 16 days 30 days 60 days
clay minerals ~ UB-0 UB-3 UB-§ UB-16 UB-30 UB-60
illite 355 241 35 10.6 2.4 9.1
kaolinite 15 0 0 6.6 4.4 2.5
chlorite 0 2 8 1 0.6 1

“Clay minerals breakdown for the UB samples.

Table 3. Mineralogical Composition of the Samples (in wt
%) after CO, Saturation for the Lower Bakken Sample

CO, exposure

days 0 day 3 days 8 days 16 days 30 days 60 days
name LB-0 LB-3 LB-8 LB-16 LB-30 LB-60
quartz 53.0 45.0 44.0 33.0 45.0 42.0
pytite 30 30 10 3.0 2.0 40
calcite 3.0 1.0 0.0 6.0 2.0 10.0
dolomite 9.0 3.0 33 9.0 4.0 5.0
clay mineral® 19.0 25.0 23.0 22.0 20.0 17.6
others 13.0 23.0 28.7 27.0 27.0 21.4
CO, exposure

days 0 day 3 days 8 days 16 days 30 days 60 days
clay minerals LB-0 LB-3 LB-8 LB-16 LB-30 LB-60
illite 10 19 19 14 15 15
kaolinite 9 3 4 1 0 26
chlorite 0 3 0 7 S 0

“Clay minerals breakdown for the LB samples.

Table 4. Pore Structure Information from Different
Methods from the UB and LB Shale at Different CO,
Exposure Times

surface area, m?/ g pore volume, 10 cm?/ g

sample # BET BJHAD BJHDE
UB-0 6.85 2.43 2.38
UB-3 9.31 1.99 1.87
UB-8 10.72 2.06 1.93
UB-16 12.86 2.35 221
UB-30 9.01 1.94 1.81
UB-60 3.71 0.78 1.00
LB-0 6.68 3.03 3.07
LB-3 5.57 232 2.30
LB-8 6.06 2.22 2.20
LB-16 6.69 1.29 1.57
LB-30 5.75 2.33 2.30
LB-60 4.55 1.92 191

2.2. Mineralogical Analysis and TOC. To evaluate
mineralogical components, the samples were crushed to a
size less than 0.125 mm using a 125 mesh size.” For the
mineralogical content analysis, a D8 advanced X-ray
diffractometer (XRD) was used with a scanning rate of 3°/
min in the range of 3—90°. A curve fitting method was used to
delineate major minerals (major peaks) that exist in the
spectrum. XRD was carried out to measure the changes of
mineral composition of the shale samples before and after
exposure to ScCO,. For the total organic carbon (TOC)
estimation, a Rock-Eval 6 pyrolysis instrument was used under
the Shale Play method, a trademark of Institut Francais du
Pétrole (IFP), where 30 mg of the sample was put into the
oven for the analysis. The steps are suggested by Behar et al.”*
to derive the geochemical parameters. The temperature
schedule for the Shale Play method was set as follows: the
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initial temperature was 100 °C, which at 25 °C/min was
increased to 200 °C and then kept constant for 3 min (for ShO
calculations). In the next stage, the temperature was increased
at 25 °C/min to 350 °C and held steady for 3 min, and finally,
the temperature was increased 25 °C/min to 650 °C. This
method resulted in the calculation of all geochemical
parameters along with the TOC of the samples: ShO, Shl,
and Sh2.”

2.3. Gas Adsorption. All samples with a particle size less
than 250 pm were degassed at 110 °C for a minimum of 8 h to
extract moisture and volatiles that might be present in the
sample. Low-pressure nitrogen (N,) adsorption was measured
at 77 K/—=196.15 °C on a Micromeritics Tristar II device. The
amount of gas adsorption was measured over a relative
adsorption pressure equilibrium (P/P,) ranging from 0.01 to
0.99, where P is the system gas vapor pressure and P, is the
nitrogen saturation pressure. > To obtain and interpret PSD
curves by the gas adsorption process, the molecular density
functional (DFT) and the Barret Joyner and Halenda (BJH)
model were adopted.ss’56 The specific surface area (SSA) was
estimated using the Brunauer—Emmett—Teller (BET) model
under relative pressure (P/P,) in the range of 0.05 to 0.30.°7
DFT can be used to describe the adsorption and phase
behavior of fluids confined in pore structures based on the
fundamental principles of statistical mechanics in describing
the molecular behavior of confined fluids in pore spaces. Thus,
DEFT can capture the essential characteristics of the pore spaces
filled with fluids and their manifested hysteresis compared to
other common techniques. This may contribute to a more
accurate evaluation of the curves of pore size distribution over
a full range of values (from micropores to mesopores).”***

2.4. Fractal Method. Fractal dimension is an important
tool for characterizingg the properties of complex structures in
quantitative terms.”” Various methods of acquiring pore
structure data, i.e., HMIP, SEM, small-angle X-ray diffraction
analysis, and isotherms for gas adsorption can be input into
fractal dimension analysis.*>°”°" Several models were
developed to measure the fractal dimension of porous media
based on the gas adsorption and desorption isotherms.*>**%°
Fractal dimensions determined by adsorption have proven to
be a useful and accurate petrophysical parameter for the
depiction and quantification of the pore structure and complex
surface of irregular porous solids.”> A fractal dimension is also
an intrinsic function of the surface itself, and the correct
measure of the fractal dimension can be calculated by using a
theoretical model to process the original data.”” The FHH
model is widely used in the calculation of the fractal dimension
and can be defined as

In(V/Vy) = X(In(In(P,/P))) + constant (1)

where V is the volume of the N, adsorbed gas at the
equilibrium pressure, cm?/ g; V, is the adsorption volume, cm?/
g X is the slope of the In(V) vs In[In(Py/P)]; P is the
equilibrium pressure, MPa; and P, is the saturation pressure,
MPa. One can measure the fractal dimension D from the
following equations:

D=X+3 ()
D=3X+3 (3)

In the 3X + 3 and X + 3 models, the former is applied in the
capillary condensation method, in which the hysteresis loops
begins to build, whereas the latter is applied in the van der

Waals force.*® In this work, eqs 1 and 2 were used to calculate
the fractal dimension of shale samples for all stages of CO,
saturation. Different values of the fractal dimension reflect
various characteristics of the pore structure of the shale
samples. Typically, the value of fractal dimension D ranges
from 2 to 3 and is highly influenced by surface geometrical
irregularities and roughness.”” The closer the D value

approaches 3, the more complex and irregular the surfaces
43,44,64
are.

3. RESULTS

3.1. Mineralogy. The kerogen type of the sample is
dominantly type II marine, and the TOC value was measured,
13.32 wt % for the UB-0 sample and 14.39 wt % for the LB-0
sample. Moreover, the T,,,, was measured, 449 and 448 °C for
the UB-0 and LB-0 samples, respectively, indicating that the
samples are in the oil window (mature stage of hydrocarbon
generation) .

Regarding the sample mineralogy, quartz, pyrite, calcite,
dolomite, clay minerals (illite, kaolinite, and chlorite), and
others (including biotite and muscovite) are predominant,
among which quartz is the most abundant in the LB-0 with 53
and 18.7 wt % in the UB-0 (Table 1). The total clay minerals
constitute around 50.5 and 19 wt % in the UB and LB sample,
respectively, where, illite is the most abundant clay mineral
(Tables 2 and 3). Carbonate minerals (calcite and dolomite)
are more abundant in the LB-0 sample (3.0 wt % of calcite and
9 wt % of dolomite) than in the UB-0 sample (3.9 wt % of
calcite).

Considering the XRD results for the UB and LB shale
samples (Tables 2 and 3), there was an obvious alteration in
the compositions of the samples after CO, saturation. The
alterations in shale mineral compositions may be related to the
complex chemical reaction between CO, and the minerals.
When carbon dioxide is injected into shale, it gets dissolved in
water and changes the acid—base equilibrium, which then
triggers the dissolution and precipitation of miner-
als.”*>3>%7%7 Carbon dioxide dissolves in water to form
bicarbonate through eq 4 and dissociates to carbonic acid.
Hydrolysis and carbonation reactions may occur in the
carbonate and clay minerals in the CO,—shale interaction.
However, according to the reaction equations 4—9, illite and
chlorite can be converted into quartz, which could be an
explanation to why quartz content (eqs 7 and 8) in the Upper
Bakken increased after CO, exposure and the clay content
decreased.

H,0 + CO, < H,CO; & H + HCO,~ (4)
CaCO; ey + 2H & Ca’* + CO, + H,0 (s)

CaMg(Coa)z(dolomite) +4H"

- Ca’* + Mg** + 2CO, + 2H,0 (6)

illite + 8H" < 0.6K" + 2.3AP" + 0.25Mg™ + 3.58i0,

+ SH,0 )

chlorite + 16H" < SFe** + 2.3AP* + 3Si0, + 12H,0
(8)
quartz + 4H" © Sit* + H,O 9)

https://dx.doi.org/10.1021/acs.energyfuels.0c03763
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Figure 1. Nitrogen gas adsorption isotherms linear plots of the UB samples before and after CO, saturation.
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Figure 2. Nitrogen gas adsorption isotherm linear plots of the LB samples before and after CO, saturation.

Table 2 summarizes

the mineralogical assemblages of the UB

sample after each time it was exposed to CO,. A comparison
between the minerals at each stage and prior to CO, saturation
reveals a clear alteration in mineralogy due to CO, exposure.

The carbonate minerals are calcite and dolomite, while the clay
minerals are illite, chlorite, and kaolinite. It is found that
carbonate minerals decreased to various degrees in the UB
samples whereas quartz showed an increasing trend. Before

https://dx.doi.org/10.1021/acs.energyfuels.0c03763
Energy Fuels XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03763?fig=fig2&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03763?ref=pdf

Energy & Fuels

pubs.acs.org/EF

(a)

(b)

0.0035 - 0.0050 r .
0.0030 | —#—UB-0 BJHAD, 1 —4—UB-3 BJHAD |
= i , ] 500040 H i
% 00025 I T-BIHDE | 5 1 —+—BJHDE i
I . : i
200020 | DF1 ' .;"'003" i DFT |
20,0015 I 1 20 '
= X H 200020 %‘ '
200010 1 3 " !
] -

® 0005 ! H 00010 1 I
T | .'..'.—""Q- .l : Tew Reima - :

00000 —rtbime— 1 R 0.0000 ——

1 Pore Diameter (nm) 10 100 1 Pore Diameter (nm) 10 100
(c) (d)

0.0060 | : 0.0070 ; .
00050 : —ae—UB-8 BJHAD: ’\00%0 : ~d—~UB-16 BIHAD :
= 1 —+—BJHDE 1 20.0050 | —+—BIHDE 1
£ 0.0040 i ) | B 1 . 1
5 1 DFT H 5 0.0040 1 DF1 H
Z0.0030 1 1 | 1
B \'lﬁ | 20,0030 i -
200020 . i 20.0020 I
z. 1 1 2 1 I

0.0010 ! 1 0.0010 1 -

[ I I 0 TS

0.0000 1 S 0.0000 . — SO Sutiber)).

1 Pore MEmdcf (nm) 100 1 Pore Diameter (nm) 10 100
(e) (f)

0.0045 - 0.0025 -

0.0040 : —+—UB-30 BIHAD | H ~#—UB-60 BJHAD |
200035 ' —e—BJHDE | 00020 : —s—BJHDE :
£0.0030 1 I E ! DFT
00025 ' DFT | 500015 | ! '

S 1
% L ]
00020 | Zooo10 i !
500015 5 1
= 0 ! > y 1
Z0.0010 ] ' = 0.0005 i H
0.0005 ] 0y, VOV 1 » phtRec e o - H
0.0000 1 O St - 0.0000 e 2 .
0 100 100

1 Pore Diameter (nm) 1

1 Pore Diameter (nm) 10

Figure 3. Comparison of the pore size distribution from different methods for the UB for the different stages of CO, saturation.

CO, saturation, quartz was 18.7 wt % and the exposure
resulted in a 24% increase after 3 days, a 33% decrease after 8
days, and a 53% increase after 16 days and remained the same
after 30 and 60 days of saturation/exposure from the
presaturation value (UB-0). Calcite was 3.9 wt % before
saturation, and the exposure caused a 35% increase after 3
days, a 63% decrease after 8 days, a 55% increase after 16 days,
a 32.7% decrease after 30 days, and a 51.5% increase after 60
days of CO, saturation, compared to the presaturation state.
Dolomite was not detected in the UB-0 sample; after 3 days,
CO, saturation dolomite was detected at 1 wt %, followed by a
68.8% increase after 8 days and a 23.8% increase after 16 days
of saturation. Dolomite was not detected after 30 days, and it
was at 0.5 wt % after 60 days of CO, saturation. The clay
minerals at the UB samples were quantified at 50.5 wt % before
CO, saturation, and their quantity showed a 48.3% decrease
after 3 days, a 39.3% increase after 8 days, a 57.7% decrease
after 16 days, a 59.3% decrease after 30 days, and a 41.3%
increase after 60 days. Collectively, it was observed that the
magnitude of changes in mineral assemblages was reduced
after 16 days of saturation regardless of the type of mineral.
The mineralogy of the LB sample also changed during the
CO, saturation (Table 3) compared to the initial condition
(LB-0). The clay minerals here are illite, chlorite, and kaolinite.
Calcite, dolomite, and quartz decreased and then increased to
various degrees in the LB sample at various stages, whereas
clay minerals increased and then decreased. The quartz
amount was 53 wt % before CO, saturation, which showed a
15% decrease after 3 days, a 2% decrease after 8 days, a 25%

decrease after 16 days, a 27% increase after 30 days, and a 6%
decrease after 60 days of saturation. Calcite was initially
measured at 3 wt % before CO, saturation, which resulted in a
67% decrease after 3 days of saturation. Calcite was not
detected after 8 days, and its quantity changed as follows: 6 wt
% after 16 days, followed by a 67% decrease after 30 days, and
an 80% increase after 60 days. Dolomite was initially measured
at 9 wt % before CO, saturation, which then resulted in a 67%
decrease after 3 days of saturation, a 9% increase after 8 days of
saturation, a 63% increase after 16 days of saturation, a 55%
decrease after 39 days of saturation, and a 20% increase after
60 days of saturation. The initial clay minerals’ weight
percentage was measured at 19%, which was followed by a
24% increase after 3 days, an 8% decrease after 8 days, a 4%
decrease after 16 days, a 9% decrease after 30 days, and 12%
decrease after 60 days. The breakdown of the clay minerals is
shown in Table 3. In general, the clay minerals expressed a
decreasing trend, while quartz showed an increasing trend
during CO, saturation in LB samples.

3.2. Gas Adsorption. The nitrogen adsorption isotherms
of 12 samples from both UB and LB samples are displayed in
Figures 1 and 2. All the adsorption isotherms displayed similar
morphological attributes. During the adsorption process, as the
relative pressure increased from 0, the adsorbed gas quantity
increased rapidly and then increased monotonically until it
reached the maximum relative pressure. Adsorption—desorp-
tion isotherm hysteresis loops were also observed in each
isotherm for both UB and LB samples before and after CO,
saturation, which were produced by capillary condensation in
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the mesopores of shale.”® Interestingly, a reflection point
known as the K point or cavitation is observed in each
desorption branch for all the shale samples. Cavitation is a
phenomenon in which raid changes of pressure in a liquid lead
to the formation of small vapor—filled cavities in places where
the pressure is relatively low.”’" The P/P, corresponding to
the K point in each desorption branch for all the shale samples
is measured to be around 0.5 relative pressure, as also reported
by other researchers.*>*” The rate of gas adsorption increases
when the relative pressure is larger than 0.8 until the relative
pressure is closer to 1. There is a hysteresis loop in the
adsorption—desorption isotherm at a P/P; of 0.4—0.99. Ata P/
P,y below 0.40, the adsorption curve is almost overlapped with
the desorption curve due to the tensile strength eftect. As P/P,
increases, the hysteresis loop occurs, which is either due to the
mesopore—macropore capillary condensation or the pore
network.

It is observed that the loops remain nearly horizontal and
parallel over a wide range of relative pressures (P/P,), which
corresponds to the pore sizes that are present in the
samples.””" The shape of the hysteresis loop can be used to
determine the morphology of the shale pore structure.””"”*
Furthermore, the adsorption isotherms in the samples belong
to type IV, and the shape of the pores in the UB and LB
samples are mainly narrow slit-like based on the ITUPAC
category of pore shapes. The adsorbed amount for the UB-0 at
the initial stage before CO, is 15.7 cm®/g STP, and after 3 days
of saturation the quantity absorbed decreased to 13.1 cm’/g
STP. Following the exposure time, the quantity of absorbed

gas for the 8, 16, 30, and 60 days of saturation was 13.6, 15.9,
12.9, and 11.9 cm?/g STP, respectively (Figure la—f). The
adsorbed amount for the LB samples also has a trend similar to
the UB samples where at the initial stage before CO, exposure
it was measured as 19.7 cm®/g STP. After 3 days of saturation,
the quantity of absorbed gas decreased to 15.0 cm®/g STP.
The quantity of absorbed gas for the 8, 16, 30, and 60 days was
measured to be 14.5, 14.9, 15.1, and 12.5 cm3/g STP,
respectively (Figure 2a—f). The adsorbed amount of nitrogen
in the CO, saturated samples is smaller than that before
saturation (UB-0 and LB-0). CO, saturation thus decreased
the nitrogen adsorption ability of UB and LB samples primarily
because the adsorption capacity is largely controlled by
mesopores. As CO, dissolves a portion of the pore space,
the number of mesopores decreases, as presented, and the
adsorption capacity is thus reduced. As seen in Figures 1 and 2,
there is only a slight shape difference in the hysteresis loops of
isotherms before and after CO, saturation for the UB and LB
samples. It can be concluded that the interaction of UB and LB
to CO, has a minor effect on the pore shape of the shale
samples in this study.

3.3. Pore Size Distribution (PSD). PSDs are calculated by
three different methods for all stages of CO, saturation for the
UB and LB samples. Results are presented in Figures 3 and 4.
The ordinate parameter dV/d log W is called the log
differential pore volume versus diameter.'” It is understood
that each of the BJHAD, BJHDE, and DFT models result in
different distribution curves for each sample at the same stage
of saturation, and they do not match perfectly. For the DFT
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Figure 6. Comparison of the pore volume for the (a) UB and (b) LB shale samples for the different stages of CO, saturation.

analysis, we chose the adsorption isotherm for the data input
and calculated the pore size distribution based on the carbon
surface calculation model. This is based on how each model
calculates the PSDs. On the basis of average pore size obtained
from adsorption isotherms, it is seen that the average pore
diameter of the samples varies from 7.6528 (UB-16) nm to
19.9608 nm (UB-10) and 13.8469 nm (LB-16) to 18.2654 nm
(LB-0) in the UB and LB samples, respectively, using the
BJHAD model, which falls within the range of mesopores
(pores with widths between 2 and 50 nm) based on IUPAC
classification of pore sizes.

3.4. Pore Structure Analysis. The main method that was
used extensively to quantify the pore structure details is the
density functional theory (DFT).”>” The pore structure of the
shale samples using the DFT from the isotherms was analyzed
and is presented in Figures 3 and 4. The surface area and pore
volume of the samples are summarized in Table 4. It is

important to note that the phase behavior of fluids in a
confined pore can be described using DFT.”® The PSD of the
UB samples before CO, saturation using the DFT model and
the mesopores (2—50 nm) suggest that the UB-0 exhibits a
multimodal characteristic with peaks at 3, 5, 9, and 35 nm.
After CO, saturation, samples UB-3, UB-30, and UB-60 exhibit
a trimodal characteristic with peaks around 3, 6, and 35 nm
while UB-8 and UB-16 expressed a bimodal characteristic with
peaks at 3 and 35 nm. All the samples from the UB consistently
display peaks at 3 and 35 nm. The PSD of the LB sample
before CO, saturation (LB-0) shows a bimodal characteristic
with peaks at 9 and 35 nm. Furthermore, LB-3, LB-8, LB-30,
and LB-60 samples also exhibit a bimodal characteristic with
peaks at 9 and 35 nm after CO, saturation, whereas sample LB-
16 has multimodal characteristics with peaks at 3, 5, 9, and 35
nm. All of the samples from the LB samples show peaks at 9
and 35 nm. The PSD trends that were recorded in this study
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Figure 7. Fractal analyses of the UB samples before and after saturation based on nitrogen gas desorption isotherms.

on the UB and LB samples through exposure have also been
observed and reported by other researchers.'*

3.5. The Surface Area. The surface area of pores surveyed
in the samples varies from 3.71 m*/g to 12.86 m?/g and 4.55
m2/g to 6.69 mz/g for the UB and LB shale samples,
respectively (Figure S). The surface area was determined using
the BET model for both the UB and LB shale samples. Before
CO, saturation, the surface area for the UB was 6.85 m?/ g
after 3 days of saturation, the surface area increased to 9.31
m?*/g and continued on the increasing trend with a peak at
12.86 m?/ g after 16 days of saturation. The surface area then
decreased to 9.01 and 3.71 m’/g after 30 and 60 days of
saturation, respectively. Before CO, saturation, the area for the
LB was 6.68 m*/g, while after 3 days of saturation the surface
area decreased to 5.57 m?/ g, started to increase after 8 days of
saturation, and continued to increase with a peak at 6.69 m?/ g
after 16 days of saturation. The surface area then decreased to
S5.75 and 4.55 mz/g after 30 and 60 days of saturation,
respectively. The pore surface area of the shale observed from
the UB sample is larger than the surface area of the LB samples
(Table 4).

3.6. The Pore Size and Pore Volume. The pore size and
the pore volume of the shale samples was determined from the
BJH adsorption (BJHAD) and the BJH desorption (BJHDE)
model.

Considering the pore volume of the UB sample, before CO,
saturation as Table 4, Figure 6a illustrate, it was quantified as
240 X 107> cm®/g. Furthermore, inspecting UB-3, the pore
volume decreased to 1.93 X 107> cm®/g and then increased to
1.99 x 1072 cm3/g for UB-8 and peaked at 2.28 X 1072 cm3/g
in the UB-16 sample. Finally, the peak of the pore volume in

UB-16 decreased to 1.87 X 107> cm®/g and 0.89 X 107 cm?/g
in UB-30 and UB-60 samples, respectively. The same analysis
and calculations on the LB samples denoted that the pore
volume of the LB sample before getting exposed to the CO,
was estimated as 3.05 X 1072 cms/g, as can be seen in Table 4
and Figure 6b. Following the exposure time series, the LB-3
sample’s pore volume decreased to 2.31 X 107> cm’/g and
then to 2.21 X 107 cm®/g and, finally, to 1.43 X 107> cm®/g in
the LB-8 and LB-16 samples. Ultimately, the pore volume
increased to 2.32 X 107> cm?®/g in the LB-30 sample and
decreased to 1.92 X 107> cm?/g after 60 days of exposure.

Unpredictability can emerge in hierarchical frameworks
contained both micro—mesopores that makes a more extensive
assortment in the observed hysteretic conduct. This unpredict-
ability is characteristic of the adsorbed liquid and encompass-
ing pore framework and can veil occurrences like the pore
blocking and cavitation coming from the desorption isotherm.
This will confuse matters from the perspective of character-
ization. In any case, if the hysteresis loop is deciphered
accurately, it can give a bunch of data about the pore network
morphology. In the case of cavitation, the pore size is clouded,
as the point of desorption is feebly related with the pore size.
Cavitation happens during the desorption cycle coming about
because of the unconstrained nucleation and development of
gas rises in the metastable liquid restricted in the pores. A
sustained metastable state of the concentrated fluid that is
overstretched by capillary pressure includes the mechanism
leading up to this spontaneous act. It is generally associated
with spherical pore systems linked by smaller necks as shown
in Figures 1 and 2.
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Figure 8. Fractal analyses of the LB samples before and after saturation based on nitrogen gas desorption isotherms.

Table S. Fractal Dimensions Determined by the FHH Model Based on Nitrogen Gas Desorption Isotherm for the UB and LB

Samples
P/Py: 0-0.5 P/Py: 0.5-1.0

sample # X, D, =3+ X, % D,=3+X, R*
UB-0 —0.4491 2.5509 0.9917 —0.3558 2.6442 0.9919
UB-3 —0.4155 2.5845 0.9905 —0.2225 2.7775 0.9954
UB-8 —0.4109 2.5891 0.9913 —0.1863 2.8137 0.9855
UB-16 —0.3886 2.6114 0.9902 —0.1902 2.8098 0.9936
UB-30 —0.381 2.619 0.9896 —0.2207 2.7793 0.9937
UB-60 —0.3905 2.6095 0.9798 —0.3555 2.6445 0.992
LB-0 —0.4481 2.5519 0.9867 —0.4568 2.5432 0.9832
LB-3 —0.4632 2.5368 0.9861 —0.3593 2.6407 0.9862
LB-8 —0.4416 2.5584 0.9859 —0.3569 2.6431 0.9926
LB-16 —0.3978 2.6022 0.9861 —0.2999 2.7001 0.9781
LB-30 —0.4342 2.5658 0.9869 —0.3829 26171 0.9953
LB-60 —0.4419 2.5581 0.9885 —0.4089 2.5911 0.9888

3.7. Fractal Dimensions from Gas Adsorption Experi-
ment. Fractal dimensions were determined on the basis of the
N, desorption isotherm data and FHH fractal model. Figures 7
and 8 display the plots of In(V) vs In(In(Py/P)) from the UB
and LB shale samples before and after CO, saturation. The
fractal dimension can be obtained from the slope of the fitting
curve. From linear segments at P/P,, the fractal dimension D,
was determined in the range 0—0.5, while D, was determined
from the linear segments at P/P; in the range of 0.5—1.0.
Fractal dimension values of all the UB and LB shale samples
before and after CO, saturation are listed in Table 5. The D,
and D, values for the UB samples are in the ranges of 2.5509—
2.619 (average, 2.5941) and 2.6442—2.8137 (average, 2.7448),

respectively. The D, and D, values for the LB samples are in
the range of 2.5599—2.6022 (average, 2.5622) and 2.5432—
2.7001 (average, 2.6226), respectively. The correlation
coefficients, R of the samples before and after CO, saturation
are larger than 0.9, suggesting that the UB and LB samples
have obvious strong fractal characteristics. In previous studies,
the significance of D, and D, was identified, in which D,
reflects the roughness of the shale surface, while D, is used to
quantitatively describe the irregularity and heterogeneity of the
pore structure.">”*

The fractal dimension increased as samples were saturated
with CO, with the peak fractal dimension at 8 days and 16
days and decreased at 30 days and 60 days for both the UB and
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LB samples. This suggests an increase in the roughness degree
of the shale geometrical surfaces and in the morphology of the
pore structure being transformed gradually from regular to
complex and back to homogeneity after 60 days of saturation.
Therefore, the samples developed a complex pore internal
structure and irregular and rough pore surfaces after CO,
saturation. In addition, the fractal dimension also increased
with increasing P/P,, suggesting that D, is larger than D, for
both UB and LB samples.

4. DISCUSSION

4.1. Chemistry Controls on Shale Pore Structure. The
relationships between the shale mineral composition, exposure
of the shale material to CO,, and how the changes affect the
pore structure of the material using N, gas adsorption are
discussed. The correlations between mineralogical composition
and TOC content on one hand and the length of CO,
saturation in days on the other hand were investigated.
Previous studies on the controlling factor of shale pore
structure have been performed, most of which indicate that
TOC and mineral com})osition are the key factors for PV and
SSA variations.”>***"** Previous studies suggest that organic
matter plays an active role in the development of pore systems
in shales. The correlation of PV and SSA with TOC is beyond
the scope of this study because TOC for this experiment was
only measured for UB-0 and LB-0. The variations in mineral
composition are attributed to the physicochemical activity of
the CO, with carbonates and clay minerals that are dissolved in
an acid and high-pressure environment. The clay mineral
content effects on pore structure are plotted in Figure 9. The
regression analysis performed on the UB (Figure 9a,b) and LB
shale samples showed that both the PV and SSA possess a
weak positive linear correlation as the number of CO,

saturation days increases, while the SSA versus clay mineral
content of the LB shale sample (Figure 9c, d) showed a weak
negative linear correlation as the number of CO, saturation
days increased. This result shows that clay minerals can
influence the development of shale pore structure, particularly
for the mesopore in this context, which is primarily based on
the contribution of illite to the development of the pores.*”
Clays and carbonates are common mineral components that
can get dissolved in the presence of weak acid conditions or by
CO, exposure. This dissolution of clay and carbonate minerals
increased pore spaces and improved the connectivity of the
pore structures, as has been also reported by other
researchers.'””*’® The UB shale sample has larger quantities
of clay minerals and carbonates compared to the LB one, while
the LB shale sample contains more quartz. This explains why
the LB sample has a larger pore volume and pore sizes as a
result of the exposure to CO, causing the dissolution of the
clay minerals and carbonates. Comparing the mineralogical
assemblages and resultant time of exposure with the gas
adsorption data analysis, the LB sample demonstrated a higher
frequency of various pore sizes, larger pore volumes, and larger
potential for the adsorption of the gas, as shown in Figures 1
and 2, than the UB sample. On the other hand, surface area
(Table 4) was estimated to be larger in the UB sample than in
the LB shale sample. Larger adsorption capacity in the LB
sample was to some extent related to the pore sizes, pore
volume, mineral composition, and TOC of the sample.”>*"**
Expectations from previous studies is that those samples with
larger TOCs should have a larger clay mineral content in the
shale samples, which is not the case in this study of the LB
shale sample having more TOC but less clay minerals.
Carbonate dissolution will increase the pore size of the shale
samples, so the dissolution of carbonate exhibits a positive
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relationship with the increase in pore volume and the overall
adsorption potential of the samples.

The larger pore size, pore volume, and quartz that were
recorded in the LB shale sample have resulted in a larger gas
adsorption quantity (Figure 10) before and even after CO,
saturation. It is also observed that the gas adsorption quantity
for both the UB (Figure 10a) and the LB (Figure 10b) samples
reached a value of about 12 cm3/g STP after UB-60 and LB-
60.

4.2. Correlation between Pore Structure Parameters
and Fractal Dimensions. The pore structure parameters and
fractal dimensions (both D; and D,) relationships were
investigated as well to provide a better insight into the
observed changes. The fractal dimensions (Figure 11) show a
variation of fractal dimension in shale for the UB and LB
samples before and after CO, saturation. It can be seen that
the D; and D, of the UB shale (Figure 11a) increased after
CO, saturation and the D, peak at UB-8 and the fractal
dimension decreased, while D, peaked at UB-30 and the fractal
dimension decreased. The D, of the LB shale sample decreased
after CO, saturation in LB-3 and increased for LB-8 and LB-
16, while the fractal dimension then decreased for LB-30 and
LB-60. Furthermore, D, displayed an increasing trend after
CO, saturation with the peak at LB-16 and the fractal
dimension decreased for LB-30 and LB-60 (Figure 11b). The

D, and D, behavior of the UB and LB indicated that the
roughness of the pore surface and the complexity of pore
structure in shale were increased after 8—16 days of CO,
saturation, and the complexity and roughness decreased after
30—60 days of CO, saturation, which was reported by other
researchers.”*

The increasing and decreasing trends of D; and D, of the
UB and LB shale after CO, saturation is mainly the result of
the combined effects of dissolution or precipitation and the
CO,-adsorption induced swelling, which correlates with the
variations in the pore structures,”>* 777
shown that D, has a positive correlation with specific surface
area and that D, has a negative correlation with the average
%% The dissolution of organic matter or clay
minerals in the shale after CO, saturation causes some of the
micropores to disappear and convert into meso- and
macropores, thereby increasing and decreasing specific surface
area and D;.*” On the basis of our results, it is important to
note that interpreting D, variations is somehow complicated
and requires further studies. On the basis of the following
figures, we were not able to draw a robust conclusion as to how
the D, is changing throughout the experiments.

As illustrated in Figure 12, the relationships between pore
structure parameters and fractal dimension (both D, and D,)
were investigated. The fractal dimension D, for UB shale

Previous studies have

pore size.
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samples has a negative correlation with the total PV (Figure
12a), suggesting that as shale is saturated with CO,, the fractal
dimension D; increases with decreasing pore volume. The
fractal dimension D, has a positive correlation with the PV
(Figure 12b), signifying that as the shale is saturated with CO,,
the fractal dimension D, decreases with the PV decreasing. The
fractal dimensions (both D, and D,) have a positive correlation
with the SSA (Figure 12c,d), suggesting that the fractal

dimensions increase with the SSA increasing. The result is
consistent with previous studies on marine shale.”” The fractal
dimensions (both D, and D,) have a negative correlation with
the average pore size (Figure 12e,f) meaning that the fractal
dimensions increase when the average pore size is decreased.
Figure 13 shows the relationship between pore structure
parameters and fractal dimension (both D; and D,). The
fractal dimensions (both D; and D,) for LB shale samples have
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a negative correlation with the total PV (Figure 13), inferring
that as shale is saturated with CO,, the fractal dimensions D,
and D, increase with decreasing pore volume. The fractal
dimensions (both D, and D,) have a positive relationship with
the SSA (Figure 13c,d). This shows that as the shale is
saturated with CO,, the fractal dimensions increase with the
SSA increasing. The fractal dimensions (both D, and D,) have
a negative connectivity with the average pore size (Figure
13e,f), which indicates that the fractal dimensions increase as
the average pore size is decreasing.

After CO, exposure, a significant decrease in the surface area
of shales will weaken the gas adsorption capacity as seen in the
UB samples, while the increase in larger pores can enhance the
pore connection and provide more flow conduit, which will
ultimately expect to promote the matrix permeability in the
shale formation, also observed in previous literature.'*
Although, the feasibility of storing CO, in shale with enhanced
hydrocarbon production has been proven by recent field
practices.” It is important to emphasize that, as research in this
area is expanding, there exist many fundamental issues
associated with this process. These issues result mainly from
the chemical and structural changes in shales, which might
affect the stability of the shale reservoir for long-term CO,
storage.

5. CONCLUSIONS

Samples retrieved from the Upper and Lower Bakken Shale
where exposed to CO, at different day intervals, to determine
the effect that super critical CO, storage has on the mineral
composition, pore structure, and pore connectivity of the shale.
In order to do so, XRD and gas adsorption tests were carried
out on the samples at the different saturation stages. On the
basis of the research, the following conclusions were made:

1. XRD analysis revealed similar minerals present in the UB
and LB samples with varying weight ratios, with quartz being
the highest mineral present followed by clay minerals. Clay and
quartz generally had an increasing trend related to the days of
CO, exposure more than other minerals in the samples. The
UB shale sample had larger quantities of clay minerals and
carbonates compared to the LB shale, while the LB shale
sample contained more quartz. Clay minerals can influence the
development of shale pore structure, particularly the micro-
pores and mesopores, which is primarily the result of the
contribution of illite to the development of the pores. The
presence of quartz seems to be playing a role in the pore size
structure of the shale samples. The larger the quartz content,
the smaller the pore size, as seen in sample UB-8.

2. The dissolution of organic matter or clay minerals in the
shale after CO, saturation causes some of the pores to
disappear or convert, thereby increasing and decreasing specific
surface area.

3. Pore surface area using the BET model showed an
increasing trend with a peak at after 16 days of CO, saturation
and then decreased for both the UB and LB samples. The pore
volume using the BJH adsorption and desorption model
(BJHAD and BJHDE) showed a decreasing trend as the
samples were saturated with CO, for both UB and LB samples.
Surface area is larger in the sample with the larger total organic
content.

4. The FHH model can be applied to determine the fractal
characteristics of UB and LB shale samples. The fractal
dimension increased as samples were saturated with CO, with
a peak fractal dimension at 8 days and 16 days and decreased

at 30 days and 60 days for both the UB and LB samples. This
suggests an increase in the roughness degree of the shale
geometrical surface and the morphology of the pore structure,
which is transformed gradually from regular to complex and
back to more homogeneous after 60 days of saturation.
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