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ABSTRACT:The interaction between various components g
shale and CQs interesting since it alters pore structures that a
the governing factor in érent projects. In this study, sampleg
from the Upper (UB) and Lower (LB) Bakken were exposed
super critical C&for 3, 8, 16, 30, and 60 days. Then, chemical £
structural changes during the process of exposure were evp
with di erent methods, including X-rayrdction (XRD), gas
adsorption (M) isotherm, and fractal theory. The results sho N
that quartz increased in the UB and decreased in the LB, whefeas . éxposure
clay and other minerals had a decreasing trend for both UB a :

after CQ saturation. After saturation, the pore size distribut
(PSDs) were skewed to smaller pore sizes at all dia
indicating that the number of pores decreased as a result ]. ! '
reaction. Fractal dimension has an increasing trend as the sasqle

were exposed to GQvhere the roughness of the pore surface and

the complexity of pore structure increased afi€ @ays of COsaturation and then decreased afteB@@ays of saturation to

become more homogeneous. Furthermore, clay mineral dissolution enhanced the pore volume, and carbonate dissolution incree
the specic surface area. These results provided experimental evidence to further test the mechanisms of geologigahstorage of CC
organic-rich self-sourced plays.

2 months of

1. INTRODUCTION ity of oer%ggnic rich shales are highly dependent on pore
structur and become even more sigant in enhanced
The importance of unconvennonal shale plays in stodayﬂI recovery (EOR) with ndfor carbon capture and

the past decade to various directions in petroleum engineeri Eque;tr%tionD (CCS) opzrag&%.(g)rganic-rich tsh:;\le, das
and geosciences. This is because of the complex nature of sﬂ € y buncan an wansorg a noe exture
rocks that is heterogeneous and anisotrophis complexity sedimentary rock containing about 5 to 65% by weight of

originates from the pore structure and the presence of variot trally occurring organic matter (kerogen). Organic-rich
constituent components (mineral matrix and organic matte ales consist of reduced carbon primarily and smaller amounts

in such lithology. Dérent sizes of pores exist in shale rock an f hydrogen, oxygen, nitrogen, and sulfur. The increase of the
are not distributed uniformly while ranging from nano to tfotal organic carbon (TOC) in shales can decrease the porosity

micrometer in sizeSuch pores can be isolated or connectecgecause of the occurrence of nonporous organ@?mrttbr
and can be found within the matrix or the organic matter. T ecomes a!tered W".[h |_ncreased thermal maturation. .

be more spedi, pores with a diameter greater than 50 nm are Considering the sigeiance of pore structure evaluations, a
classied asmacroporeand those between 2 and 50 nm areV/d€ range of methods have been used to analyze and
classied asmesoporteRores with a diameter not exceeding 2characterlze pore structures of shales, including gas adsorption
nm aramicroporexcording to the International Union of Pure
and Applied Chemistry (IUPAERNd all can be found in Received: November 8, 2020
shale sampl@sn this regard, total porosity, pore distribution, Revised: January 24, 2021
and spect 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 andd conductiv-
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methods;**? mercury intrusion porosimetry (M} shale were altered after exposure to Sc@ding that the

small angle neutron scattering (SANS), ultrasmall angtontent of clay and carbonates minerals in the shale decreased,
neutron scattering (USANS)and nuclear magnetic reso- the specic surface area of the shale decreased, and the average
nance (NMR)-° There are other direct observation methodspore size increased due to the extraction or dissoletioe

such as eld emission scanning electron microscopy (FECO, and CQ-adsorption induced swelling. Exposure of
SEM)}%+"18 atomic force microscopy(2 FMY° microfocus ~ mudrocks to supercritical €@ di erent temperatures and
X-ray computed tomography (u-Gf)? and transmission pressures also controls the dissolution quantity and can
electron microscopy (TEMj.Each of these methods has its increase it; Jiang et al. reported an increase in the speci
advantages and disadvantages and can provide spesurface area and porosity and that Se@Qld be capable of
information about the pore size distribution (PSD), porosityextracting organic matter in shale and dissolving primary pores
geometric, morphological details, and other quantitativend fractures of the Longmaxi FormafioBollectively,
measures of shale rock pore structufes.example, MIP, interaction of ScCQOand shale causes microscopic pore
instead of measuring the true pore size, determines the largasticture changes with the uance of temperature and
entrance of mercury into the pSt&E-SEM cannot provide pressuré®>3¢ Since a high adsorption preference of shale for
information about the micropores because of the limitations B0, is well proveR, *° Sorensen et kalculated the CO

tool resolution but can directly detect size and distribution dftorage capacity of the Bakken Formation ranging from 121
larger pore¥. A collection of gas adsorption techniques wouldnegatons (Mt) to 3.2 gigatons (Gt), concluding that a more
be necessary to obtain an entire spectrum of pore siaecurate estimation would require additional detailed in-
distribution (PSD), from the submicron to the macroscale. Ifiormation about the pore structures and subsequent changes
addition to understanding the porosity and PSD of the shakbdter the formation is exposed to,CO

rock quantitatively, another major parametectiag ow Considering the above, a proven tool to interpret pore
properties and storage capacity is the complexity of the pa®ucture data from any complex porous media is through
network® This becomes more important when the formation idractal theory. This theoryst suggested by Mandelbfdias

a target for COEOR or CCS since pore structure parameterslso been commonly used for the study and quatitn of
become altered during exposure to carbon dioxide. the complexity and heterogeneity of pore structdfés’?

CO, EOR and CCS are two types of operations that ar@he fractal dimension should be in the range®&2cording
becoming prominent in organic-rich shale formations, such ts fractal theory>** Given the increasing complexity and
the Bakken. In both of these processes, the rock gets expoketérogeneity of shale pores, fractal dimension generally
to CO,, and when the gas is injected into the shale layers,iiicreases. Fractal measurements can be estimated using the
dissolves and changes the dmade equilibrium that triggers appropriate model, based on experiments with gas adsorption,
the dissolution and precipitation of minérafsAs a result of ~ such as the Lagmuir model, Freridalsey Hill (FHH)
dissolution, ow channels can be formed in the rock, whichmodel, fractal BET model, and thermodynamic ni&ttdd.
will eventually alter the intrinsic permeability and porosity dResearch into fractal characteristics based on the FHH model
the rock. This can also induce changes in the microstructurasd N, adsorption experiment data is widely used to
of the material if the exposure time is long enough, presentiggantitatively describe the pore structure in$tiafe.
itself as changes in pore size and pore connectivity. UltimatelyThe Bakken and similar organic-rich shale plays are
this will cause retention capabilities of the rock matrix and theecoming the target for CCS and EOR simultaneously.
organic matter as well as its capability to condidg to Hence, this article attempts to study the changes that will
deteriorate or imprové.The phase state of Ghas a occur to the pore structures when the shale is exposed to
signi cant inuence on the CQ shale interaction as found in carbon dioxide for a long period of time. In this study,
the study of Pan et ‘dl.Supercritical CO(ScCQ) has a alterations to the pore structure of the Bakken Shale at various
greater inuence on the shale pore structure than subcriticalmes of exposure to ScC@re evaluated. Changes
CO, (SubCQ), and the change in the pore structure investigated include mineral dissolution and qcetittin of
parameter is also related to the shale s&h@he study  several pore structure parameters such as the PSD, porosity,
found that pores with diameters less than 100 nm werand surface area. This information would ultimately enable us
developed in a marine shale sample after exposureg,to C@® develop an appropriate injection strategy, estimate injection
which was interpreted to be due to the complex chemicglbtential, and quantify injection induced seismicity risks for a
reactions caused by C@aturation? Okamoto et & more successful sequestration and EOR process in the Bakken
suggested that supercritical ,QS8cCQ) has a stronger and similar formations.
solubility and can modify organic matter and dissolve more 1.1. Geology of the Research Area.The Bakken
minerals when injected at higher pressures to improve tl®rmation is a major unconventional petroleum play in the
porosity and permeability of the meditiGonsidering that ~ Williston Basin which spreads through North Dakota and
the common elements in shales are C, O, Mg, Al, Si, S, K, aMdntana in the United States and Saskatchewan in Canada
Ca)*%*! Caroll et af? reported that Cohas an eect onthe  and is the second largest shale play in the United States of
properties of shale, especially dissolution of siliceous aAdherica. The Bakken is of Late Devorttanly Mississippian
carbonate minerals. Calcite dissolution is more common age and consists of the upper, middle, and lower m&mbers.
carbonate-rich formations, which softens the pore contacts aflde Bakken play holds about 3.6 billion barrels of recoverable
then changes the pore geometry and, eventually, thoél, 1.85 trillion cubic feet of dissolved gas, and 148 million
microstructure of the material. Some studies have shown thutrrels of natural gas liquid$he Upper and Lower Bakken
dry CO, can dissolve the minerals in shale, such aare dark marine shales with high organic content and are
montmorillonite, kaolinite, and calcite, which further contribreferred to as the source and seal rock in the Bakken, while the
utes to changes in shale pore structiitesrin et af?® middle member is a middlee-grained combination of clastic
reported that the pore structure and mineral composition iand carbonates, calcareous or dolomitic siltstone, and sand-
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Table 1. Mineralogical Composition of the Samples (in wt %) before &uration for the Upper Bakken and for the Lower
Bakken Samples

CO, exposure days name quartz pyrite calcite dolomite clay tineralsthers TOC% TS
0 day UB-0 18.7 3.0 3.9 0.0 50.5 23.9 13.3 449.0
0 day LB-0 53.0 3.0 3.0 9.0 19.0 13.0 14.4 448.0

2Clay minerals: illite + kaolinite + chlorite.

stone known as the tight resert/tit.The middle member,  Table 3. Mineralogical Composition of the Samples (in wt
which is the reservoir, has a porosity between 1% and 15% &ofafter CQ Saturation for the Lower Bakken Sample
a permeability of <0.1 millidarci&s’ Furthermore, while all

three types of pores exist in the Bakken Formation, the upp ©©2 &xposure

. 3 days O0day 3days 8days 16 days 30 days 60 days
and lower members have dominant micropores, but mesopoica_ B0 LB2 LBE LB16 LB20 LB6O
and macropores are the main contributors to the overall

. & Ul X quartz 530 450 440 330 450 420
porosity of the Bakkeh.Ultimately, the Bakken Formation pyrite 3.0 3.0 10 3.0 20 40
hhas I\r}lgété:al ;rali:lité%?s too which act at the secondary porosity N cite 3.0 10 0.0 6.0 20 10.0
the Miadle Bakketr. dolomite 90 30 33 90 4.0 5.0
clay minerdl  19.0 250 230 220 20.0 17.6
2. METHODOLOGY others 13.0 230 287 270 27.0 21.4
2.1. Sample Preparation.Samples from the upper and Cozc?;‘}ﬁ’s?sure Odey 2days Bdays 16days 30days 60 days
lower members of the Bakken Formation (source rocks) we.. | neral B0 LB3 LB8 LBA6 LB30 LB.6O
retrieved from cores that are stored in the North Dakota ﬁ“et‘;' mineras o 1 10 1 1 e
Geological Survey Core Library located at the University of Kaolinite 9 3 4 1 0 26

North Dakota. Samples were dried, crushed, and sieved with" "
. . chlorite 0 3 0 7 5 0

<250 m mesh for homogenization. A portion of the crushedac _

sample was used for laboratory analysis befpsad@tion, lay minerals breakdown for the LB samples.

and the rest was put in a Vinci hydrostatic core holder f

saturation and varying exposure times. The core holder

connected to a high-pressure, €@inder, while the pressure

was monitored with a regulator on the cylinder to ensur

gble 4. Pore Structure Information from Birent
ethods from the UB and LB Shale at [@rent CQ
Exposure Times

ScCQ conditions were maintained. The core holder wa: surface area 2y pore volume, /g

tightly closed, leaving the valve open to bleed thér@® sample# BET BIHAD BIHDE
the connection pipes before shufthe CQ saturation was UB.0 6.85 243 238
set at a pressure of about 1020 psi (supercritical) and room UB-3 9'31 1'99 1'87
temperature. After 3 days of Cturation, the core holder UB-8 10.72 5 06 1903
was opened to collect crushed samples for laboratory analysis. B-16 12'86 2'35 2'21
This procedure was repeated for 8 days, 16 days, 30 days, an B-30 9'01 1'94 1'81
60 days of saturation/exposure to, @ader similar pressure UB-60 371 0.78 1.00

and temperature conditions. A total of 12 samples were ., 6.68 303 3.07
prepared for geochemistry, mineralogical and pore structure | -

. ° : 5.57 2.32 2.30
analyses at each stage and prior to the incubation process g g 6.06 292 220
(Tables 14). LB-16 6.69 1.29 1.57
LB-30 5.75 2.33 2.30
Table 2. Mineralogical Composition of the Samples (in wt LB-60 455 1.92 1.91
%) after CQ Saturation for the Upper Bakken Sample
CO, exposure . . .
days 0day 3days 8days 16days 30days 60days 2.2. Mineralogical Analysis and TOC.To evaluate
name UB-0 UB-3 UB-8 UB-16 UB-30 UB-so Mineralogical components, the samples were crushed to a
quartz 187 248 164 350 348 350 Size less than 0.125 mm using a 125 mesh Rizethe
pyrite 30 40 16.0 28 53 o5 Mmineralogical content analysis, a D8 advanced X-ray
calcite 39 60 22 4.9 33 6.8 di ractometer (XRD) was used with a scanning rat¥ of 3
dolomite 00 10 32 4.2 0.0 o5 Mininthe range of 3C. A curve tting method was used to
clay minerdl 505 261 430 182 74 12 delineate major minerals (major peaks) that exist in the
others 239 381 192 349 492 a2¢ Spectrum. XRD was carried out to measure the changes of
CO, exposure mineral composition of the shale samples before and after
days Oday 3days 8days 16days 30days 60 dayexposure to ScGOFor the total organic carbon (TOC)
clay minerals UB-0 UB-3 UB-8 UB-16 UB-30 UB-60 €stimation, a Rock-Eval 6 pyrolysis instrument was used under
illite 355 241 35 10.6 2.4 9.1 the Shale Play method, a trademark of Institutdisathe
kaolinite 15 0 0 6.6 4.4 25 Perole (IFP), where 30 mg of the sample was put into the
chlorite 0 2 8 1 0.6 1 oven for the analysis. The steps are suggested by Befiar et al.
to derive the geochemical parameters. The temperature
2Clay minerals breakdown for the UB samples. schedule for the Shale Play method was set as follows: the
C https://dx.doi.org/10.1021/acs.energyfuels.0c03763
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initial temperature was 10GQ, which at 25°C/min was Waals forc& In this workeqgs land2 were used to calculate

increased to 20@ and then kept constant for 3 min (for ShO the fractal dimension of shale samples for all stages of CO

calculations). In the next stage, the temperature was increasaturation. Dirent values of the fractal dimensiorate

at 25°C/min to 350°C and held steady for 3 min, amelly, various characteristics of the pore structure of the shale

the temperature was increased@mnin to 650°C. This samples. Typically, the value of fractal dimeBsiamges

method resulted in the calculation of all geochemicdtom 2 to 3 and is highly inenced by surface geometrical

parameters along with the TOC of the samples: Sh0, Shitregularities and roughn&$sThe closer theD value

and ShZ. approaches 3, the more complex and irregular the surfaces
2.3. Gas Adsorption.All samples with a particle size lessare?*4%*

than 250 m were degassed at 200for a minimum of 8 h to

extract moisture and volatiles that might be present in th&. RESULTS

sample. Low-pressure nitrogep) @disorption was measured 3 1. Mineralogy. The kerogen type of the sample is

at 77 K/ 196.15C on a Micromeritics Tristar Il device. The dominantly type Il marine, and the TOC value was measured,
amount of gas adsorption was measured over a relatiyg 32 wt % for the UB-0 sample and 14.39 wt % for the LB-0
adsorption pressure equilibriumR,) ranging from Q.Ol to sample. Moreover, tiig,, was measured, 449 and #@8or

0.99, wher® is the system gas vapor pressurd@idthe  the UB-0 and LB-0 samples, respectively, indicating that the
nitrogen saturation presstitdo obtain and interpret PSD  samples are in the oil window (mature stage of hydrocarbon
curves by the gas adsorption process, the molecular den@'@)ﬁeration).

functional (DFT) and 6the Barret Joyner and Halenda (BJH) Regarding the sample mineralogy, quartz, pyrite, calcite,
model were adoptét:® The specic surface area (SSA) was dolomite, clay minerals (illite, kaolinite, and chlorite), and
estimated using the Brunademmett Teller (BET) model  qgthers (including biotite and muscovite) are predominant,
under relative pressuf By) in the range of 0.05 to 0.30.  among which quartz is the most abundant in the LB-0 with 53
DFT can be used to describe the adsorption and phaggd 18.7 wt % in the UB-Udble ). The total clay minerals
behavior of uids conned in pore structures based on the gnstitute around 50.5 and 19 wt % in the UB and LB sample,
fundamental principles of statistical mechanics in describiF&pectively, where, illite is the most abundant clay mineral
the molecular behavior of coed uids in pore spaces. Thus, (Taples 2and3). Carbonate minerals (calcite and dolomite)
DFT can capture the essential characteristics of the pore spageSmore abundant in the LB-0 sample (3.0 wt % of calcite and

lled with uids and their manifested hysteresis compared t9 wt % of dolomite) than in the UB-0 sample (3.9 wt % of
other common techniques. This may contribute to a morggy|cite).

accurate evaluation of the curves of pore size distribution oveggonsidering the XRD results for the UB and LB shale

a full range of values (from micropores to mesopdi€s).  samplesTables 2and3), there was an obvious alteration in
2.4. Fractal Method. Fractal dimension is an important pe compositions of the samples aftes €@uration. The
tool for characterizing the properties of complex structures Hkerations in shale mineral compositions may be related to the
quantitative termiS. Various methods of acquiring pore complex chemical reaction between & the minerals.
structure data, i.e., HMIP, SEM, small-angle X-ragtifin  \yhen carbon dioxide is injected into shale, it gets dissolved in
analysis, and isotherms for gas adsorption can be input if{Rter and changes the atidse equilibrium, which then
fractal dimension analy§i§?°" Several models were triggers the dissolution and precipitation of miner-
developed to measure the fractal dimension of porous megjgl?53265 67 carhon dioxide dissolves in water to form
based on the gas adsorption and desorption isotfig#ifis.  picarbonate throughg 4 and dissociates to carbonic acid.
Fractal dimensions determined by adsprpt|on have proven IIR/dronsis and carbonation reactions may occur in the
be a useful and accurate petrophysical parameter for t&ponate and clay minerals in the, GDale interaction.
depiction and quantation of the pore structure and complex powever, according to the reactigiations 49, illite and
surface of irregular porous sdfids fractal dimension is also  chjorite can be converted into quartz, which could be an
an intrinsic function of the surface itself, and the correxplanation to why quartz conterds 7ands) in the Upper
measure of the fractal dimension can be calculated by usinggken increased after L£exposure and the clay content

theoretical model to process the original®dafae FHH  ecreased.

model is widely used in the calculation of the fractal dimension N

and can be deed as H,O+ CO, H,LCO;, #H HCOZ (4)
In(V/\) = An(In( B)P -eonstant Q) CaCQ(caIcite)-" oH oy (o15) HO (®)

where V is the volume of the ;Nadsorbed gas at the

equilibrium pressure, ¥y V, is the adsorption volume,¥m CaMg(CQ dolomite) * 4H

g; X is the slope of the M| vs In[In(Py/P)]; P is the .

equilibrium pressure, MPa; djds the saturation pressure, ca% Mg 2Ce  2HO (6)

MPa. One can measure the fractal dimemsifnom the

following equations: ilite + 8H* 0.6 238  0.25Mg 3.55i0
D= X+ 3 () + 5H,0 (7)
D= 3X+ 3 (3) chlorite+ 16H  5F%  2.3M 380  1zM

In the X + 3 andX + 3 models, the former is applied in the 8

capillary condensation method, in which the hysteresis loops &

begins to build, whereas the latter is applied in the van der duarz+ 4H F BO ©)

D 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 ang sstara@ian.
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Figure 2.Nitrogen gas adsorption isotherm linear plots of the LB samples before and séieirazion.

Table 2summarizes the mineralogical assemblages of the UBe carbonate minerals are calcite and dolomite, while the clay
minerals are illite, chlorite, and kaolinite. It is found that

sample after each time it was exposed o ACEmparison

between the minerals at each stage and prior, tse@@ation
reveals a clear alteration in mineralogy due t@exposure.

carbonate minerals decreased to various degrees in the UB
samples whereas quartz showed an increasing trend. Before
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Figure 3.Comparison of the pore size distribution frorerdint methods for the UB for theatient stages of G@aturation.

CO, saturation, quartz was 18.7 wt % and the exposudecrease after 16 days, a 27% increase after 30 days, and a 6%
resulted in a 24% increase after 3 days, a 33% decrease aftlrcBease after 60 days of saturation. Calcite was initially
days, and a 53% increase after 16 days and remained the samsasured at 3 wt % before,G@&turation, which resulted in a
after 30 and 60 days of saturation/exposure from thé7% decrease after 3 days of saturation. Calcite was not
presaturation value (UB-0). Calcite was 3.9 wt % befordetected after 8 days, and its quantity changed as follows: 6 wt
saturation, and the exposure caused a 35% increase aftéb after 16 days, followed by a 67% decrease after 30 days, and
days, a 63% decrease after 8 days, a 55% increase after 16 alap8% increase after 60 days. Dolomite was initially measured
a 32.7% decrease after 30 days, and a 51.5% increase aftat 60wt % before C3aturation, which then resulted in a 67%
days of CQsaturation, compared to the presaturation statedecrease after 3 days of saturation, a 9% increase after 8 days of
Dolomite was not detected in the UB-0 sample; after 3 daysaturation, a 63% increase after 16 days of saturation, a 55%
CO, saturation dolomite was detected at 1 wt %, followed by@ecrease after 39 days of saturation, and a 20% increase after
68.8% increase after 8 days and a 23.8% increase after 16 @8yslays of saturation. The initial clay minevedsght
of saturation. Dolomite was not detected after 30 days, andpiércentage was measured at 19%, which was followed by a
was at 0.5 wt % after 60 days of, Gaturation. The clay 24% increase after 3 days, an 8% decrease after 8 days, a 4%
minerals at the UB samples were queahét 50.5 wt % before decrease after 16 days, a 9% decrease after 30 days, and 12%
CO, saturation, and their quantity showed a 48.3% decreadecrease after 60 days. The breakdown of the clay minerals is
after 3 days, a 39.3% increase after 8 days, a 57.7% decrgla®@n inTable 3 In general, the clay minerals expressed a
after 16 days, a 59.3% decrease after 30 days, and a 41dagteasing trend, while quartz showed an increasing trend
increase after 60 days. Collectively, it was observed that theing CQ saturation in LB samples.
magnitude of changes in mineral assemblages was reduce®l2. Gas Adsorption.The nitrogen adsorption isotherms
after 16 days of saturation regardless of the type of minerabf 12 samples from both UB and LB samples are displayed in
The mineralogy of the LB sample also changed during thégures land2. All the adsorption isotherms displayed similar
CO, saturation Table 3 compared to the initial condition morphological attributes. During the adsorption process, as the
(LB-0). The clay minerals here are illite, chlorite, and kaoliniteelative pressure increased from 0, the adsorbed gas quantity
Calcite, dolomite, and quartz decreased and then increasedricreased rapidly and then increased monotonically until it
various degrees in the LB sample at various stages, whereashed the maximum relative pressure. Adsorf#smip-
clay minerals increased and then decreased. The quaitm isotherm hysteresis loops were also observed in each
amount was 53 wt % before Laturation, which showed a isotherm for both UB and LB samples before and after CO
15% decrease after 3 days, a 2% decrease after 8 days, as2bi¥ation, which were produced by capillary condensation in
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Figure 4.Comparison of the pore size distribution frorerdint methods for the LB for theatient stages of G®aturation.

the mesopores of sh#lelnterestingly, a rection point gas for the 8, 16, 30, and 60 days of saturation was 13.6, 15.9,
known as theK point or cavitation is observed in each 12.9, and 11.9 éfg STP, respectivelfFigure & f). The
desorption branch for all the shale samples. Cavitation isadsorbed amount for the LB samples also has a trend similar to
phenomenon in which raid changes of pressure in a liquid letiee UB samples where at the initial stage befgrexp@sure
to the formation of small vapotled cavities in places where it was measured as 19.7/gr8TP. After 3 days of saturation,
the pressure is relatively f6W. The P/ P, corresponding to  the quantity of absorbed gas decreased to 13D STP.
theK point in each desorption branch for all the shale sampld$e quantity of absorbed gas for the 8, 16, 30, and 60 days was
is measured to be around 0.5 relative pressure, as also repomedsured to be 14.5, 14.9, 15.1, and 124 &P,
by other researchérS? The rate of gas adsorption increasesrespectivelyHigure a f). The adsorbed amount of nitrogen
when the relative pressure is larger than 0.8 until the relative the CQ saturated samples is smaller than that before
pressure is closer to 1. There is a hysteresis loop in tisaturation (UB-O and LB-0). ¢®aturation thus decreased
adsorptiondesorption isotherm aPAP, of 0.4 0.99. At &/ the nitrogen adsorption ability of UB and LB samples primarily
P, below 0.40, the adsorption curve is almost overlapped witlecause the adsorption capacity is largely controlled by
the desorption curve due to the tensile strength.eAs?/ P, mesopores. As GQ@lissolves a portion of the pore space,
increases, the hysteresis loop occurs, which is either due totiie number of mesopores decreases, as presented, and the
mesoporemacropore capillary condensation or the poreadsorption capacity is thus reduced. As sEgjuies And2,
network. there is only a slight shapeedénce in the hysteresis loops of

It is observed that the loops remain nearly horizontal andotherms before and after &aturation for the UB and LB
parallel over a wide range of relative pres§Ufy (vhich samples. It can be concluded that the interaction of UB and LB
corresponds to the pore sizes that are present in thte CO, has a minor ect on the pore shape of the shale
sample$’! The shape of the hysteresis loop can be used tsamples in this study.
determine the morphology of the shale pore striiétire. 3.3. Pore Size Distribution (PSD)PSDs are calculated by
Furthermore, the adsorption isotherms in the samples belotigee dierent methods for all stages of, G&uration for the
to type IV, and the shape of the pores in the UB and LRJB and LB samples. Results are preserftéglies and4.
samples are mainly narrow slit-like based on the IUPAThe ordinate parameteV/d log W is called the log
category of pore shapes. The adsorbed amount for the UB-Cdaterential pore volume versus diantétéris understood
the initial stage before €i® 15.7 criig STP, and after 3 days that each of the BJHAD, BJHDE, and DFT models result in
of saturation the quantity absorbed decreased to £Ry1 cmdi erent distribution curves for each sample at the same stage
STP. Following the exposure time, the quantity of absorbed saturation, and they do not match perfectly. For the DFT
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analysis, we chose the adsorption isotherm for the data inpoiportant to note that the phase behavior uddis in a
and calculated the pore size distribution based on the carboon ned pore can be described using BFhe PSD of the
surface calculation model. This is based on how each modl# samples before g8aturation using the DFT model and
calculates the PSDs. On the basis of average pore size obtathedmesopores (50 nm) suggest that the UB-0 exhibits a
from adsorption isotherms, it is seen that the average pamaltimodal characteristic with peaks at 3, 5, 9, and 35 nm.
diameter of the samples varies from 7.6528 (UB-16) nm tAfter CQ saturation, samples UB-3, UB-30, and UB-60 exhibit
19.9608 nm (UB-10) and 13.8469 nm (LB-16) to 18.2654 nma trimodal characteristic with peaks around 3, 6, and 35 nm
(LB-0) in the UB and LB samples, respectively, using thehile UB-8 and UB-16 expressed a bimodal characteristic with
BJHAD model, which falls within the range of mesoporegseaks at 3 and 35 nm. All the samples from the UB consistently
(pores with widths between 2 and 50 nm) based on IUPAGisplay peaks at 3 and 35 nm. The PSD of the LB sample
classication of pore sizes. before CQ saturation (LB-0) shows a bimodal characteristic
3.4. Pore Structure AnalysisThe main method that was with peaks at 9 and 35 nm. Furthermore, LB-3, LB-8, LB-30,
used extensively to quantify the pore structure details is thed LB-60 samples also exhibit a bimodal characteristic with
density functional theory (DFT).The pore structure of the peaks at 9 and 35 nm after 3@turation, whereas sample LB-
shale samples using the DFT from the isotherms was analydédhas multimodal characteristics with peaks at 3, 5, 9, and 35
and is presented igures &nd4. The surface area and pore nm. All of the samples from the LB samples show peaks at 9
volume of the samples are summarizetiaile 4 It is 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 bd¢B-16 decreased to 1:870 2 cn/g and 0.8% 10 2 cnlg
observed and reported by other researéhers. in UB-30 and UB-60 samples, respectively. The same analysis
3.5. The Surface AreaThe surface area of pores surveyedand calculations on the LB samples denoted that the pore
in the samples varies from 3.7/grto 12.86 Mg and 4.55  volume of the LB sample before getting exposed to the CO
n?/g to 6.69 ni/g for the UB and LB shale samples, was estimated as 3:030 2 cn/g, as can be seenfable 4
respectivelyHgure ). The surface area was determined usingand Figure 6. Following the exposure time series, the LB-3
the BET model for both the UB and LB shale Samples. BEfogﬁmp|B pore volume decreased to %310 2 Crn?'/g and
CO, saturation, the surface area for the UB was G@5 m then to 2.2 10 2cnf/g and, nally, to 1.4% 10 2cnv/g in
after 3 days of saturation, the surface area increased to %434 | B-8 and LB-16 samples. Ultimately, the pore volume
m?/g and continued on the increasing trend with a peak 8hcreased to 2.32 10 2 cnflg in the LB-30 sample and
12.86 g after 16 days of saturation. The surface area thefecreased to 1.9210 2 cnlg after 60 days of exposure.
decreased to 9.01 and 3.73gnafter 30 and 60 days of phredictability can emerge in hierarchical frameworks

saturation, respectively. Beforg €uration, the area for the .. o:0 o4 hoth micranesonores that makes a more extensive
LB was 6.68 ffy, while after 3 days of saturation the surface P

area decreased to 5. Zlamstarted o increase after 8 davs of assortment in the observed hysteretic conduct. This unpredict-
X -Jrgrstar Incre y ability is characteristic of the adsorbed liquid and encompass-
saturation, and continued to increase with a peak at’869 m

after 16 days of saturation. The surface area then decrease] |§%Ei?1re :af;?jrizv\\//ict)ggioingofna}g Vf?(')ln?(iﬁ:rgzr;%?stigﬁei;gﬁ]g%e
5.75 and 4.55 #y after 30 and 60 days of saturation, 9 9 P '

respectively. The pore surface area of the shale observed f;UH? will confuse matters from the perspective of character-

the UB sample is larger than the surface area of the LB sam fon. In any case, if the hysteresis loop is deciphered
(Table 3. accurately, it can give a bunch of data about the pore network

3.6. The Pore Size and Pore VolumeThe pore size and morphology. In the case of cavitation, the pore size is clouded,
the pore volume of the shale samples was determined from fifethe point of desorption is feebly related with the pore size.
BJH adsorption (BJHAD) and the BJH desorption (BJHDE)Cavitation happens during the desorption cycle coming about
model. because of the unconstrained nucleation and development of

Considering the pore volume of the UB sample, befgre C(@as rises in the metastable liquid restricted in the pores. A
saturation a$able 4 Figure @ illustrate, it was quartil as  Sustained metastable state of the concentraiédhat is
2.40x 10 2 cn?/g. Furthermore, inspecting UB-3, the pore overstretched by capillary pressure includes the mechanism
volume decreased to 12930 ? cnv/g and then increased to  leading up to this spontaneous act. It is generally associated
1.99x 10 2 cnv/g for UB-8 and peaked at 2280 2 cnt/g with spherical pore systems linked by smaller necks as shown
in the UB-16 sample. Finally, the peak of the pore volume in Figures Jand2.
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Figure 8.Fractal analyses of the LB samples before and after saturation based on nitrogen gas desorption isotherms.

Table 5. 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
samplet X1 D;=3+X; R Xo 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 2.6171 0.9953
LB-60 0.4419 2.5581 0.9885 0.4089 25911 0.9888

3.7. Fractal Dimensions from Gas Adsorption Experi- respectively. THa, andD, values for the LB samples are in

ment. Fractal dimensions were determined on the basis of thbe range of 2.5599.6022 (average, 2.5622) and 2.5432

N, desorption isotherm data and FHH fractal mbdelres 7 2.7001 (average, 2.6226),pessively. The correlation

and8 display the plots of M) vs In(In(Py P)) from the UB coe cientsR?, of the samples before and aftey €@uration

and LB shale samples before and aftgrs@@ration. The are larger than 0.9, suggesting that the UB and LB samples
fractal dimension can be obtained from the slope dfitige have obvious strong fractal characteristics. In previous studies,

curve. From linear segmentB/&, the fractal dimensidy the signicance ofD; and D, was identied, in whichD,

was determined in the ranged(b, whileD, was determined re ects the roughness of the shale surface Dyfslesed to

from the linear segments Rif?, in the range of 0.3.0. guantitatively describe the irregularity and heterogeneity of the
Fractal dimension values of all the UB and LB shale sampfmsre structur&’*

before and after GQaturation are listed frable 5 The D, The fractal dimension increased as samples were saturated

andD, values for the UB samples are in the ranges of 2.550%ith CO, with the peak fractal dimension at 8 days and 16
2.619 (average, 2.5941) and 2.624137 (average, 2.7448), days and decreased at 30 days and 60 days for both the UB and
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Figure 9.Interrelationship between the pore structure parameters of UB and LB shale samples before, satLafttoCCa) Pore volume of
UB shale versus clay mineral content. (b) $pmoiface area of UB shale versus clay mineral content. (c) Pore volume of LB shale versus clay. (d)
Specic surface area of LB shale versus clay mineral content.

LB samples. This suggests an increase in the roughness deggtigation days increases, while the SSA versus clay mineral
of the shale geometrical surfaces and in the morphology of ttentent of the LB shale samgtey(re 8, d) showed a weak

pore structure being transformed gradually from regular teegative linear correlation as the number of Safdration
complex and back to homogeneity after 60 days of saturati@lays increased. This result shows that clay minerals can
Therefore, the samples developed a complex pore interm@luence the development of shale pore structure, particularly
structure and irregular and rough pore surfaces affer C@br the mesopore in this context, which is primarily based on
saturation. In addition, the fractal dimension also increasege contribution of illite to the development of the fres.

with increasin@/ P, suggesting tha, is larger thal, for Clays and carbonates are common mineral components that
both UB and LB samples. can get dissolved in the presence of weak acid conditions or by

CO, exposure. This dissolution of clay and carbonate minerals
4. DISCUSSION increased pore spaces and improved the connectivity of the

pore structures, as has been also reported by other

4.1. Chemistry Controls on Shale Pore StructureThe earcheld’5’6 The UB shale sample has larger quantities

relationships between the shale mineral composition, expos ) )
of the shale material to G@nd how the changeseet the of clay minerals and carbonates compared to the LB one, while

pore structure of the material usinggds adsorption are the LB shale sample contains more quartz. This expl:;uns why
discussed. The correlations between mineralogical compositBf LB Sample has a larger pore volume and pore sizes as a
and TOC content on one hand and the length of CO result qf the exposure to £€€ausing the (_Jllssolutlon_ of the _
saturation in days on the other hand were investigate@l2y minerals and carbonates. Comparing the mineralogical
Previous studies on the controlling factor of shale por@SSemblages and resultant time of exposure with the gas
structure have been performed, most of which indicate th@gisorption data analysis, the LB sample demonstrated a higher
TOC and mineral composition are the key factors for PV aniiéquency of various pore sizes, larger pore volumes, and larger
SSA variatioris>**%2 Previous studies suggest that organig’otential for the adsorption of the gas, as shokigures 1

matter plays an active role in the development of pore systef¥f 2, than the UB sample. On the other hand, surface area
in shales. The correlation of PV and SSA with TOC is beyorld able 4 was estimated to be larger in the UB sample than in
the scope of this study because TOC for this experiment wie LB shale sample. Larger adsorption capacity in the LB
only measured for UB-0 and LB-0. The variations in minerggmple was to some extent related to the pore sizes, pore
composition are attributed to the physicochemical activity aolume, mineral composition, and TOC of the safpfe.

the CQ, with carbonates and clay minerals that are dissolved Expectations from previous studies is that those samples with
an acid and high-pressure environment. The clay minefarger TOCs should have a larger clay mineral content in the
content eects on pore structure are plottedrigure 9 The shale samples, which is not the case in this study of the LB
regression analysis performed on theFigBie @,b) and LB shale sample having more TOC but less clay minerals.
shale samples showed that both the PV and SSA possessagbonate dissolution will increase the pore size of the shale
weak positive linear celation as the number of €O samples, so the dissolution of carbonate exhibits a positive
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Figure 10.Relationship between the quantity of gas adsorbed versus the lengéxpb€&i@e in days.

Figure 11 Variation of fractal dimension of shale samples before and aftatu€dion from Ngas adsorption: (a) UB samples and (b) LB
samples.

relationship with the increase in pore volume and the over&l, and D, behavior of the UB and LB indicated that the
adsorption potential of the samples. roughness of the pore surface and the complexity of pore
The larger pore size, pore volume, and quartz that westructure in shale were increased afté6 &lays of CO
recorded in the LB shale sample have resulted in a larger gaturation, and the complexity and roughness decreased after
adsorption quantityF{gure 1D before and even after O 30 60 days of COsaturation, which was reported by other
saturation. It is also observed that the gas adsorption quantigsearchers.
for both the UBFigure 18) and the LBKigure 1B) samples The increasing and decreasing tren@y ahd D, of the
reached a value of about 12/gr8TP after UB-60 and LB- UB and LB shale after G@aturation is mainly the result of
60. the combined ects of dissolution or precipitation and the
4.2. Correlation between Pore Structure Parameters CO,-adsorption induced swelling, which correlates with the
and Fractal Dimensions.The pore structure parameters and variations in the pore structute$:”*’® Previous studies have
fractal dimensions (bot®; and D,) relationships were shown thaD,; has a positive correlation with sgesurface
investigated as well to provide a better insight into tharea and thdD, has a negative correlation with the average
observed changes. The fractal dimengiams¢ 1lshow a  pore sizé™* The dissolution of organic matter or clay
variation of fractal dimension in shale for the UB and LBninerals in the shale after {turation causes some of the
samples before and after,G@aturation. It can be seen that micropores to disappear and convert into meso- and
the D, and D, of the UB shaleFjgure 1&) increased after macropores, thereby increasing and decreasing speace
CO, saturation and th®, peak at UB-8 and the fractal area and,.*’ On the basis of our results, it is important to
dimension decreased, whijgoeaked at UB-30 and the fractal note that interpretin®, variations is somehow complicated
dimension decreased. Theof the LB shale sample decreasedand requires further studies. On the basis of the following
after CQ saturation in LB-3 and increased for LB-8 and LB- gures, we were not able to draw a robust conclusion as to how
16, while the fractal dimension then decreased for LB-30 attte D, is changing throughout the experiments.
LB-60. Furthermord), displayed an increasing trend after As illustrated ifrigure 12the relationships between pore
CO, saturation with the peak at LB-16 and the fractabktructure parameters and fractal dimension (hcthdD,)
dimension decreased for LB-30 and LB-60 (Figure 11b). Theere investigated. The fractal dimenBiprior UB shale
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Figure 12.Relationships between fractal dimensions and PV (a, b), SSA (c, d), and average pore width (e, f) for UB shale.

Figure 13.Relationships between fractal dimensions and PV (a, b), SSA (c, d), and average pore width (e, f) for LB shale.

samples has a negative correlation with the totatigveg dimensions increase with the SSA increasing. The result is
12a), suggesting that as shale is saturated witth@@actal  consistent with previous studies on marine”$fidie. fractal
dimensionD, increases with decreasing pore volume. Theimensions (bot®; andD,) have a negative correlation with
fractal dimensiob, has a positive correlation with the PV the average pore sizégure 18,f) meaning that the fractal
(Figure 1R), signifying that as the shale is saturated with CO dimensions increase when the average pore size is decreased.
the fractal dimensid@y decreases with the PV decreasing. Themigure 13shows the relationship between pore structure
fractal dimensions (bofh andD,) have a positive correlation parameters and fractal dimension (d@thand D,). The

with the SSA Higure 12,d), suggesting that the fractal fractal dimensions (bofh andD,) for LB shale samples have
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a negative correlation with the total P\giire 13 inferring at 30 days and 60 days for both the UB and LB samples. This
that as shale is saturated with,GRe fractal dimensiobg suggests an increase in the roughness degree of the shale
and D, increase with decreasing pore volume. The fractgleometrical surface and the morphology of the pore structure,
dimensions (botB, andD,) have a positive relationship with which is transformed gradually from regular to complex and
the SSA Kigure 18,d). This shows that as the shale isback to more homogeneous after 60 days of saturation.
saturated with CQthe fractal dimensions increase with the
SSA increasing. The fractal dimensions [hathdD,) have AUTHOR INFORMATION
a negative connectivity with the average poreFsiee(  Corresponding Author
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