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Abstract:

At the microscopic scale, the competitive adsorption of CO2 and H,O alters the inter-
facial characteristics of rock surfaces, thereby inducing significant deviations between
the microscopic wetting properties and macroscopic behaviors, a phenomenon critically
impacting unconventional hydrocarbon extraction. Consequently, this paper analyzes the
interfacial interactions and microscopic adsorption mechanisms of CO; and H>O on rock
surfaces at the molecular level and characterizes the properties of their adsorption layers.
Building on this foundation, existing models of competitive adsorption and adsorption
energy are summarized, revealing how alterations in interfacial properties affect wettability.
Furthermore, the influence of surface energy, surface tension, surface roughness, organic
content, and pore structure on the contact angle is discussed, along with the applicability
and limitations of contact angle theoretical models. Overall, this paper proposes a method
to achieve the accurate characterization of microscopic wetting behavior by incorporating
correction coefficients (e.g., adsorption energy, surface roughness) into macroscopic
models.

1. Introduction

supercritical fluid displacement processes. Concurrently, the

With the growing global energy demand and the ongoing
transformation of the energy structure, shale oil has become
a critical part of the energy supply and is emerging as a
highly promising alternative energy resource. However, shale
reservoirs are characterized by huge burial depths, as well as
extremely low porosity and permeability (Nie et al., 2023),
leading to generally low oil and gas productivity (Yuan et
al., 2015; He et al., 2023a; Xu et al., 2023). There is an urgent
need to enhance shale oil and gas recovery through engineered
fracturing techniques, including gas displacement methods and

geological storage of CO, is a key technology for reducing
carbon emissions. Due to the superior adsorption properties
of CO,, organic gases are displaced by CO, fracturing.
Thus, CO; flooding in shale formations constitutes a critical
technique for enhanced shale hydrocarbon recovery (Li et
al., 2024c). However, microscopic wetting properties govern
the distribution and mutual displacement behavior of CO, and
H,0, while competitive adsorption between CO, and H,O
influences the interfacial properties, pointing to the importance
of research on wetting properties in CO,-H,O-rock systems.
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Fig. 1. Inorganic and organic shale pore: (a) Rock micro-computed tomography scanning (Zhang et al., 2025b), (b) Scanning
Electron Microscope (SEM) image of montmorillonite (Mouzon et al., 2016), (c¢) SEM images of nano-organic and inorganic
pores in shales from different depths (Ma et al., 2021), and (d) modeling of molecular structural units and condensed matrices

of kerogen at different maturity levels (Huang et al., 2019).

Wetting phenomena occur when a liquid adheres to and
spreads across a solid surface (Josyula et al., 2024). As a piv-
otal interfacial characteristic, wetting properties play a critical
role in subsurface engineering systems. However, microscopic
wetting properties are governed by various molecular-scale
forces, including surface tension, van der Waals forces, and
electrostatic interactions, which induce marked deviations be-
tween microscopic and macroscopic wetting behavior (Deglint
et al., 2019; Cao et al., 2024; Qin et al., 2024). Consequently,
a fundamental challenge in interfacial science is to elucidate
the competitive adsorption mechanisms and adsorption layer
properties through interfacial thermodynamics and molecular
dynamics to delineate nanoscale wetting mechanisms in CO;-
H,O-rock systems, enabling the precise characterization of
microscopic wetting properties (Jia et al., 2021; Josyula et
al., 2024). Recent advances in experimental and molecular
simulation techniques have enabled new insights into CO»-
H;O-rock interfacial wetting properties. Molecular Dynamics
Simulation (MD) simulations revealed molecular-scale wetting
behavior (Liang et al., 2017), while synchrotron micro-CT was
used to probe CO»-brine interactions in porous media (Lv et
al.,, 2016). Image analysis verified the control mechanisms
mediated by wetting properties (Hu et al., 2017). Further-
more, Nabizadeh et al. (2019) identified contact angle as a
key multiphase flow parameter via 3D numerical modeling.
However, oversimplifying wetting properties through contact
angle parameterization overlooks the microscopic complexities
(e.g., competitive adsorption and interfacial reconfiguration),

causing significant simulation-nanoscale reality discrepancies
(Aryana et al., 2023).

This paper summarizes the existing literature to establish
a tripartite analytical framework encompassing “molecular
adsorption-interfacial reconstruction-pore wetting properties”.
First, the adsorption mechanisms of CO, and H;O in shale
(particularly on montmorillonite and kerogen) are analyzed,
and fluid-rock interfacial properties are characterized. Sub-
sequently, the configurations of CO, and H;O adsorption
layers are presented, followed by a summary of adsorption
energy calculation models. Finally, the factors affecting mi-
croscopic wetting properties at three-phase contact interfaces
are discussed. This work provides fundamental theoretical
references for multiple aspects of interfacial molecular science
and subsurface fluid mechanics.

2. Microscopic adsorption
2.1 CO3/H>0 adsorption behavior in shale

Shale, characterized by clay-rich mineralogy and or-
ganic content, features heterogeneous pore systems spanning
nanoscale matrix pores to micrometer-scale fractures (Figs.
1(a) and 1(b)) (Jia et al., 2023). These characteristics collec-
tively provide prolific surface sites for gas adsorption (Cai et
al., 2024). Shale predominantly consists of inorganic montmo-
rillonite and organic kerogen, whose pore architectures at the
nanoscale are different (Fig. 1(c)). As a typical layered silicate
clay mineral in shale, montmorillonite exhibits significant
adsorption properties by virtue of its microscopic structure.
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Fig. 2. CO;, adsorption under varying conditions: (a) CO, adsorption in nanopores (Cui et al., 2024), (b) absolute CO,
adsorption vs. P/T (Hou et al., 2022), (c) CO, adsorption vs. humidity (Kolle et al., 2021), (d) adsorption of CO;, with no
ion exchange and ion exchange (Mendel et al., 2021), (e) physisorption and chemisorption (Gunawardene et al., 2022), and
(f) CO, absolute adsorption vs kerogen maturity (Raza et al., 2022).

Thus, montmorillonite is an essential model for revealing
complex microscopic adsorption mechanisms within CO;-
H;O-rock systems. Montmorillonite exhibits stronger CO»
adsorption capacity than other shale minerals and kerogens of
any maturity, as demonstrated by Materials Studio simulations
(Sharma et al., 2015; Wang and Chang, 2024). For organic
matter, kerogen exhibits distinct structures at different maturity
levels (Fig. 1(d)), with its CO, adsorption capacity increasing
moderately with higher maturity (Sui et al., 2020).
Montmorillonite adsorbs CO,/H,O via dual physical-
chemical mechanisms (Nandi and Uyama, 2014; Cabriga et
al., 2023). CO, exists predominantly in adsorbed state within
nanopores (< 10 nm) and as a free phase in larger pores (Fig.
2(a)). Despite elevated temperatures weakening intermolecular
forces and electrostatic interactions between CO, and mont-
morillonite, CO;, adsorption continues to exhibit a minimal
yet incremental increase under this condition (Fig. 2(b)) (Du et
al., 2020; Hou et al., 2022). Furthermore, Zhang et al. (2025a)
proposed that CO, adsorption increases proportionally with
adsorption time, surface tension, and contact angle. Chemical
adsorption predominantly enhances CO, adsorption capacity
in rocks via interlayer cation exchange (Fig. 2(d)) (Yi et
al., 2018; Nowrouzi et al., 2019; Mendel et al., 2021). How-
ever, the hydrophilic swelling of montmorillonite enhances
its HyO adsorption capacity. Kerogen adsorption behavior is
profoundly governed by its pore architecture and maturity.

CO, displaces H,O more effectively in kerogen nanopores,
but the adsorption capacity decreases with pore enlargement
(Li et al., 2020b). Mature kerogen slightly boosts CO, ad-
sorption led by van der Waals forces, whereas immature
kerogen demonstrates preferential affinity for H,O (Fig. 2(f))
(Huang et al., 2018; Lawal et al., 2020; Raza et al., 2022).
Additionally, high humidity triggers H,O clathrate formation,
sharply increasing CO»-H>O interactions and elevating CO;
adsorption (Fig. 2(c)) (Kolle et al., 2021).

2.2 Mechanisms of solid-fluid interactions

Solid-fluid interface mechanics essentially reflect the in-
terplay between interfacial energy and intermolecular forces,
governed by electrostatic interactions (including hydrogen
bonding), surface tension, hydration forces, and hydrophobic
effects. Modifying interfacial properties alters electrostatic
interactions between H,O and contact surfaces, inducing hy-
drophobicity (Li et al., 2007; Monroe et al., 2020; Wang et
al., 2021). Hydrophilic liquids exhibit distinct stratification
due to hydrogen bonding (Fig. 3(a)), whereas hydrophobic
interfaces show minimal stratification (Fig. 3(b)). Moreover,
hydrogen bond reorganization enables H,O to form nanoscale
hydration films on contact surfaces (Fig. 3(c)) (Miyazawa et
al., 2016). The energy required to remove hydration films
determines the hydration forces, whose presence consequently
reduces gas adsorption capacity on rock surfaces (Fukuma and
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Fig. 3. Fluid-solid interfacial characteristics: (a) Hydrogen bond distribution (Song and Wang, 2020), (b) physical model of
surface tension (Van Honschoten et al., 2010), and (c) hydration layers (Fukuma and Garcia, 2018).

Garcia, 2018). Hydrophobic interfaces exhibit long-range at-
traction far exceeding molecular forces, demonstrating distinct
stepwise characteristics due to intervening nanobubbles that
modulate hydration forces (Israelachvili and Pashley, 1982;
Parker et al., 1994). When the contact angle exceeds 90°,
hydration forces begin to attenuate. In addition, surface tension
constitutes a fundamental interfacial characteristic. When a
liquid contacts a solid, the free energy required to form a
stable interface equals the surface tension (Van Honschoten
et al., 2010). To this end, adjusting nonpolar group positions
effectively modulates surface tension. For weakly polar fluids,
minor surface tension variations significantly alter the wetting
properties (Hantal et al., 2019; Tian et al., 2020).

3. Competitive adsorption
3.1 CO2/H;0 competitive adsorption

Investigating CO»/H,O competitive adsorption reveals dy-
namic energy partitioning and the regulation of interfacial
wetting properties at the molecular level, where molecular
potential energy, electrostatic interactions, charge distribution,
and functional group polarities govern the adsorption mecha-
nisms. CO,/H,O competitive adsorption is dominated by van
der Waals forces, with fundamentally distinct Lennard-Jones
potentials and Coulombic contributions (Fig. 4(a)) (Jeong and
Kim, 2016). The lower molecular potential energy of CO, rel-
ative to H,O induces diminished adsorption capacity on rock
surfaces (Fig. 4(c)). The electrostatic interactions (primarily
hydrogen bonding) dictate the stabilized adsorption of H,O.
Moreover, HyO preferentially engages with charged surface
groups on rocks through electrostatic forces (Jia et al., 2021;
Grekov et al., 2023). Aybar et al. (2025) demonstrated that
while water exerts relatively weak electrostatic screening on
CO,-rock interactions, it nevertheless functions as a secondary
factor diminishing CO, adsorption (Fig. 4(b)). The interplay
of van der Waals and electrostatic forces drives adsorbate
charge rearrangement at the rock interfaces, governing com-

petitive adsorption, and the emergence of resultant stabilized
electric double layers upon reaching adsorption equilibrium
(Fig. 4(d)) (Nasralla and Nasr-El-Din, 2014; Wu, 2022).
Furthermore, functional group identity and polarity govern
competitive adsorption outcomes. For example, surface hy-
droxylation promotes hydrogen bonding with H,O (He et
al., 2023b; Yeon et al., 2023). The controlled introduction of
oxygen-containing functional groups on rock surfaces induces
electronic redistribution, thereby enhancing CO, adsorption
capacity (Fig. 4(e)) (Bai et al., 2015; Yang et al., 2021). The
CO, adsorption capacity sequence among functional groups is
in the descending order of Carboxy > Hydroxy > Carbonyl
> Carbon (Fig. 4(f)) (An et al., 2022). Additionally, MD
simulations revealed CHy enrichment in nanopore concavities,
exhibiting CO;,-like distribution. C;Hg generally shows greater
adsorption capacity than CH4 due to its enhanced polarity and
stronger van der Waals interactions (Liu et al., 2024). However,
in nanoscale pores, CHs may have higher capacity compared
to CoHg (Li et al., 2024a).

3.2 Competitive adsorption models

The Langmuir isothermal adsorption model and the physic-
ochemical mechanism of competitive adsorption are highly
compatible. Eqgs. (1) and (2) present the Langmuir isothermal
adsorption model equations and the three-parameter Langmuir-
Freundlich model equations, respectively:

_ Vip
 P+p M
_ v (Kpp)"
P o

where V; stands for the Langmuir volume; P, means the
Langmuir pressure; p denotes the equilibrium pressure; K
denotes the binding constant; n is the model parameter.
Scholars have proposed the selectivity coefficient as a
critical parameter for characterizing the competitive ad-
sorption characteristics in a multicomponent gas system
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Fig. 4. Competitive adsorption mechanisms between CO; and H,O: (a) CO, interaction energy in Sodium Allyl Sulfonate (SAS),
PCOD8319944, PCOD8306594, PCOD8197781, PCOD8195213, AWW, OWE, and APC (data from Jeong and Kim (2016)),
(b) images of CO, and H20 adsorption (red is for CO,, blue is for H,O) (Aybar et al., 2025), (c) CO, density under different
amounts of preabsorbed water (Yang et al., 2020), (d) two-electron layer model (Nasralla and Nasr-El-Din, 2014), (e) adsorption
capacity of COj;: pristine surfaces vs. oxygen-functionalized surfaces at varying temperature (Bai et al., 2015), and (f) optimal
geometrical configurations of adsorbed CO, at different functional group sites (Fernandez-Alos et al., 2011).

(Ruthven, 1984). Eq. (3) defines the selectivity coefficient for
competitive adsorption systems:

XA / XB

s ¥

where x4 and xp respectively represent the gas mole fraction

in the adsorption region of A and B; y4 and yp are respectively
the gas mole fraction in the free gas region.

Radial distribution function characterizes microstructural
ordering within particulate systems, revealing spatial correla-
tions arising from organized particle aggregation (Kraevsky et
al., 2024; Kryuchkov et al., 2024):

dN

8an(r) = 47pyr2drR “)
where dN represents the number of b particles within r to

r+dr shells from a atom; p,, is the density of particle b.
Mean square displacement quantifies the deviation of a par-
ticle’s position from its initial reference point over time (Shao
et al., 2022). Einstein’s formula is currently the predominant
computational approach (Didier and Nguyen, 2020; Jawerth et

al., 2020):

o1
D = lim = (Ir(t) = r(0) ") )

where D denotes the diffusion coefficient; r;(r), r;(0) are
respectively the displacement vector of the molecular center
of mass at moments ¢ and O.

4. Adsorption layer
4.1 Adsorption layer properties

Adsorption layers directly manifest competitive adsorption
at the interfaces, which are modulated by pore structure,
mineralogy and organic content (Barberi and Spriano, 2021;
Sun et al., 2022). Analyzing adsorption layers and adsorption
energy thus reveals microscale-macroscale wettability discrep-
ancies, enabling precise adsorption behavior. Firstly, the CO,
adsorption layer stratifies into contact, inner and transition
layers (Fig. 5(a)). Successive adsorption layers form once the
preceding layer reaches saturation. Fig. 5(b) depicts the first
and second layers of CO, on montmorillonite (above) and
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and (d) equilibrated snapshots of CO, and brine in kerogen nanopores with different salinities (Zhou et al., 2020).

calcite (below) surfaces (Wang et al., 2024), while Fig. 5(c)
presents the side and top views of CO; adsorption layers on
the graphene surface (Hu et al., 2024). Both strong and weak
adsorption layers coexist under experimental conditions (Xu
et al., 2020). Secondly, CO, forms discontinuous adsorption
layers on slit surfaces, with preferential accumulation in
concave regions (Fig. 2(a)) (Lin et al., 2023). Within the
COy/brine(water)/kerogen system, CO, molecules exhibit a
tight encapsulation of water/brine clusters, particularly under
low-salinity conditions (Fig. 5(d)) (Zhou et al., 2020). Thirdly,
increased surface roughness provides more adsorption sites
for CO, while reducing the peak density of adsorption layers
(Tesson and Firoozabadi, 2018; Xu et al., 2024).

Considering the H>O adsorption layer, it exhibits distinct
properties under varying organic matter conditions and pore
size constraints. Progressive increases in HoO mass percentage
lead to stable adsorption on mineral surfaces under organic-
free conditions (blue parts), whereas organic-bearing matri-
ces (red parts) consistently exhibit self-aggregating molecular
clusters of H,O irrespective of mass percentage elevation (Fig.
6(a)) (Yang et al., 2024). In calcite nanopores, increasing oil
mass fractions trigger sequential HyO adsorption layer tran-
sitions. Initially, an aqueous bridging phenomenon emerges,
followed by water-oil-water layered structuring (Fig. 6(b)). At
critical oil fractions, residual H,O molecules form adsorption
layers on pore surfaces preceding complete displacement by
oil (Zhang et al., 2021). H,O adsorption layers show stratified
distribution in small graphene nanopores but not in larger ones
(Hu et al., 2024).

4.2 Adsorption energy models

The analysis of adsorption energies provides thermody-
namic foundations for investigating the microscopic wetting
properties and serves as a critical entry point for revealing the
differentials of macro-scale wetting properties. This study sys-
tematically compiles adsorption energy theories and their cor-
responding formulations for distinct applicability categories,
as summarized in Table 1. Table 2 presents the calculation
formulas for different types of adsorption energy.

The Density Functional Theory (DFT) enables precise
microscopic adsorption modeling and pore size distribution
(Liao et al., 2022; Yadav et al., 2023). Thermodynamic ap-
proaches calculate the adsorption energy, with adsorbed-phase
entropy derived from DFT-calculated vibrational frequencies
and thermal corrections (Jgrgensen et al., 2018; Ferrari and
Bennett, 2021). Adsorption selectivity is quantified via adsor-
bate Gibbs free energy differences:

g bco, _ FPeo, exp (_AGads,co2 - AGads,H20> ©)
01,0 Pio RT

where S denotes the adsorption selectivity; 8co, and 6,0 are
respectively the surface coverages of CO, and H,O; Pco, and
Py,0 are respectively the pressure of CO; and HO; AGygs.co,
and AG,gsH,0 are respectively the Gibbs free energy of CO,
and H,O.

It is also possible to split the Gibbs free energy into
enthalpy and entropy change terms:
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Table 1. Theoretical and computational expressions for adsorption energy for different applicable categories.

Adsorption calculation model  Category of application Formula

P 1
Langmuir Monomolecular layer adsorption theory m = VKL
Freundlich Non-uniform surface or multimolecular layer adsorption V =Kpl/n

P 1 PC-1
BET Multi-molecular layer adsorption theory

V(Py—P)  VuCPy VuC

€
Dubinin-Astakhov Theory of microporous filling based on adsorption potential V =V, exp —a

Notes: P is the saturation vapot pressure, V is the adsorbed volume, V,,, is the monolayer capacity, Ky, is the Langmuir
constant, K is the freundlich constant, C is the BET constant, € is the adsorption potential, & is the characteristic

energy.
Table 2. Calculation table for different adsorption energies.

Type Formula

Density functional theory Ey=Eng—En—Eg

DFT’s core formula for calculating adsorption energy E,s=Er —Era—E7g

Commonly used formulas for theoretical calculation of adsorption energy AE, s =Esp—Es—Ep

Calculation formula of adsorption energy on coal surface Epr = Eymn —Ey — Ej

Equation for the adsorption energy of and molecules on a model coal surface Eape = Eyap — EvB — Enm

Notes: E,4 is adsorption energy, Eyg is total energy of the adsorption system, Ey, is the energy of a single gas molecule, E is energy
of substrate (e.g., graphene). E7 is adsorption of system energy, E74 is the adsorption of system energy, E7g is the substrate energy.
AE,;, is adsorption energy of the adsorbent after adsorption has occurred, E4p is total energy of the entire adsorption system after
adsorption occurs, Ey4 is energy of the adsorbent before adsorption occurs, Ep is energy of the adsorbate before adsorption occurs.
Epg is adsorption energy on coal matrix surfaces, Ejy, is adsorption energy of a coal surface with gas molecules adsorbed to an
equilibrium state, Ejs is energy before adsorption on the coal surface, E,, is energy of gas molecules before adsorption. Eapg is
adsorption energy of species A during competitive adsorption at coal matrix surface sites, Epz4p is adsorption energies of , molecules
adsorbed on the coal surface to reach the equilibrium state, Eysp is Energy of molecules after adsorption on coal surface.

(OH,0 ©Ca o C 20
Continuously increasing oil mass

H20 number densit

H20 number density

Continuously increasing water mass Continuously increasing interlayer spacing of nanopores

Fig. 6. H,O adsorption layers: (a) Inorganic (blue) vs. organic (red) conditions (Yang et al., 2024), (b) adsorption layers of
H,O under increasing oil mass percentage in nanopore systems (Zhang et al., 2021), and (c) adsorption layers of H,O across
distinct nanopore systems (Hu et al., 2024).
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Table 3. Mathematical expressions for different contact angle models and their applicability.

Model

Mathematical expression

Applicable conditions

Young’s equation (Young, 1805)
Wenzel’s wetting model (Wenzel, 1936)

Cassie-Baxter’s wetting model (Cassie and Baxter, 1944)

Yov — Ys1 = Vv cos O

cos B = rcos 6y

Cos erough = fsicos 6 + JSair

Smooth homogenized surface
Rough surfaces (fully wetted)

Rough surfaces (gas-liquid coexistence)

Notes: 74, is surface tension between a gas and a solid, 7y, is surface tension between a gas and a liquid, 7, is surface tension
between a liquid and a solid. r is surface roughness factor, 6 is intrinsic contact angle. O;ug is contact angle of a liquid on a
rough surface, fy; is fraction of the area of a solid surface covered by liquid, fa. is fraction of the area of a solid surface occupied

by a gas, fy + fair = 1.

(a) Surface energy

O
s, S

Fig. 7. Factors influencing Contact Angles (CA) (all original
data of contributing variables in the radar chart have been
normalized to the (0,1) scale, quantitatively reflecting their
influence levels from weak to strong): (a) Surface energy T,
CA |, (b) surface tension 1, CA [, (c) surface roughness
T, the surface transitions from hydrophobic to hydrophilic,
CA fistly 1, then |, (d) organic compositiont, CAT, and (e)
hole radius |, CA | (the data in (a)-(e) are all sourced from
Wang and Zhang (2020), Pan et al. (2018), Youngblood and
McCarthy (1999), Wréblewski and Kachel (2023), Afekare et
al. (2020)).

6co,  Pco, < AH,gs co, _AHads,H20>
S= = exp | —

0,0 Puo RT

ASads,co, — ASads,H20>

X exp R
where AH,4,co, and AH,4 1,0 respectively represent the
enthalpy change of CO; and HyO; AS.4co, and AS,4sH,0
respectively represent the entropy change of CO, and H,O.

)

5. Microscopic wetting properties

5.1 Factors influencing contact angles

Contact angles at the nanoscale exhibit marked differences
compared to those at the macroscopic scale. They are governed
by multiscale factors: Interfacial properties (surface energy
and tension), substrate morphology (surface roughness and
nanopore size), and organic matter distribution characteristics.

Substances exhibiting higher surface energy (e.g., solids rich
in oxygen-containing functional groups and aliphatic hydrocar-
bons) demonstrate smaller contact angles under identical con-
ditions (Fig. 7(a)) (Wang and Zhang, 2020; Cao et al., 2024).
However, Young’s equation dictates that a liquid with higher
surface tension exhibits a larger contact angle on a solid
surface, while on the same solid surface it conversely exhibits
a smaller contact angle for liquids with lower surface tension
(Fig. 7(b)). According to the Wenzel model and Cassie-
Baxter equation, an increase in surface roughness reduces
the contact angle on hydrophilic surfaces while it increases
it on hydrophobic surfaces (Kim et al., 2023; Alhammad et
al., 2024; Cao et al., 2024). Higher surface tension correlates
with smaller contact angles (Fig. 7(c)) (Youngblood and Mc-
Carthy, 1999; Muhammed et al., 2024). Meanwhile, higher
surface oil content promotes organic species accumulation,
leading to increased contact angles through interfacial mod-
ification (Fig. 7(d)) (Mirchi et al., 2022; Wréblewski and
Kachel, 2023; Li et al., 2024b). Furthermore, smaller pores
correlate with larger contact angles (Fig. 7(e)) (Afekare et
al., 2020). Table 3 lists the mathematical expressions for
different contact angle models and their applicability.

Li et al. (2024b) modified Young’s equation, enhancing its
applicability for predicting shale wetting properties:

cosO =ApYel —1 8)
where 0 represents the contact angle; Ap represents the density
difference between gas-liquid; 7., is the Gas-liquid surface
tension; / is the Van der Waals Potential Points.

The Wenzel and Cassie-Baxter models converge into a
unified Wenzel-Cassie wetting model describing liquid state
transitions on rough surfaces under varying conditions (Bor-
mashenko, 2011; Cao et al., 2024). Zhang et al. (2025c¢)
reformulated the Wenzel model by replacing the conventional
roughness factor with a microstructure-dependent roughness
ratio 7y, defined as a parameter related to the surface mi-
crostructure:

Cos 9rough = Y¢08 Osmooth 9
where 6;ougn denotes contact angle on rough surface; Gsmooth
denotes contact angle on smooth surface; 7 is roughness factor.

The lattice Boltzmann method quantifies surface mi-
crostructure effects on contact angles through droplet sim-
ulations (He and Luo, 1997). Li et al. (2020a) extended



Zhang, C., et al. Capillarity, 2025, 16(3): 61-76 69

this method to thermal systems, while Wang et al. (2023)
developed a modified multiphase version for CO, huff-n-puff
water effects.

5.2 Three-phase wetting properties

Molecular-scale competitive adsorption drives interfacial
restructuring that alters the properties of three-phase contact
line, fundamentally governing microscopic wetting property
changes. Thus, these mechanisms are controlled by rock
surface structures and molecular interactions. CO,-H,O-rock
interactions increase hydrophilic group density, enhancing sur-
face hydrophilicity (Zheng et al., 2024). Increased pore water
saturation reduces pore volume via complete water occupancy,
altering the wetting properties at the rock surface (Selem et
al., 2022); the presence of organic matter, although sometimes
limited, also exhibits a measurable effect on shale wetting
properties (Deng et al., 2025). Molecular simulations of water-
montmorillonite interactions reveal precursor films at advanc-
ing fronts, exhibiting rapid propagation, expanding diffusion
radii, and decreasing contact angles during constant-velocity
advancement (Kashkooli et al., 2022; Yan et al., 2024). The
microscopic wetting properties of rock constitute a critical fac-
tor dictating rock-fluid behavior and macroscopic properties.
Within porous media, wetting properties directly govern fluid
phase distribution, the resultant force distributions, and relative
permeability (Xu et al., 2017; Khan et al., 2024). Alterations in
pore-scale wetting properties can induce the remobilization of
non-wetting phases under elevated capillary pressures (Nemer
et al., 2021). Furthermore, ionic reactions between CO, and
minerals significantly alter rock morphology, porosity and
permeability. Differences in the capillary-driven wetting prop-
erties between inorganic/organic shale pores fundamentally
influence fluid dynamics, particularly methane-water relative
permeability and transport (Zhang et al., 2023). Alterations in
the wetting properties have cascading effects across molecular-
to-macroscopic scales.

6. Discussion

6.1 Microscopic competitive adsorption

The competitive adsorption of H,O and H,O is intricately
linked to molecular properties, interfacial ion exchange, van
der Waals and electrostatic interactions, Gibbs free energy,
and environmental factors. The smaller size of CO, enhances
diffusion, while its zero-dipole moment and uniform charge
distribution lead to weaker adsorption than highly polar HO.
H,O displaces CO, near Na* sites, relocating CO, to pore
edges and strengthening H,O-Na* bonds (Fig. 8(a)) (Purdue
and Qiao, 2018). Increased H,O adsorption forms H-bonded
hydration networks (Joos et al., 2013), and that Na* is fully
solvated by H>O (Rao and Leng, 2016). Extensive water
condensation forms robust H-bond networks, overwhelming
CO;-adsorbent van der Waals forces and drastically reduc-
ing CO, capacity. However, strategic surface functionaliza-
tion can promote carbon participation in hydrogen bonding,
competitively disrupting aqueous H-bond networks (Karas
et al.,, 2020). Under thermodynamic regulation, competitive
adsorption is governed by the Gibbs free energy, jointly driven

by enthalpy changes and entropy contributions (Fig. 8(b)).
More negative AG3 values enhance CO, adsorption affinity
(Fig. 8(c)) (Zhao et al., 2021). Elevated temperatures favor
the adsorption of CO;, over H,O, while lower temperatures
induce H,O clustering that blocks pores and impedes CO»
diffusion (Fan et al., 2025). Dry conditions show humidity-
independent gas-water interactions, whereas high humidity
forms water cages entrapping gas molecules, reducing CO»
displacement. (Fig. 8(d)) (Shen and Worek, 1994; Kolle et
al.,, 2021; Fu and Davis, 2022). Additionally, hydrophobic
surfaces exhibit pressure-dependent contact angle increases,
whereas hydrophilic surfaces maintain static wetting proper-
ties, indicating that hydrophobic interfaces exert a stronger
influence on competitive adsorption (Liang et al., 2017).

6.2 Competitive adsorption alters interfacial
properties

CO2/H,0 competitive adsorption critically modifies the
adsorption layer properties by modulating van der Waals forces
and electrostatic interactions (e.g., hydrogen bonding), thereby
altering interfacial charge density. This process changes ad-
sorption enthalpy/entropy, controlling interfacial adsorption
energy. Notably, despite the weaker polarity of CO,, enhancing
long-range electrostatic interactions between CO, and H,O
significantly increases the compactness of CO, adsorption
layer (Jeong and Kim, 2016). Competitive adsorption also
changes the interfacial charge distribution. From Eqgs. (6) and
(7), it can be concluded that the competitive adsorption of
CO; and H,O changes the magnitude of adsorption energy
(Jgrgensen et al., 2018). According to classical electrostatics,
the outward local induced stress on this surface is eE2 /2, and
it is a dielectric constant. On the basis of the Young-Laplace
equation (Ap = yK), it is obtained by the combination of these
two forces (Van Honschoten et al., 2010):

1 2
Ap:yK—EsE (10)
where Ap denotes pressure difference; y denotes surface ten-
sion; k denotes curvature of interface; € denotes permittivity;
E denotes electric field strength.

Competitive adsorption between CO, and H,O critically
modulates the wetting properties at the three-phase interface
(Ballah et al., 2016). Studies have revealed that increasing
CO; pressure reduces the water-wetting properties (Fauziah et
al., 2018), particularly near the supercritical CO, threshold of
7.38 MPa (Fang et al.,, 2016; Yan et al., 2024). The static
contact angles on quartz surfaces rise with CO, pressure,
peaking at 7.2 MPa, while montmorillonite systems exhibit
complete wetting under asymmetric Na* distribution (Hubao
et al., 2023). Supercritical CO, further drives the reversal of
wetting properties, shifting rock surfaces toward hydropho-
bicity (Iglauer et al., 2015; Hu et al., 2017), though quartz-
dominated reservoirs retain hydrophilicity (Pan et al., 2020;
Fatah et al., 2021).

6.3 Contact angle model constraints

Two wetting states can arise: Partial and complete wetting
(Fig. 9(a)) (Widom, 2004). However, significant discrepancies
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exist between nanoscale and macroscopic contact angles (Fig.
9(b)), leading to pronounced deviations between conventional
wetting equations and actual computational data (Fig. 9(c)). At
macroscopic scales, Young’s equation rigorously characterizes
the equilibrium state of liquid under partial wetting conditions
in a homogeneous solid. However, surface tension cannot fully
define interfacial equilibrium; thus, microscopic-scale analysis
is essential to resolve force balance. In a vacuum, the van der
Waals forces of two neutral molecules (A and B) are expressed
as (Van Honschoten et al., 2010):

1D
where a4 and ap respectively denote the electrode polariza-
tions of molecules A and B; k is a constant term independent
of the nature of A and B; r is the distance between the centers
of A and B molecules.

Fig. 9(d) shows the numerical results calculated by Egs.
(10) and (11). The two lines represent changes in the macro-
scopic contact angle to microscopic contact angle in the
vicinity of contact line, and this relationship is approximated
by the following expression (Van Honschoten et al., 2010):

1
Vap = —kay 0%

1
Oy =~ 549<x,(2—0039°<,—c0s2 0-.) (12)

where 6, and 6. respectively denote the microscopic and
macroscopic contact angle.

Fig. 9(e) visualizes the relationship between macroscopic
contact angle and microscopic contact angle derived from the
numerical calculations results. This demonstrates that contact
angles are collectively determined by microscopic interactions.
In the figure, the black dots represent the numerical results of
the explicit evaluation of energy generalization, the dashed line
is the interpolation based on the local approximation of Eq.
(12), and the solid line: 6., = comparative analysis (Snoeijer
and Andreotti, 2008).

Furthermore, molecular simulations exhibit deviations
from the experimental data. Such cross-scale discrepancies
necessitate refinement via in situ characterization techniques
(Chen et al., 2024). Illustratively, Alzahrani et al. (2024) de-
veloped Micro-Graph-Nets (graph-neural-network framework)
to automate microscopic wetting characterization in porous
media, simulating surface roughness, interfacial curvature, and
spatial contact angles using 3D visualization (Fig. 10(a)). Song

et al. (2024) addressed the limitations of existing pore models
through multiscale digital rock reconstruction (Fig. 10(b)), re-
vealing nanopore-scale fluid transport. Crucially, conventional
macroscopic contact angle models rely solely on temperature
and pressure, whereas microscopic wettability is dominated
by adsorption phenomena, with adsorption energy as the key
interaction parameter. Thus, integrating adsorption energy into
a unified temperature-pressure-adsorption energy framework
overcomes traditional model limitations, significantly enhanc-
ing accuracy for CO, displacement and geological sequestra-
tion.

7. Conclusions and outlook

7.1 Conclusions

1) The microscopic wetting properties in a CO,-H,O-rock
system are controlled by physical adsorption, pore struc-
ture and surface chemistry. Montmorillonite interlayer
cations boost CO, adsorption via quadrupole interactions,
whereas kerogen maturation regulates adsorption through
van der Waals and electrostatic forces.

2) H,O enhances adsorption via hydrogen bonding, while
CO; relies on Coulombic/quadrupolar interactions, and
their competition causes nonlinear contact angle vari-
ations. Multiscale analysis progresses from adsorption
selectivity to Gibbs energy differentials and interfacial
charge density, revealing competitive adsorption mecha-
nisms.

3) Adsorption layer thickness/distribution controls surface
tension and contact angles. CO, adsorption dominates
in micro/nanopores, while free CO, prevails macroscop-
ically, requiring cross-scale adsorption-free equilibrium
regulation for the prediction of wetting properties.

4) Microscopic surface energy controls contact angles in
two aspects: Higher energy reduces 6, while organic-
rich rocks increase via hydrophobicity. These interfacial
complexities govern competitive adsorption and contact
angle scaling.

5) Young’s equation deviates in micro/nanopores due to
MD-microfluidic scale disparities. Adsorption energy cor-
rections bridge models of molecular-macroscopic wetting
properties, resolving Young’s limitations and enabling
multiscale “adsorption energy-distribution-contact angle”
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quantification.

7.2 Outlook

The analysis of CO;,-H;O-rock microscopic wetting prop-
erties and adsorption mechanisms reveals critical knowledge
gaps between microscopic and macroscopic scale behaviors,
guiding future research priorities in three ways:

1) The proportional impacts of van der Waals/electrostatic
forces on competitive adsorption across mineral surfaces
remain unquantified, as do the effects of adsorption layers
on surface tension.

2) The coupled effects of temperature-pressure, mineral-
fluid chemistry and pore structure on microscopic wetting
properties are still unclear, necessitating the identification
of dominant controlling mechanisms.

3) The microscopic interfacial parameters cannot be charac-
terized by macroscopic theoretical models, and there is
a lack of a cross-scale theoretical framework. Existing
predictions exhibit deviations from experimental data
obtained via microfluidics and AFM of several orders of
magnitude, highlighting the need for unified multiscale
models.
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