
lable at ScienceDirect

Petroleum Science 21 (2024) 2444e2456
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Adsorption behavior of CO2/H2S mixtures in calcite slit nanopores for
CO2 storage: An insight from molecular perspective

Cheng Qian a, b, Zhen-Hua Rui a, b, c, d, *, Yue-Liang Liu a, b, c, **, Kai Du a, b, Chen Liu a, b,
Yang Zhao a, b, c, Xiao-Min Ma e

a State Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum, Beijing, 102249, China
b College of Petroleum Engineering, China University of Petroleum, Beijing, 102249, China
c College of Carbon Neutrality Future Technology, China University of Petroleum, Beijing, 102249, China
d College of Petroleum, China University of Petroleum-Beijing at Karamay, Karamay, 83400, Xinjiang, China
e College of Mining Engineering, Taiyuan University of Technology, Taiyuan, 030024, Shanxi, China
a r t i c l e i n f o

Article history:
Received 5 September 2023
Received in revised form
18 March 2024
Accepted 20 March 2024
Available online 22 March 2024

Edited by Yan-Hua Sun

Keywords:
Adsorption behavior
CO2/H2S binary mixtures
Molecular perspective
Calcite slit nanopores
CO2 sequestration
* Corresponding author.
** Corresponding author.

E-mail addresses: ruizh@cup.edu.cn (Z.-H. Rui), yu

https://doi.org/10.1016/j.petsci.2024.03.016
1995-8226/© 2024 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

It is acknowledged that injecting CO2 into oil reservoirs and saline aquifers for storage is a practical and
affordable method for CO2 sequestration. Most CO2 produced from industrial exhaust contains impurity
gases such as H2S that might impact CO2 sequestration due to competitive adsorption. This study makes a
commendable effort to explore the adsorption behavior of CO2/H2S mixtures in calcite slit nanopores.
Grand Canonical Monte Carlo (GCMC) simulation is employed to reveal the adsorption of CO2, H2S as well
as their binary mixtures in calcite nanopores. Results show that the increase in pressure and temperature
can promote and inhibit the adsorption capacity of CO2 and H2S in calcite nanopores, respectively. CO2

exhibits stronger adsorption on calcite surface than H2S. Electrostatic energy plays the dominating role in
the adsorption behavior. Electrostatic energy accounts for 97.11% of the CO2-calcite interaction energy
and 56.33% of the H2S-calcite interaction energy at 10 MPa and 323.15 K. The presence of H2S inhibits the
CO2 adsorption in calcite nanopores due to competitive adsorption, and a higher mole fraction of H2S
leads to less CO2 adsorption. The quantity of CO2 adsorbed is lessened by approximately 33% when the
mole fraction of H2S reaches 0.25. CO2 molecules preferentially occupy the regions near the pore wall and
H2S molecules tend to reside at the center of nanopore even when the molar ratio of CO2 is low, indi-
cating that CO2 has an adsorption priority on the calcite surface over H2S. In addition, moisture can
weaken the adsorption of both CO2 and H2S, while CO2 is more affected. More interestingly, we find that
pure CO2 is more suitable to be sequestrated in the shallower formations, i.e., 500e1500 m, whereas CO2

with H2S impurity should be settled in the deeper reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Excessive consumption of fossil fuels has caused a surge in
carbon dioxide (CO2) emissions (Metz et al., 2005; O'Neill, 2020). In
2021, the CO2 emissions from energy increased to 36.3 Gt to reach
their highest ever annual level (International Energy Agenc, 2022;
Liu and Rui, 2022). Meanwhile, the environmental problems caused
by excessive CO2 emissions have also attracted increasing attention
all over theworld. The fifth assessment report of the United Nations
eliang@cup.edu.cn (Y.-L. Liu).
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Intergovernmental Panel on Climate Change (IPCC) proposed that
the 450 ppm CO2 equivalent concentration would be achieved by
2100 (the temperature rise should be controlled within 1.5 �C) (Liu
and Rui, 2022). CO2 capture, utilization, and storage (CCUS) tech-
nology will be an essential technique to control carbon dioxide
emissions and mitigate climate problems (Bui et al., 2018; Cui et al.,
2018; Tyne et al., 2021). Some CCUS techniques have been proposed
for carbon neutrality such as CO2-enhanced gas recovery (CO2-
EGR), CO2-enhanced coal bed methane recovery (CO2-ECBM), CO2-
enhanced geothermal systems (CO2-EGS), gas hydrate based CO2
storage (Hu et al., 2022; Shi et al., 2018; Sun et al., 2023). One of the
most effective CCUS techniques includes storing CO2 in deep salt-
water aquifers and drained oil and gas reserves (Iglauer, 2017;
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Vilarrasa and Carrera, 2015). Injecting CO2 into oil and gas reser-
voirs combines CO2 sequestration and CO2 enhanced oil recovery
(CO2-EOR) to bring economic benefits to oil companies (Clark and
Santiso, 2018; Li H. et al., 2021; Liu S. et al., 2022; Liu Y. et al., 2022).

Apart from the location of CO2 storage, another major barrier
that hinders the widespread application of CCUS should be the
significant expense of CO2 separation from CO2-rich industrial
waste gas (Cui et al., 2021a; Kolle et al., 2021; Lu et al., 2016). The
process of removing CO2 from industrial waste gas and purifying it
would consume a significant amount of energy (Keith et al., 2018;
Wei et al., 2015). The reduction of the requirement for CO2 purity
would be a feasible way to minimize costs in all capture processes
(Wang et al., 2015). Hence, lowering the standard of impurity gas in
CO2 injected into the formation can significantly reduce the
expenditure of the whole CO2 geo-storage project (Wang et al.,
2016; Yu et al., 2021). As one of the primary CO2 sources, indus-
trial exhaust, when captured and separated, can be injected into
geological formations to achieve carbon sequestration and emis-
sion reduction. However, the impurity gases present in the sepa-
rated CO2-rich industrial exhaust, such as SO2, H2S, CH4, CO,
continue to exert an influence on carbon sequestration. Among
these, hydrogen sulfide (H2S) is a typical gas found in industrial
waste gas and depleted reservoirs (Cholewinski et al., 2016;
Hutcheon, 1999; Talman, 2015). On the outskirts of Edmonton, a
depleted oil reservoir started to pump gases with compositions
ranging from 83% H2Sþ 14 % CO2 to 2% H2Sþ 95% CO2 (Zhang et al.,
2011). In theWestern Canada Sedimentary Basin, the concentration
of dissolved CO2 at the forefront of the fluid flowmight exceed 50%
(Ghaderi et al., 2011). H2S contained in the stored CO2 and originally
in the depleted oil and gas reservoirs should not be ignored because
it makes the CCUS projects much more complicated and expensive.
The toxicity of H2S is another factor concerning public safety, and
that requires a different set of regulations. Therefore, the influence
of hydrogen sulfide on the adsorption characteristics of CO2 in
formation is worthy of being investigated. The study of the impact
of impurities like H2S on CO2 sequestration is very limited, while
most of the literature pays heavy attention to mineral dissolutions,
multiphase fluid transport, phase behavior, and gas solubility in the
formation water (Bolourinejad and Herber, 2014; Ji and Zhu, 2013;
Li D. et al., 2021; Li and Jiang, 2020). Li and his coworkers (Li D. et al.,
2021; Li and Jiang, 2020) studied the combined effect of native H2S
and other impurity gases existing in CO2 gas flow on CO2 storage in
saline aquifer. They found that H2S dissolution caused a reduction
in the concentration of injected gas at the two-phase interface and
weakened the convection process. The presence of H2S in CO2 flows
could result in two-phase flow, and the bubble and dew pressures
drop with increasing H2S concentration in H2S/CO2 mixes (Ji and
Zhu, 2013). Bolourinejad and Herber (2014) experimentally exam-
ined the impacts of H2S on salt precipitation and mineral dissolu-
tion in the process of CO2 flooding and found that the presence of
H2S damages the permeability due to the aggravation of salt and
mineral precipitation.

Subsurface aquifers and depleted oil and gas reserves are
regarded as the two main CO2 storage sites. In both brine aquifers
and oil reservoirs, calcite is a very prevalent mineral component
(Cui et al., 2021b; Jayasekara et al., 2020). When CO2 is seques-
trated, it is inevitable to discuss the interaction between CO2 con-
taining H2S impurity gases and calcite due to the highly probable
existence of H2S gas in the injected CO2 or formation. While GCMC
simulation is a widely used research approach, we applied GCMC
simulation to reveal the adsorption behavior of individual compo-
nents (CO2 and H2S) and their binary combination in this work
(Deng et al., 2022; Liu et al., 2019b; Wang et al., 2021). Previous
research examined the effect of contaminants in CO2 gas on its
geological storage using molecular modeling. Chen et al. (2018)
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found that the presence of H2S reduces the interfacial tension of
CO2-water and improves the contact angle in the CO2/water/silica
system. The reduction of interfacial tension enhances the CO2-
water interaction and CO2 dissolution trapping, while the promo-
tion of contact angle weakens the CO2 adsorption on the silica wall.
Kamath and Potoff (2006) adopted the originally optimized Monte
Carlo algorithm to predict the phase behavior of CO2/H2S/CH4
mixtures, and the simulation results are in good agreements with
experimental data. Fazelabdolabadi and Alizadeh-Mojarad (2016)
probed the structural anisotropy of various hydrocarbon fluid/H2S/
CO2/H2O combinations and discovered the ordered arrangement of
pure H2O/H2S/CO2 within the adsorption molecules on the car-
bonate wall.

However, limited studies concentrated on the adsorption char-
acteristics of individual CO2, H2S, and binary mixtures. This study
examines the adsorption performance of CO2/H2Smixture in calcite
slit nanopores by conducting Monte Carlo simulations. A wide
range of temperatures (293.15e383.15 K) and pressures
(0e30 MPa) is tested to cover the conditions of conventional res-
ervoirs. The pore size is set at the micropore level (< 2 nm) because
micropores contribute significantly to the adsorption of hydrocar-
bons and other gases in the formation with ultra-low permeability
and developed micro-nano pores (Zhang et al., 2020). The influence
of pressure, temperature, the mole fraction of gas, and moisture
content on the adsorption capacity of CO2, and H2S in calcite
nanopores were examined, and the competitive adsorption
behavior of (CO2 þ H2S) binary mixtures was also presented. The
conclusion of this work is expected to be beneficial to the
competitive adsorption of multicomponent gas in nanopores and
the effects of impurities on CO2 sequestration.

2. Models and methodology

2.1. Calcite slit nanopore model

The calcite slit nanopore model is composed of two calcite slabs,
and each slab has six calcite layers. The single calcite layer with a
thickness of 18.21 Å is obtained by cutting the (1 0 1 4) crystallo-
graphic face first and the supercell operation following. The X, Y,
and Z dimensions of the simulation calcite model are set as 32.38,
34.93, and 49.55 Å, respectively, as shown in Fig. 1, and the width of
the pore (Z-direction) is fixed at 13.0 Å. In all directions, periodic
boundary conditions are implemented. The calcite and two gas
molecules (CO2 and H2S) are rigid entities, and the charges of in-
dividual atoms and the lengths of the bonds are listed in Table 1.

2.2. Force field

A force field is essential for molecular simulation, and a suitable
force field can accurately calculate the interaction and potential
energy between different molecular structures. COMPASS II
(Condensed-phase optimized molecular potentials for atomistic
simulation studies) force field is an optimized version of COMPASS
force field and permits the precise and simultaneous estimation of
gas-phase and condensed-phase features such as structure, equa-
tion of state, and vibration frequency over a wide range of mole-
cules and polymers (Liu et al., 2019a; Luo et al., 2020). The
COMPASS force field is the first high-quality force field integrating
organic and inorganic material parameters (Sun, 1998). The COM-
PASS II is adopted to perform the entire simulation using the Ma-
terials Studio software package based on the previous literature
(Sun and Wang, 2020; Wang et al., 2018). Plenty of research
adopted the COMPASS II force field in calcite-gas molecule-water
systems and the outcomes are consistent with the experimental
data (Li et al., 2022; Zhang et al., 2021). The basic mathematical



Fig. 1. Model schematic of a calcite nanopore with a pore size of is 13 Å and the individual molecules in the simulation. Color scheme: green-Ca ion; gray-C; red-O; yellow-S; white-
H.

Table 1
Molecular structure parameters of CO2 and H2S.

Molecule Atom Charge, e Bond length, Å

CO2 C 0.80 2.320
O �0.40

H2S S �0.338 1.912
H 0.169
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expression of COMPASS II force field is shown as follows (Sun et al.,
2016):

Etotal ¼ Eb þ Eq þ Ef þ Ec þ Ebb0 þ Ebq þ Ebf þ E
qq

0 þ Eqf þ E
qq

0
f

þ EvdW þ Eele
(1)

The sum of valence terms, including diagonal and off-diagonal
cross-couplings and nonbonded interaction terms, represents the
entire potential energy in the COMPASS II force field. Eb, Eq, Ef, and
Ec are the valence terms for the bond, angle, torsion, and out-of-
plane angle coordinates, respectively. Ebb0, Ebq, Ebf, Eqq0, Eqf, and
Eqq0f are the valence terms for cross-coupling terms between in-
ternal coordinates (Sun et al., 1998). Coulombic potentials, which
describe the electrostatic interaction, and Lennard-Jones 9-6, which
describes the van der Waals interaction, serve to define the non-
bonded potential. The non-bonded potential is on behalf of inter-
molecular interaction. The electrostatic interaction and van der
Waals interaction are expressed as follows (McQuaid et al., 2004):
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2.3. GCMC simulation

The adsorption behavior is investigated through the GCMC al-
gorithm, and each GCMC simulation is carried out under the Fix
pressure mode with a total calculation step of 2 � 107. The first ten
million steps are set for the equilibration of the calcite-gas mole-
cule system and the subsequent ten million steps are developed to
compute the adsorption process's thermodynamic characteristics.
The electrostatic interaction and the van der Waals interaction are
characterized by the Ewald& Group algorithm and the Atom-based
algorithm with a cutoff radius of 1.55 nm, respectively. The simu-
lation utilizes fugacity instead of pressure to perform CO2 and H2S
adsorption, and the fugacity of CO2 and H2S is determined using the
PengeRobinson equation.

3. Results and discussion

3.1. The isotherms of CO2 and H2S adsorption

3.1.1. Adsorption isotherms
The adsorption isotherms of pure CO2 and H2S in calcite nano-

pores at various pressures and temperatures are indicated in Fig. 2.
Pure CO2 can adsorb more readily in calcite nanopores at higher
pressures but is less effective at higher temperatures. In calcite
nanopores, the effects of pressure and temperature on H2S
adsorption are similar to those of CO2. The adsorption isotherms of
H2S rise dramatically compared to CO2. The ability of the calcite
nanopores to adsorb gas is improved as the pressure rises. The high
temperature improves the thermal motion of the CO2 and H2S,
increasing the molecule's kinetic energy as a consequence. There-
fore, gas molecules are less inclined to adsorb on the nanopores,
decreasing the adsorption amounts. Additionally, under identical
circumstances, the maximum adsorption amount of H2S is larger
than that of CO2, and the maximum adsorption capacity of CO2 is
more sensitive to variations in temperature and pressure than that
of H2S.

3.1.2. Density distributions
Fig. 3 illustrates the density profiles of CO2 and H2S at 323.15 K in



Fig. 2. Adsorption isotherms of CO2 and H2S within calcite nanopores.

Fig. 3. Density curves of CO2 and H2S adsorbed in calcite nanopores at 323.15 K.
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calcite nanopores along the Z-axis. In general, the density profile of
two pure gases rises when the pressure increases, and gas molec-
ular layers adsorbed on the calcite surface would transform from
single to double layers with the increasing pressure. Similar to the
first adsorbed layer, the density of the second adsorbed layer also
increases as the pressure ascends. As seen in Fig. 3(a), only one
adsorbing layer for CO2 can be observed when the pressure is lower
than 5 MPa, while H2S forms double-layer adsorption on the calcite
surface at 1 MPa (Fig. 3(b)), The influence of pressure is consistent
with Section 3.1.1, and the adsorption of H2S increasesmore sharply
than that of CO2 as the pressure increases. Compared with H2S, the
initial CO2 adsorption layer has a greater density than the H2S layer,
suggesting that the adsorption amount of CO2 in the first adsorp-
tion layer is larger than that of H2S. The adsorbed gas molecules in
the closest layer usually present stronger interactions, and CO2
2447
shows a tighter interaction with calcite.
The CO2 and H2S density profiles in calcite nanopores at 5 MPa

along the Z-axis are illustrated in Fig. 4. As the temperature in-
creases, the density of pure CO2 and H2S tends to decline, while the
first and second adsorption layers of two pure gases both decrease
correspondingly. In addition, the two adsorption peaks of the sec-
ond adsorption layer gradually evolved into a single adsorption
peak when the temperature increases. The second adsorption layer
of CO2 is more affected by temperature than H2S based on the
density variation. As mentioned in Section 3.1.1, the elevation in
temperature amplifies the thermal motion of gas molecules,
consequently diminishing their adsorption density within
nanopore.

Furthermore, changes in the secondary adsorption layer reflect
the effects of temperature more clearly. The rise in temperature



Fig. 4. Density curves of CO2 and H2S adsorbed in calcite nanopores at 5 MPa.
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diminishes the density of the second adsorption layer, transforming
the double adsorption peak into a single adsorption peak. This is
primarily attributable to the reduction in density leading to a
decrease in the number of molecules, insufficient to sustain the
formation of a bilayer adsorption. Simultaneously, it is also a
consequence of the diminished attraction exerted by the calcite
surface on gas molecules within the second adsorption layer. The
peak value of the first adsorption layer has little variation in CO2
and H2S density curves. It is because of the strong attraction be-
tween the first adsorption layer and the calcite. The calcite surface
exhibits pronounced variations in the interactions with molecules
in different adsorption layers, and the fundamental cause lies in the
distance from the surface; the closer to the surface, the stronger the
attraction, with less susceptibility to temperature influence.
Conversely, greater distances are subject to more substantial tem-
perature effects. In addition, CO2 has a greater density in the first
adsorption layer than H2S and H2S prefers to form double-layer
adsorption than CO2 at high temperatures. As for CO2 sequestra-
tion, the low pressure and high temperature are not conducive to
raise storage. The increase in pressure can effectively strengthen
the adsorption and CO2 storage in calcite formation.

3.1.3. Radial distribution function
The radial distribution function (RDF) refers to the distribution

frequency of other particles in the space around a given particle
(how far away from the given particle). RDF reflects the intensity of
calcite and gas molecule interactions. Meanwhile, RDF has a
consistent trend over a range of temperature and pressure settings.
The RDFs of CO2 and CaCO3 at 323.15 K and 1 MPa are displayed in
Fig. 5. The first chart indicates the RDF of CO2 and the Ca2þ of CaCO3
and the latter chart is the RDF of CO2 and the CO3

2� of CaCO3. The
maximum of CO2-Ca2þ(CaCO3) is higher than those of CO2-
CO3

2�(CaCO3), which shows that CO2 favors the adsorption with the
Ca2þ of calcite. The peak value of Ca2þ(CaCO3)-O(CO2) emerges at
2.26 Å, and that of Ca2þ (CaCO3)-C(CO2) emerges at 3.30 Å, sug-
gesting that the distance between the oxygen atom of carbon di-
oxide and Ca2þ is less than that of the carbon atom and Ca2þ.
Therefore, the strongest interaction within the CO2-calcite system
belongs to the intermolecular forces between the oxygen atom of
carbon dioxide and the calcium ion in calcite, which is in accord
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with the previous study (Jayasekara et al., 2020).
Fig. 6 displays the RDF curves of CO2 and CaCO3 (calcite). Fig. 6(a)

and (b) indicate the RDF of CO2 and the Ca2þ of CaCO3 and that of
CO2 and the CO3

2�, respectively. In Fig. 6(a), the highest values of
RDFs of three kinds of atom in CaCO3 and S(H2S) are apparently
higher than the peak value of the three kinds of the atom and the
hydrogen atom. It can be inferred that the surfer atom with nega-
tive charge is more prone to attach to a calcite surface than the
hydrogen atom with positive charge. Taking the ranges between
the S of H2S and three kinds of atoms in CaCO3 into consideration,
the smaller the distance means the stronger the interaction be-
tween the two atoms, and the gap space between the surfer atom
and calcium ion reaches a minimum value. In a word, the interac-
tion between the surfer atom and calcium ion is strongest in the
H2S-calcite system.

The RDF curves of Ca2þ(CaCO3)-CO2 and Ca2þ(CaCO3)-H2S are
plotted in Fig. 7. The maximum values of the two RDF curves are
4.59 and 2.25 and the distances between the calcium ion and two
gas molecules are 2.26 and 3.62 Å, correspondingly. It is obvious
that the affinity between CO2 and Ca2þ is better than that of H2S
and Ca2þ, indicating a more readily interaction of CO2 molecules
with CaCO3.
3.1.4. Interaction energy
The intermolecular interaction energy between calcite and gas

molecules is considered as the interaction energy (Eint) and the
interaction energy consists of the van der Waals energy (Evdw) and
electrostatic energy (Eelec). The interaction energy values between
calcite and pure CO2/H2S and the percentage denoting the pro-
portion of Eelec and Evdw in the Eint are presented in Table 2. The
absolute values of the interaction energy reveal the intensity of the
attraction between gas molecules and calcite, which is indicated by
its negative value. The interaction energy of calcite-CO2 dominantly
comes from the electrostatic energy that accounts for 97.11% of Eint.
As for the calcite-H2S system, the strengths of Evdw and Eelec are
similar and have a proportion of 43.67% and 56.33%, respectively.
The Eint of calcite-CO2 is higher than that of calcite-H2S, showing a
more intense attraction in the calcite-CO2 system, which explained
the more readily interaction of CO2 molecules with the CaCO3.



Fig. 5. The radial distribution function between the atom of CO2 and the atoms of CaCO3 at 323.15 K and 1 MPa.

Fig. 6. The radial distribution function between the atom of H2S and the atoms of CaCO3 at 323.15 K and 1 MPa.

C. Qian, Z.-H. Rui, Y.-L. Liu et al. Petroleum Science 21 (2024) 2444e2456
3.1.5. Adsorption orientation of CO2 and H2S
The angle qmarked in Fig. 8(a) formed by the CO2/H2Smolecules

and the calcite contact was calculated to determine the orientations
of CO2 and H2S. The CO2 molecules adsorbed on the calcite surface
showan angle range of 15�e45�. The distribution of angles suggests
that CO2 molecules tend to recline on calcite surfaces, as shown in
Fig. 8(b). The principal consideration is the strong affinity between
the O atom of CO2 and Ca2þ of CaCO3. As for the q of H2S, the fre-
quency distribution is the highest at 0� and the larger angle is
companied by the lower frequency distribution, suggesting that the
axis of H2S is inclined to keep a parallel or small angle with the
calcite adsorption surface. Explanation for this phenomenon is that
the sulfur atoms are always preferentially adsorbed on the calcite
surface and two hydrogen atoms with weaker charge have a nearly
2449
equal interaction with the surface force of calcite.
3.2. Adsorption isotherms of CO2/H2S mixture

3.2.1. Adsorption isotherms and average isosteric heat
The H2S content in different sites and injection methods varied

dramatically. Generally, the concentration of H2S in CO2 injected
into oil and gas reservoirs or deep saline aquifers does not exceed
10% (Alpermann et al., 2016; Li et al., 2017). However, in an effort to
minimize the emissions of H2S and CO2, Canada has implemented
active sour gas injection projects involving the injection of solu-
tions or dense fluids. In such projects, the H2S component can
constitute 2%e83% of the total gas injected (Bachu et al., 2005;
Bachu and Bennion, 2009). It should be noted that, in conventional



Fig. 7. The RDFs between CO2/H2S molecules and calcium ion of CaCO3 at 323.15 K and
1 MPa.

Table 2
Interaction energy between CaCO3 and CO2, H2S systems (10 MPa, 323.15 K).

Pure gas Interaction energy, kcal/mol Percentage, %

Evdv Eelec Eint Evdv Eelec

Calcite-CO2 �59.92 �2012.22 �2072.14 2.89 97.11
Calcite-H2S �738.94 �952.98 �1691.92 43.67 56.33
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natural gas reservoirs, the content of H2S typically ranges from 2%
to 70% (Bolourinejad and Herber, 2014; Ji and Zhu, 2013; Zhang
et al., 2011). Consequently, the actual content of H2S varies signif-
icantly between different locations during field operations. In order
to fully characterize the competitive adsorption processes of CO2
verse H2S under varied H2S concentrations, the molar concentra-
tions of CO2 and H2S was assigned as 0%, 25%, 50%, 75%, and 100%,
respectively.
Fig. 8. Schematic diagram for the inclination of CO2 and H2S, and freque
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The adsorption isotherms and average isosteric heat of CO2 and
H2S at the temperature of 323.15 K are plotted in Fig. 9(a) and (b).
The adsorption capacity of CO2 and H2S in calcite nanopores rises
with the ascension of its mole fraction in binary mixes. When the
mole fraction of CO2 is 0.75, the quantity of CO2 adsorbed is about
two-thirds that of pure CO2. The quantity of CO2 adsorbed is
reduced by approximately 14% when the CO2 molar ratio falls from
0.5 to 0.25, indicating a faster decline in the adsorption capacity at a
relatively high mole fraction of CO2.

Unlike pure CO2, CO2 in binary mixtures reaches its maximum
adsorption under lower pressure, while pure H2S forms maximum
adsorption more rapidly than H2S binary mixtures. Then, CO2
adsorption isotherms exhibit a modest decrease as the pressure
continues to increase with the presence of H2S. Meanwhile, a mild
rise occurs in the adsorption curves of H2S accordingly. After the
system pressure climbs to about 5 MPa, the amount of CO2 adsor-
bed starts to increase as H2S adsorbed begins to decrease pro-
gressively. The existence of H2S does affect the adsorption amount
of CO2 in calcite nanopores due to the competitive adsorption,
which would cut down the amount of CO2 sequestered in calcite
rock. A higher mole fraction of H2S would lead to less CO2

sequestration.
As shown in Fig. 9, the average isosteric heat of CO2 adsorption

process declines with the increases in pressure and mole propor-
tion of CO2, while the average isosteric heat of H2S adsorption in-
creases as the pressure and mole ratio of H2S ascend gradually. The
adsorption potential of both gases is also directly influenced by the
pressure and molar ratio. More specifically, when the adsorption
amount of two gas molecules increases due to the changes in
pressure and molar ratio, the average isosteric heat of CO2 and H2S
increases and decreases respectively. The differing energy levels of
the gas molecules in the multiple adsorption layers account for the
contradictory experimental findings and the impact of pressure and
gas mole ratio on energy value would be discussed in detail in
Section 3.2.3.
3.2.2. Density distributions
The density distribution of CO2 and H2S with various mole

fractions at 10 MPa and 323.15 K was shown in Fig. 10. The density
profile of CO2 and H2S in binary mixture generally increases with
the increase in gas mole fractions. CO2 molecules in the binary
ncy analysis for the angle q of CO2 and H2S at 10 MPa and 323.15 K.



Fig. 9. Adsorption isotherms and average isosteric heat of CO2 and H2S at 323.15 K (x(CO2) and x(H2S) are mole fractions of CO2 and H2S in CO2/H2S mixture at the initial state).

Fig. 10. Density profiles of CO2 and H2S in calcite nanopores with different mole
fractions (10 MPa, 323.15 K).

Fig. 11. Schematic diagram for the distribution of CO2 and H2S molecules in calcite
nanopores at x(CO2) ¼ 0.5 (10 MPa, 323.15 K).
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mixture always tend to form monolayer adsorption in calcite pore
walls and the density profiles of H2S would transform from
monolayer to double layers when comparing the binary mixture
with the density distribution of pure gas. For all simulations of CO2/
H2Smixture in calcite nanopores, as shown in Fig.11, CO2molecules
preferentially occupy the regions on both sides of the pores and H2S
molecules prefer to fill up the middle part of the pores according to
the density profiles graphics. The density profiles of CO2/H2S mix-
tures imply that CO2 interacts more favorably with calcite surfaces
than H2S. According to the results of RDF and interaction energy,
the attraction between CO2 and calcite is stronger than that of the
calcite-H2S system. It implies that CO2 has the propensity to settle
on the CaCO3 surface, and H2S forms a weaker adsorption layer in
areas away from the CaCO3 surface.
3.2.3. Potential energy distribution
The potential energy distribution profiles of CO2 and H2S with
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various mole fractions at 10 MPa and 323.15 K are plotted in Fig. 12.
As the mole fraction of the CO2/H2S combination in calcite nano-
pores increases, the distribution of potential energy evolves in the
opposite direction. The peaks of CO2 lines progressively shift to the
right as the CO2 ratio increases, and the peak value of the lower
energy site and higher energy site fall and rise, respectively.
Changes in energy distribution show that the adsorption of CO2 in
calcite nanopores progressively transforms from lower energy
adsorption to higher energy sites as the CO2 mole fraction rises.
While the peak positions of H2S curves gradually slide to the lower
energy sites with the presence of H2S. The extremum with lower
energy increases and the extremum with higher energy declines
with the rise of the H2S proportion. Meanwhile, the distribution
probability of CO2 in low-energy states is always greater than that
in high-energy states, and the potential energy distribution of H2S
is opposite to that of CO2.

The variation in the potential energy distribution of CO2 and H2S
molecules accounts for the different trends of average isosteric heat
in CO2 and H2S adsorption. If the initial energy of CO2 is identical, a
higher energy CO2 molecule in equilibrium means a lower average



Fig. 12. Potential energy distribution of CO2 and H2S in calcite nanopores with different mole fractions (10 MPa, 323.15 K).
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isosteric heat. Based on simulation results, the alteration in energy
of CO2 and H2S in binary mixture matches the trend of the average
isosteric heat as the gas mole fraction increases. In general, the
energy and average adsorption strength of CO2 and H2S molecules
in the binary mixture decreases and increases as the gas mole ratio
increases separately. The double-layer adsorption of CO2 and H2S is
the primary cause of this phenomenon. CO2 adsorbed in the first
layer has lower energy and the excess CO2 in the second adsorption
layer exhibits higher energy. Owing to the saturation adsorption of
the first layer, as the molar concentration of CO2 increases, the
increased CO2 molecules will settle more in the second adsorption
layer. The increment of CO2 in the secondary adsorption layer leads
to an enhancement of the potential energy of CO2 molecules and
CO2 molecules as higher energy is less stable. Therefore, CO2
adsorbing on the calcite surface will be more stably sequestered in
the reservoir, and the CO2 molecules in the second adsorption layer
with higher energy are more easily desorbed. For H2S double-layer
adsorption, the first adsorption layer of H2S similarly has lower
energy, while the energy of the second adsorption layer is
comparatively higher. In the case of pure H2S adsorption, the en-
ergy distribution is at its lowest state since, at this juncture, the
proportion of H2S molecules in the first adsorption layer is maxi-
mized. With an increase in the concentration of H2S in the mixture,
both the density of H2Smolecules in the first and second adsorption
layers escalates (as depicted in Fig. 10). However, the additional H2S
molecules tend to be more prominently distributed in the first
adsorption layer, thereby resulting in an overall upward trend in
the energy of H2S molecules.
3.3. Adsorption selectivity of CO2 over H2S

To define the selective adsorption characteristics of CO2/H2S
combination in calcite nanopores, we introduce the adsorption
selectivity of CO2 over H2S, which can be expressed as (Liu and Hou,
2020):

SCO2=H2S ¼
xCO2

�
xH2S

yCO2

�
yH2S

(4)

where xCO2
and xH2S indicate the mole fractions of CO2 and H2S
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adsorbed, respectively, in the first layer; yCO2
and yH2S denote the

mole fractions of CO2 and H2S adsorbed, respectively, in the second
layer. If SCO2=H2S is greater than 1, it means that CO2 has the
adsorption priority on the calcite surface over H2S (Huang et al.,
2022; Liu et al., 2016).

The adsorption selectivity of CO2 over H2S in calcite nanopores is
illustrated in Fig. 13. Each of the computed adsorption selectivity
values exceeds 1, which demonstrates that CO2 is adsorbing pre-
dominantly on the calcite as the results of the competitive
adsorption of CO2/H2S mixture. All adsorption selectivity curves
exhibit a downward trend when the system pressure is at a low
level (around 7 MPa) and then stays at a relatively stable level as
pressure increases, showing a better adsorption capacity of CO2 in
calcite nanopores compared to H2S.

The impact of CO2 concentration on adsorption preference at
323.15 K is shown in Fig. 13(a). As the mole fraction of carbon di-
oxide increases, the adsorption selectivity becomes lower, it in-
dicates that the CO2 adsorption on the contact of calcite is stronger
with a low mole fraction. Fig. 13(b) illustrates the adsorption
selectivity of CO2 over H2S in nanopores at four different temper-
atures. We observed that the adsorption selectivity improves as
temperature increases, which indicates that the proportion of CO2
molecules in the first adsorption layer consistently exceeds that of
H2Smolecules, and the disparity in the ratio of these twomolecules
within the first adsorption layer widens with rising temperature. As
elevated temperatures result in a reduction in the adsorption per-
formance of gas molecules, it is conjectured that the adsorption
ability of carbon dioxide on calcite surface degrades more slowly
compared to H2S. Generally, the mole fraction of CO2 and the
pressure enhance the adsorption capacity of CO2 in the CO2/H2S
combination, while the high temperature is reversed. While the
adsorption selectivity of CO2 over H2S and adsorption isotherms of
the mixtures demonstrate that CO2 adsorption dominates when
temperatures� 323.15 K and the pressure in the range of 0e7 MPa,
suggesting that CO2 is more suitable for the sequestration in shal-
lower formations.
3.4. Impact of water content

The adsorption performance of CO2 and H2S are simulated in



Fig. 13. Adsorption selectivity of CO2 over H2S with the different mole fractions of CO2 and temperatures.

Table 3
The ratio of gas adsorption amount with water to that without water (323.15 K,
30 MPa).

Mass fraction of water, wt% Ratio of gas adsorption amount,
%

CO2 H2S

0 100.00 100.00
0.67 92.33 92.80
1.32 85.13 85.99
1.97 78.49 77.59
2.61 71.84 71.70
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calcite nanopores containing different water content. Noted that
the mass fraction of water is calculated from the ratio of the H2O
mass to the total mass of calcite and water. The adsorption capacity
of CO2 and H2S with various water content at 323.15 K are plotted in
Fig. 14. As the increase in water content in calcite nanopores, the
CO2 and H2S adsorption capability steadily declines. In more detail,
the adsorption amount of CO2 and H2S with water content of
2.61 wt% is reduced to 71.84% and 71.70%, respectively, compared to
that in dry nanopores. According to Table 3, the influence of water
content on the capacities of two gases for adsorption is generally
coincident. Calcite nanopores were populated by clusters of water
molecules and the H2O molecule shows the highest priority in the
adsorption performance in calcite nanopores than CO2 and H2S. In
other words, the H2O molecules adsorbed in the calcite nanopores
shield the two gas molecules.
Fig. 14. Adsorption capacity of CO2 and H2S
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As shown in Fig. 15, in CO2/H2S mixture, the adsorption of CO2 in
calcite nanopore without water content is slightly higher than that
with different water content (323.15 K).



Fig. 15. The adsorption amount of CO2 and H2S and the ratio of gas adsorption amount
with different water content at x(CO2) ¼ 0.5 (323.15 K, 30 MPa).

Fig. 16. Adsorption performance of CO2 under different circumstances at various
buried depths.
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of H2S. The adsorption of two gases declines as the H2O content
increases; the decline rate of CO2 adsorption is substantially greater
than that of H2S.When thewater content is 2.61wt%, the amount of
CO2 and H2S adsorbed drops to 62.70% and 81.22%, which illustrates
that the adsorption performance of CO2 is more impacted by
moisture in calcite nanopores compared with H2S. It is mainly
because both H2O and CO2 tend to be adsorbed near the pore wall
and CO2 originally adsorbed on the CaCO3 contact in the binary
mixture is replaced by H2O, which leads to a rapid decline in CO2
adsorption. Meanwhile, moisture has less impact on H2S negatively
located in the middle region of the nanopore. Hence, the existence
of moisture limits CO2 absorption and sequestration in calcite-rich
formations substantially.
3.5. Implications for CO2 sequestration

The co-injection of impurity gas will influence the total storage
of CO2. Our study indicates that H2S can indeed reduce the
adsorption of CO2 in calcite pores, suggesting that H2S in injected
CO2 and native H2S in the formation will lessen the CO2 storage in
the calcite-rich formation. As has been mentioned, the increases in
pressure and temperature have opposite effects on CO2 adsorption.
When CO2 and impurity gas are stored in the reservoirs, pressure
and temperature increase in tandem. Herein, we set up a series of
depths with the pressure differences (1.0 MPa/100 m) and the
geothermal differences (2.5 �C/100 m, the surface temperature is
20 �C) to optimize the depth for CO2 sequestration. The adsorption
ability of CO2 at various mole fractions and buried depths are
shown in Fig. 16. As for pure CO2, its adsorption quantity quickly
increases to its peak at roughly 2.90 mmol/g and then gradually
declines as the depth of formation increases. It can be inferred that
the intensifying effect of pressure dominates in shallower forma-
tions and then the weakening effect of temperature starts to take
over the adsorption behavior when pure CO2 dives into deeper
formations. Hence, pure CO2 is suggested to be sequestrated in the
shallower formations, i.e. 500e1500 m.

Moisture has a detrimental effect on the ability of CO2 to be
absorbed, reducing the adsorption amount by about 24%. Moisture
significantly weakens CO2 adsorption and storage. As for CO2/H2S
mixtures, the adsorption amount of CO2 increases as the buried
depth increases, indicating that the pressure prevails over the
competitionwith temperature. Meanwhile, CO2 adsorption amount
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declines as the increase in H2S mole fraction, indicating the detri-
mental effect of H2S on CO2 storage capacity. Moreover, as the
formation depth grows, the impact of H2S lessens. It is suggested
that CO2 containing H2S should be stored in deeper formations.
4. Conclusions

This work investigates the adsorption behavior of CO2/H2S
mixture in calcite slit nanopores with GCMC simulations. The
adsorption performance of CO2, H2S, and their binary mixture in
CaCO3 nanopores are simulated to estimate the impact of various
factors. The following succinctly states the main conclusions.

(1) In calcite nanopores, a rise in pressure enhances the
adsorption ability of CO2 and H2S, whereas the temperature
is reversed. CO2 shows stronger adsorption on the calcite
surface and the two gases are both inclined to form double
adsorption layers under higher adsorption amounts. Ca2þ

has a stronger interactionwith CO2 than H2S and the distance
between CO2 and Ca2þ (2.26 Å) is less than that of H2S
(3.62 Å). The interaction energy of calcite-CO2 and calcite-
H2S is �2072.14 kcal/mol and �1691.92 kcal/mol and elec-
trostatic energy play a major role. The CO2 adsorbed on the
calcite surface shows an angle range of 15�e45� and the axis
of H2S prefers to keep parallel or small angles with the calcite
adsorption surface.

(2) H2S reduces the adsorption amount of CO2 in calcite nano-
pores due to the competitive adsorption of binary mixtures;
a higher mole fraction of H2S causes less CO2 adsorption. The
adsorption amount of CO2 and H2S in nanopores promotes as
their mole fraction rises. CO2molecules preferentially occupy
the position close to the nanopore wall and H2S molecules
prefer to fill up the intermediate zone. The potential energy
of CO2 and H2S rises and falls with the promotion of gas mole
proportion, which matches the trend of the average isosteric
heat as the gas mole fraction increases.

(3) The adsorption selectivity values of CO2 over H2S exceeds 1,
demonstrating the favorably adsorption of CO2 in the
competitive adsorption of the CO2/H2S mixture. The mois-
ture in calcite nanopores can lessen the adsorption amount
of CO2 and H2S; the weakening effect gets stronger as the
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water content increases. The weakening effect of water
content on CO2 adsorption is significantly greater than that
on H2S adsorption in the binary mixture. Pure CO2 is suitable
to be buried in the shallower formations i.e. 500e1500 m,
whereas CO2 with H2S should be settled in the reservoirs as
deep as possible.

This work presents insights into the adsorption behavior of the
CO2/H2S mixture and theoretical assistance for CO2 storage pro-
jects. In future research, a more in-depth investigation should also
be performed on the diffusion, mass transfer behavior of CO2, and
its multi-component mixtures to support CO2 sequestration.
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