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Abstract

Geological storage of carbon dioxide (CO,) in depleted gas reservoirs represents a cost-effective solution
to mitigate global carbon emissions. The surface chemistry of the reservoir rock, pressure, temperature, and
moisture content are critical factors that determine the CO, adsorption capacity and storage mechanisms.
Shale-gas reservoirs are good candidates for this application. However, the interactions of CO, and organic
content still need further investigation. The objectives of this paper are to (i) experimentally investigate
the effect of pressure and temperature on the CO, adsorption capacity of activated carbon, (ii) quantify
the nanoscale interfacial interactions between CO, and the activated carbon surface using Monte Carlo
molecular modeling, and (iii) quantify the correlation between the adsorption isotherms of activated carbon-
CO, system and the actual carbon dioxide adsorption on shale-gas rock at different temperatures and
geochemical conditions. Activated carbon is used as a proxy for kerogen. The objectives aim at obtaining
a better understanding of the behavior of CO, injection and storage into shale-gas formations.

We performed experimental measurements and Grand Canonical Monte Carlo (GCMC) simulations of
CO, adsorption onto activated carbon. The experimental work involved measurements of the high-pressure
adsorption capacity of activated carbon using pure CO, gas. Subsequently, we performed a series of GCMC
simulations to calculate CO, adsorption capacity on activated carbon to validate the experimental results.
The simulated activated carbon structure consists of graphite sheets with a distance between the sheets equal
to the average actual pore size of the activated carbon sample. Adsorption isotherms were calculated and
modeled for each temperature value at various pressures.

The adsorption of CO, on activated carbon is favorable from the energy and kinetic point of view. This
is due to the presence of a wide micro to meso pore sizes that can accommodate a large amount of CO,
particles. The results of the experimental work show that excess adsorption results for gas mixtures lie in
between the results for pure components. The simulation results agree with the experimental measurements.
The strength of CO, adsorption depends on both surface chemistry and pore size of activated carbon. Once
strong adsorption sites within nanoscale network are established, gas adsorption even at very low pressure
is governed by pore width rather than chemical composition. The outcomes of this paper provides new
insights about the parameters affecting CO, adsorption and storage in shale-gas reservoirs, which is critical
for developing standalone representative models for CO, adsorption on pure organic carbon.
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Introduction

Global warming is considered the greatest environmental challenge facing the planet Earth recently.
According to the National Oceanic and Atmospheric Administration (NOAA), the global average
temperature should be maintained at 1.5 °C above the preindustrial average in order to stabilize the
Earth's climate, terrestrial and aquatic system (Steffen et al. 2018; He et al. 2022). The current levels of
atmospheric CO, are responsible for approximately 26% of global warming (Bhui 2021). Hence, reducing
the concentrations of CO, has become a substantial need to reduce the greenhouse gas effects and prevent
the continuous increase in Earth's surface temperature. Considerable reduction in CO, emissions coming
from the global energy system is only feasible over the long term investments in the clean energy sectors
(Johansson et al. 1996). In the meantime, the world energy consumption is predicted to double in the
coming ten years (Lau et al. 2021). This in turn would increase the demand on fossil fuel resources that
are considered a main source of CO, emissions. Carbon capture and sequestration (CCS) holds a great
promise for immediately deceasing the atmospheric CO, concentrations and limit the greenhouse gas
emissions under the current energy regime (Edmonds et al. 2002). This process starts by collecting CO,
from intensive point sources, such as power plants and industrial facilities and then transported and stored in
deep underground reservoirs. Depleted shale-gas reservoirs (Li et al. 2006; Shirbazo et al. 2021), deep saline
formations (Kumar et al. 2005; Vilarrasa et al. 2010), and coalbeds (White et al. 2003; Shi and Durucan
2005) are typical geological structures for CO, sequestration.

Shale-gas reservoirs have been considered as attractive CO, sequestration options due to their widespread
and high capacity of CO, adsorption on the surface of solid rock constituents (Shirbazo et al. 2021).
Khosrokhavar et al. (2014) showed that shale-gas formations have a more significant potential in storing
CO, gas than saline formations and coalbeds due to the dangers of induced seismicity associated with CO,
injection into these latter structures. The authors claimed that depleted shale-gas reservoirs have the suitable
infrastructure of injection wells and transportation pipelines that make the process of CO, injection more
viable. Tayari et al. (2015) and Boosari et al. (2015) provided both technical and economic studies about
the viability of CO, storage in unconventional shale-gas reservoirs. Their results showed that despite of the
extreme low permeability of such formations, shale-gas reservoirs typically contain natural and hydraulic
fractures, which allow them to store large amounts of CO,. Merey and Sinayuc (2016) carried out gas
adsorption experiments on both BPL activated carbon and Dadas shale samples at temperatures ranging
from 25 °C to 75 °C and pressures up to 2000 psia using both pure CO, and methane (CH,) gases. They used
both Langmuir isotherm and Ono-Kondo lattice models to evaluate the experimental results and construct
the adsorption isotherms for shale-gas reservoirs. They emphasized on the inverse relationship between
temperature and gas adsorption capacity for shale reservoirs. Moreover, they pointed out that shale-gas
reservoirs are good candidates for storing CO, in the forms of free and adsorbed gas. Liu et al. (2020)
presented a numerical model based on embedded discrete fracture model (EDFM) to investigate the capacity
of CO, sequestration in shale-gas reservoirs in the macroscopic scale. The results showed that the location,
distribution, and connectivity of the fractures have critical effects on the adsorption capacity of the shale
eServoirs.

Shales are fine-grained sedimentary formations that contain organic matter, inorganic matter, and natural/
hydraulic fractures. This multiscale pore system offers different gas transport and storage mechanisms (Yao
et al. 2013; Wang et al. 2021). According to the IUPAC, shale porosity is classified as mi croporosity (pore
size <2 nm), mesoporosity (pore size 2—50 nm), and macroporosity (pore size >50 nm) (Kuila and Prasad
2013). The higher the content of both micro and meso pores, the higher the gas adsorption capacity within
the pore structure (Chalmers and Bustin 2008). Reservoir temperature has an inverse impact on the CO,
adsorption as adsorption capacity decreases with a rise in temperature. This is attributed to the exothermic
nature of the adsorption process (Zhou et al. 2019). Depending on the total organic carbon content (TOC),
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maturity level, type of kerogen, as well as the clay content, gas adsorption capacity of shale formations can
reach up to 85%. In order to understand how the mineral constituents of shale-gas formations affect CO,
adsorption, Heller and Zoback (2014) performed CO, adsorption experiments on pure carbon, illite, and
kaolinite samples. They emphasized on the analogous relationship between the overall adsorption behavior
of CO, on Montery, Marcellus, and Eagle Ford shale samples and their relative constituting carbon and clay
content. Hence, evaluating the adsorption isotherms of CO, gas on pure minerals such as carbon and clay
minerals would lead to a better understanding of the behavior of CO, injection in shale-gas reservoirs.

Physical adsorption is the dominant adsorption mechanism by which CO, particles are attracted to
the mineral/organic-matter solid interface in shale-gas reservoirs. These adsorbed molecules form a high-
density distinct gas phase that differ from the surrounding free gas (Zhang et al. 2018). Adsorption
isotherms in shale formations, which describes the amount of gas adsorbed at different values of pressures
at constant temperature, depend highly on the percentage and structure of the carbon content. However, the
kerogen components and microstructure are quite complex to simulate (Wang et al. 2021). In addition, the
heterogeneity and complex pore structure do not allow fully understanding of the adsorption mechanisms
attributed to the solid-fluid interface of the mineral/organic-matter constituents of shale formations.
Therefore, many studies used simple graphite sheets (Mosher et al. 2013; Zhang et al. 2017a, b; Cristancho-
Albarracin et al. 2017) and activated carbon structures (Liu and Wilcox 2012; Zhan et al. 2015; Sandoval
et al. 2018) to simulate the adsorption process of gases and liquids on the surface of shale rock. However,
such studies did not integrate the experimental and molecular simulation approaches in their analysis.
Such combination can potentially evaluate the validity of the modeling results and allow using generated
models to simulate extreme reservoir conditions with confidence. Moreover, the power of the computation
tools coming with molecular simulation models permits the ability to visually and statistically explain the
adsorption isotherms in the molecular-scale domain.

Grand canonical Monte Carlo (GCMC) simulations are the most widely used approaches to study the
adsorption properties of pure gases and their mixtures on porous materials (Yun et al. 2002). In the grand
canonical ensemble, the system temperature, volume and chemical potential was kept constant (u, V7T =
Constant), while the number of molecules in the adsorbed phase is allowed to fluctuate. This mimics the
adsorption experiments where the temperature and chemical potential of the gas species inside and outside
the adsorbent material are equal and under equilibrium (Zhang et al. 2018). Aljamaan et al. (2017) used
GCMC simulations to model the adsorption of gas mixtures on the surface of parallel planar graphitic
surfaces. Jagadisan et al. (2021) constructed the adsorption isotherm of CH, on kerogen matrix using the
GCMC at 300 K with pressure range of 1 MPa to 20 MPa.

In this paper, we experimentally evaluate the CO, adsorption isotherm on activated carbon under single
temperature of 300 K and pressure range of 0.5 MPa to 6 MPa. Next, we build a molecular structure to
physically and chemically represent activated carbon structure. GCMC simulations are then used to simulate
and cross-validate the experimental results of CO, adsorption on activated carbon structures under the same
pressure and temperature conditions. This validation enables the option of going beyond the experimental
pressure and temperature limitations by performing dependable modeling. Finally, we explore the impacts
of various geochemical and environmental conditions on adsorption behavior of CO, on activated carbon
adsorption.

Materials and Methods

We carried out CO, adsorption experiments on activated carbon samples at 300 K. The samples were then
characterized to get its surface area and average pore size. We then developed and validated a molecular
model to mimic the actual carbon samples. Next, we matched the experimental CO, adsorption isotherm
using GCMC simulations at the same temperature point (300 K). Finally, we performed sensitivity analyses
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on the impact of temperature and chemical composition of the activated carbon model on the adsorption
isotherms under different reservoir conditions.

Experimental Work

The experimental work starts with characterizing the physical properties of activated carbon sample
including density, surface area and particle size. Then we show the used high-pressure adsorption setup and
explain the theoretical part beyond the setup calibration and actual measurements.

Adsorbent sample characterization. We used medical grade activated carbon made from coconut shells
provided by Envirosupply & Service. The coal particles have a total surface area 1150 — 1250 m?/g,
maximum ash content of 3% and apparent density 0.50 — 0.52 g/cm?® (provided by manufacturer). The
granular material passes sieve #5 (4mm) and is retained by sieve #10 (2mm).

High-pressure adsorption manometric setup. We designed a manometric apparatus to measure adsorption
at high pressure. The setup consists of a sample cell (SC) and reference cell (RC) connected to an
electromechanical syringe pump and source gases. The volume of the reference cell is 33.719 cm3. The
sample cell has a capacity of 18.281 cm? and it can store granular samples as well as core samples with
maximum dimensions of 5 cm (2 in) in length and 2.54 cm (1 in) diameter. We used a Teledyne Isco D-
series 500x syringe pump with a cylinder capacity of 500 cm?. A pressure transducer (Rosemount 2088)
monitors the pressure continuously. Fig. 1 presents a schematic of the manometric setup. Similar designs
of manometric setups are available elsewhere (Hemert et al. 2009).

Dy Region 1

Vi

Region 2

V2 Vs

Figure 1—Schematic of the high-pressure adsorption setup. Components: reference cell (RC), sample cell (SC), valves
(V4, V2, V3), pressure transducer (PG). V, is connected to an electromechanical syringe pump and the source gases.

Setup calibration. We first calibrated the high-pressure manometric setup for measuring pore volume in
the absence of adsorption. The determination of solid volume by gas expansion follows Boyle's law. We
calibrated the setup using five aluminum disks of known volume and research grade helium. Additional
information about this method can be found elsewhere (Hemert et al. 2009).

According to Boyle's law, the product between pressure and volume at constant temperature is constant.
Therefore, equating initial and final conditions can be expressed as

PAV 1+ Vy= V) =PV 1+ PV, = Vi) (1)
We can re-write Eq. 1 to obtain an expression for the volume of solids V,, via

€20z Atenuer o) uo Jasn usny Jy sexa] jo Aisieaun eyl Aq |/pd sw-49z0 1 z-2ds/800920€/200481L0S | L0A/3FDLVZe- /30 1vee/pd-sbulpaesoid/30 1 v3ds/Bi0 onedauoy/:dpy woy papeojumog



SPE-210264-MS 5

Measurement of adsorption amount. We measured high-pressure adsorption capacity of nanoporous
activated carbon using CO, gas. Fig. 2 shows the manometric setup, including the reference cell, sample
cell and solid sample with skeletal volume V.

PT

Gas Supply

-

Sample

Ref. cell
cell

Figure 2—Manometric adsorption setup

For a single gas, the initial number of moles is (subscript "i")

Py, Pr-Vy)
= ZRT, T oRT, T (3)
where V; denotes the reference volume including tubing above the connection valve, V, is the volume of
sample cell including tubing after the valve, and "s" superscript denotes the sample cell. After opening the
valve, the number of moles is (subscript "f") calculated via

Py PAV,-Vy)
T_ S 2~ "k 4
n= o RT; Tz RT; M7 @)

Allowing enough time for the system to reach equilibrium (7; = 7)), and considering mass balance n,” =
n/, the total sorption amount at final conditions is given by

p, P Py P!
(Tzl - Z_;)Vl_(z_; _?z _)(Vz_ Vsk)] (5)

Surface area measurements. Surface area and average pore size of the activated carbon samples were
measured using a surface characterization analyzer. The estimates of the activated carbon surface area and
pore-size distribution are based on the BET theory developed by (Brunauer et al. 1938) that uses pure
nitrogen gas to evaluate the sample surface area. Prior to performing the measurements, the samples needed
to be degassed at elevated temperature of 425 K for 4 hours in order to remove moisture and any other
impurities attached to the surface. The surface area measurements were conducted under 77 K by using
liquid nitrogen to cool down the sample surface. This low temperature assured the strong interactions
between the injected nitrogen gas and the sample surface which leads to accurate quantification of the
amount of gas adsorbed onto the sample surface. The sample surface area can be finally evaluated via

exc exc + _1

XyLavA
s=Zmadn (6)
where S is the total surface area, X, is the monolayer capacity of the nitrogen gas adsorbed on the sample
surface, L,, is Avogadro's number, 4,, is the cross-sectional area of nitrogen gas, and M, is the molar volume.
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Molecular Dynamics Modelling

In order to build a representative molecular model for the activated carbon sample, a Crystallographic
Information Framework (CIF) file has to be constructed and adjusted based on the actual properties of the
actual sample. The following sections explain in detail the adopted method for building and verifying the
molecular model used to simulate the adsorption isotherm of activated carbon-CO, system.

Construction of activated carbon molecular structures. The simulation model was built based on the
physical (i.e., density, pore size, and surface area) and chemical (i.e., molecular structure and composition)
properties of the tested activated carbon samples. The unit cell structure consists of linked hexagons of
carbon atoms stacked in a ‘ABA’ sequence in which the vertical direction is perpendicular to the basal plane
and the middle layer is shifted in such a way that there is a carbon atom at the center of each hexagon of the
first and second layers (Trucano and Chen 1975; Serp 2013). The model consists of two parallel walls (slit-
pore) with three sheets of graphite forming each wall. Assuming a triclinic cell, the size of the sheets is 49.28
A x49.28 A with interplanar space of 5.8 A. The final size of the simulation cell was (a=49.28 A, b=49.28
A and ¢ = 48.35 A). The height of the simulation cell (i.e., parameter c) was set to 48.35 A to account for
a sample average pore size of 21.95 A and a simulation cut-off value of 12 A. The angles between the unit
cell space vectors (a, 5, and y) are 90°, 90°, and 120°, respectively. Fig. 3 shows a schematic representation
of the developed molecular model used as an input for the activated carbon simulations.

a=4928 A

% h=49.28 A

o
A

Pore size =21.95 A

1Y

Y
v

i alnaim e e e -
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 1

s 2 i o e ol i Bl it et il i Al mt Gl i A

c=48.35A

Figure 3—The developed slit-pore model to represent activated carbon structure.

Simulation environment and force fields. We used GCMC simulations for the purpose of evaluating the
adsorption isotherms of CO, gas on the surface of the modelled activated carbon. In this paper, we used
100,000 initialization cycles by the simulation to reach the structure equilibrium conditions followed by
50,000 cycles for production. Different probabilities were assigned to Monte Carlo moves of translation
(50%), reinsertion (50%) and swap (100%) trying to match the actual adsorption nature of CO, on the
surface of activated carbon sample. A wide range of pressure values (i.e., 0.5 ? 6 MPa) was used to construct
the adsorption isotherms at each specific temperature. We used RASPA software (Dubbeldam et al. 2016)
to run the GCMC simulations.

Force fields were used to describe the interactions (1) among the adsorbate molecules and (2) between
the adsorbate molecules and the activated carbon framework. In this paper, CO, molecules were represented
using Transferable Potentials for Phase Equilibria (TraPPE) force filed (Potoff and Siepmann 2001), while
the carbon atoms within the graphite sheets were represented by the DREIDING force field (Mayo et al.
1990). Table 1 shows the list of the force filed parameters assumed for the surface of activated carbon and
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CO; molecules. The summation of the shifted and truncated 12-6 Lennard-Jones (LJ) and the Coulombic
potentials formed the total nonbonded intermolecular potential within the system (Allen and Tildesley 1989)

as
_ 9ij\12 (ij\° 94,
U= 24 ew[ =) )|+ ) am (7

Table 1—The assumed molecular model parameters for both activated carbon and CO,

Atoms 6 (A) £ (K) q(e)
Activated Carbon C 3.34 26 0
Cin CO, 2.8 27 0.7
CO,
0in CO, 3.05 97 -0.35

where ¢; is the depth of the potential well (dispersion energy), o; is the collision diameter (size of the
particle), and r; is the distance between atoms 7 and j. g; and ¢; are the atomic charges of atoms 7 and j,
respectively, and ¢ is the electric constant.

Lorentz-Berthelot combing rules (Maitland et al. 1983) was used to calculate the cross LJ parameters via

eij= e+ 25 ®)
and

O'ij:%(dii""djj). (9)
Results and Discussion

Experimental Results

Manometric setup calibration. We used five aluminum discs of known volume as blanks to carry out the
calibration procedure. Fig. 4 summarizes the calibration results. From the calibration process, the reference
cell volume is 18.281 cm? and the sample cell volume is 33.719 cm’.

16 4 &
14 3
12 ~

10 S

Vslem?]
[+:]
'f

—-&- Calibration i
0 @® Pi/Prvalues £

2.0 2.2 2.4 2.6 2.8
Pi/Ps[-]

Figure 4—Manometric setup calibration results
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We measured the adsorption amount of the granular activated carbon sample in the presence of CO..
We performed the sorption experiments at a temperature of 300 K and pressures up to 6 MPa. We used
two samples (S1, S2) and carried out two sorption experiments (E1, E2) per sample. Table 2 summarizes
the sample properties. The sorption process started initially by pressurizing the reference cell to 2.5 MPa.
After the valve was open, we allowed enough time for the system to equilibrate. The initial pressure drop
corresponds to the rapid gas invasion of the macropores. The following time-dependent response correspond
to the mesoporosity and microporosity.

Table 2—Activated carbon sample properties

Sample Mass [g] Skeletal Density [g/cm?] Skeletal Volume [cm?]
S1 12.91 1.67 7.73
S2 13.05 1.67 7.81

Fig. 5 presents the sorption isotherms for CO, at 300 K on activated carbon for both samples. From this
plot of excess sorption vs pressure, we observed the maximum sorption amount around 8.0 — 8.5 mmol/g
occurs around a pressure of 4 MPa.

12

10 -

Excess Sorption [mmol CO, g~1]

—8— S2-E2

0 T T T T
0 1 2 3 4 5 6

CO; Gas Pressure [MPa]

Figure 5—Experimental results: adsorption isotherms for CO, at 300 K on activated carbon

Our experimental results are similar to previously published CO, sorption isotherms for Filtrasorb F400
activated carbon at 318 K (Gensterblum et al. 2009; Pini et al. 2006; Sudibandriyo et al., 2003). These
literature experiments were conducted at 318 K with CO, in supercritical state. These conditions resemble

the conditions found in reservoirs where pressures range from 6 to 15 MPa and temperatures are in the range
of 300 to 330 K (Gensterblum et al. 2009).
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GCMC Simulation Results

Comparison of the experimental and molecular simulation results. The BET surface area experiments
show that the tested activated carbon sample has a surface area of 1,138 m?/g with an average pore size of
21.95 A. This reflects the wide space available for the CO, gas to get adsorbed to the sample surface. The
average pore size of activated carbon obtained from the BET surface area experiments is in agreement with
the previously documented values of the average pore size of shale-gas formations (Kuila and Prasad 2013;
Zhang et al. 2016). This confirms on the validity of using activated carbon samples to study the adsorption
behavior of different gases on shale formations.

Fig. 6 compares the experimental and the GCMC simulation results for the adsorption isotherm of CO,
on the activated carbon structure at temperature of 300 K and pressure range of 0 to 5.7 MPa. The GCMC
simulation results are in agreement with the adsorption experimental results given an average absolute
difference of 10.6%. Both the experimental and simulation results demonstrate that the CO, adsorption
isotherm follows the Type - I adsorption model. This observation can be explained by the nature of the
pore structure of the activated carbon sample that has a wide distribution of pore sizes ranging from nano
to meso scales. Fig. 7 illustrates a snapshot of the GCMC simulations of activated carbon-CO, system at
the pressures of 0.5, 1, and 2 MPa and temperature of 300 K. It is observed that CO, molecules tend to
adhere to the surface of the activated carbon sheets in a monolayer configuration at lower pressures. The
amount of gas sorbed and stored within the pores of the activated carbon structure highly depends on the
pore size of the sample. Smaller pores are completely filled with CO, molecules at lower pressures while
more molecules accumulate in the larger pores as the pressure increases. At the pressure value of 4 MPa, the
CO, adsorbed reaches the critical density value inside the activated carbon pores. Increasing the pressure
values higher than 4 MPa leads to increase in the repulsion forces between the CO, molecules and hence
decreases the amount of gas adsorbed on the activated carbon surface.
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Figure 6—A comparison between the experimental and GCMC simulation
of CO, adsorption isotherm on activated carbon surface at T = 300 K.
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(a) (b) (c)

Figure 7—A snapshot of the GCMC simulation cell of CO, adsorption on activated carbon at T=300 K and pressure
values of (a) 0.5 MPa, (b) 1 MPa, and (c) 2 MPa. The grey sheets represent the activated carbon structure (adsorbent),
and the red and grey spheres represent the oxygen and carbon atoms of the CO, molecules, respectively.

Impact of temperature on CO, adsorption and storage. In order to evaluate the impact of temperature
on the CO, adsorption on the organic matter solid interface of shale-gas reservoirs, adsorption isotherms
were constructed using GCMC simulations at temperature values of 250 — 500 K and pressure values of
0.5 — 6 MPa. Fig. 8 shows the results of the excess adsorption isotherms at the indicated temperature
and pressure values. Since CO, adsorption on the activated carbon surface is an exothermic process, CO,
adsorption decreases as temperature increases. Therefore, for a reservoir temperature of 400 K and pressure
of 2 MPa, CO, adsorption is expected to be 87% less than that estimated at the temperature of 300 K.
This observation reflects the high dependence of CO, adsorption and storage in shale-gas reservoirs on the
reservoir temperature. Therefore, choosing shale formations with lower temperatures and larger pore size
is more viable for CO, sequestration projects than high-temperature reservoirs.

14
—— T=250K —— T=350K —w— T=450 K
—¥— T=300K —— T=400K —4— T=500K
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0 1 2 3 4
CO; Gas Pressure [MPa]

Figure 8—Activated carbon-CO, adsorption isotherms at temperatures of 250, 300, 350, 400, 450, and 500 K.

€20z Atenuer o) uo Jasn usny Jy sexa] jo Aisieaun eyl Aq |/pd sw-49z0 1 z-2ds/800920€/200481L0S | L0A/3FDLVZe- /30 1vee/pd-sbulpaesoid/30 1 v3ds/Bi0 onedauoy/:dpy woy papeojumog



SPE-210264-MS 11

Effect of the presence of water vapor on CO; adsorption. Shale-gas reservoirs usually contain water vapor
phase that affects the surface chemistry of the organic constituents of the rock. In order to represent the
actual chemical composition of the organic matrix of shale-gas formations in the presence of water vapor,
we implemented two different functional groups (hydroxyl — OH and carboxyl — COOH) to the surface of
the activated carbon sheets. Fig. 9 compares the simulated excess CO, sorption isotherms in the case of pure
activated carbon, activated carbon with OH functional groups, and activated carbon with COOH functional
groups. It is observed that modifying the activated carbon surface with carboxyl and hydroxyl functionalities
increases the CO, sorption capacity by 24% and 36%, respectively. This observation is attributed to the polar
nature of CO, and the negative charges associated to these functional groups that increases the adsorption
affinity of the carbon surface. Doping oxygen atoms to the surface of activated carbon makes it act as
a Lewis base that can donate electrons to the acidic carbon atoms in the CO, molecules. This induced
polarity to the activated carbon framework enhances its susceptibility to adsorb more CO, molecules at
lower pressures through the electrostatic interactions. Moreover, the formed hydrogen bonds between the
oxygen atom in CO, and the hydrogen atoms in the hydroxyl and carboxyl groups increases the CO, loading
over the activated carbon surface. Therefore, the presence of water vapor on the surface of the solid rock
constituents in shale-gas reservoirs positively affects the CO, adsorption and storage capacity.
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Figure 9—A comparison between the CO, adsorption isotherms for pure activated
carbon, Carboxylated activated carbon, and Hydroxylated activated carbon at T=300 K.

Conclusions

We introduced an integrated experimental and simulation framework to quantify the impacts of major factors
affecting CO, storage and adsorption on the surface of the organic matter present in shale-gas formations. We
constructed the experimental CO, adsorption isotherms on activated carbon samples which had an average
pore size of 21.95 A. This pore size was shown to be analogous to the typical pore size of typical shale-gas
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rocks. Then, we built a molecular-scale model to match the CO, adsorption isotherm on activated carbon
surface using GCMC simulations. Afterwards, we used the same model to simulate the CO, adsorption
process at different temperature values (i.e., 250 —500 K). Moreover, we investigated the effect of vapor
pressure on the adsorption behavior of CO, on activated carbon at 300 K. Finally, we addressed the impact
of kerogen surface chemistry on the CO, adsorption and storage capacity. The main conclusions of this
paper can be summarized as follows:

e Experimental estimation of high-pressure sorption amount for CO, has inherent challenges.
Nonetheless, we were able to design a procedure that according to the present results ensures
re producibility and repeatability. The agreement between the results with those in the literature
validate our experimental procedure.

e Activated carbon models can reliably represent the pore structure of the organic matter content
of shale-gas reservoirs. Both experimental and simulation results of CO, adsorption on activated
carbon surface followed Type - I adsorption isotherm. This observation shows how the pore
structure of shale-gas formations and activated carbon have a similar pore size range with nano
— mesopores scale pores.

¢ GCMC simulations can effectively model the CO, adsorption process on activated carbon surface
using the proper force fields. This enables running adsorption cases at extreme temperature
conditions that cannot be done under conventional laboratory conditions. Moreover, GCMC
simulations allowed us to carry out sensitivity analysis to quantify the effects of shale-gas surface
chemistry on the CO, adsorption process, which was challenging to perform experimentally.

e Reservoir temperature has an inverse effect on the CO, adsorption on the surface of carbon sheets.
Hence, an increase in temperature reduces the shale-gas capacity to store gas within its pores.

e The presence of water vapor enhances the CO, adsorption loading of the shale-gas reservoirs. The
presence of the polar compounds (e.g., water) on the solid-fluid interface of shale-gas reservoirs
makes the CO, molecules attached more tightly to the adsorbent surface.

¢ Simple activated carbon models can be used to represent the contribution of the single components
(e.g., carbon) of shale-gas formations towards the CO, adsorption and storage process. This
enables a deep understanding of the adsorption process on the molecular-scale level. However,
the contribution of other structural elements should not be overlooked when evaluating the overall
adsorption capacity of such complex structures.
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Acronyms

CCS = Carbon capture and sequestration

CIF = Crystallographic Information Framework

CO, = Carbon dioxide
El = Experiment 1
E2 = Experiment 2

GCMC = Grand Canonical Monte Carlo

He = Helium
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LJ = Lennard-Jones
NOAA = National Oceanic and Atmospheric Administration
PG = Pressure Gauge
PT = Pressure Transducer
RC = Reference Cell
S1= Sample 1
S1= Sample 2
S1-E1 = Sample 1 — Experiment 1
S1-E2 = Sample 1 — Experiment 2
SC = Sample Cell
TraPPE = Transferable Potentials for Phase Equilibria

Nomenclature
A,, = Cross-sectional area of nitrogen gas
L,,= Avogadro's number
, = Nitrogen gas molar volume
n; T= Total number of moles at initial conditions
nec = Number of sorbed moles of gas at initial conditions
n/ = Total number of moles at final conditions
ne¥ = Number of sorbed moles of gas at final conditions
.= Initial Pressure
P;= Final Pressure
q;= Atomic charge of atoms i
q;= Atomic charge of atoms j
r; = Distance between atoms 7 and j
§'= Sample total surface area
;= Initial Temperature
T;= Final Temperature
U= Total nonbonded intermolecular potential
V;= Volume 1
V,= Volume 2
Vg4 = Skeletal volume
Van = Volume of solids
X, = Monolayer capacity of the nitrogen gas adsorbed on the sample surface
&o= Electric constant
g; = Depth of the potential well (dispersion energy)
o; = Collision diameter (size of the particle)
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