
1. Introduction
The Mauna Loa Atmospheric Baseline Observatory records a growing global atmospheric CO2 signal reaching 
a peak of 420 ppm in 2021. This growing concentration may be reduced by direct capture and removal or by 
reducing fugitive emissions contributing to the anthropogenic signal. Related to the latter, carbon geo-seques-
tration (CGS) is a viable method to reduce anthropogenic CO2 emissions (Daryasafar et  al.,  2019). In CGS, 
CO2 is collected, purified, compressed, and then injected into storage in the subsurface. Viable storage forma-
tions comprise depleted oil and gas fields, deep saline aquifers, coal seams, salt caverns, and basalt formations 
(IPCC, 2005; Mosleh et al., 2019). Among these potential storage candidates, coal seams are an attractive option 
from two perspectives. The mode of CO2 storage in coal reservoirs differs from in other geological hosts as it 
is more securely affixed by adsorption to the pore surface of the coal. The adsorption process is controlled by a 
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Plain Language Summary Wettability is defined as the tendency of one fluid to spread on a 
solid surface in the presence of other immiscible fluids. In the process of CO2 sequestration into the coalbed, 
CO2 migrates across the water-coal interface, adsorbs to the coal surface and also interacts with the water in 
the reservoir. The wettability highly affects CO2 adsorption and flow, and in turn, CO2 adsorption changes 
coal wettability significantly. However, how CO2 affects wettability alteration remains unclear. Contact angle 
measurement is the main method for wettability evaluation, which is usually completed in an equilibrium 
state for coals. Thus, the effect of CO2 adsorption is generally not considered quantitatively, limiting studies 
of CO2 adsorption affecting coal wettability. Here, molecular dynamic simulation and nuclear magnetic 
resonance experiments were performed to investigate water-CO2 interactions on coal surfaces. Mechanisms 
and relationships between CO2 adsorption and coal wettability conclude that CO2 adsorbs to the coal surface 
and converts some water-occupied sites to CO2-occupied sites, which makes the coal surface a mixed surface 
comprised of solid and CO2 gas pockets. The wettability of the mixed surface varies with the proportion of CO2 
gas pockets on the surface, which is determined by adsorption capacity.
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thermodynamic equilibrium between the amount of gas adsorbed and its corresponding pressure in the gas phase, 
that is, as long as the pressure of the fluid phase in the seam is maintained, the gas is trapped in the adsorbed state 
(Thakur, 2019). Thus, CO2 can be permanently retained without an impermeable caprock surrounding and seal-
ing the coal seams. Moreover, due to the higher affinity of CO2 to coal with respect to methane, the injected CO2 
displaces the coalbed methane. Because of this added value, CO2 storage in coal beds brings additional economic 
benefits by enhancing coalbed methane recovery (CO2-ECBM; Mukherjee & Misra [2018]). In particular, these 
coal seams used for storage are usually unmineable coal as they are either too thin, too deep, too high in sulfur 
content and mineral matter or lack structural integrity adequate for mining economically (Folger, 2018; White 
et al., 2005). The available storage capacity in coal seams is estimated to be nearly 500 Gt of CO2 with a corre-
sponding recoverable mass of up to 50 trillion cubic meters of CH4 (Godec et al., 2014). Since 1995, several pilot 
projects have been conducted in the United States, Canada, Japan, China, and Poland. These projects confirmed 
the provisional effectiveness and commercial viability of CO2 storage and CO2-ECBM subject to certain char-
acteristics. These include successful CO2 storage trials in the San Juan Basin, New Mexico, with some other 
projects deemed unsuccessful due to low CO2 injection volume and low coalbed methane production, such as 
the pilot projects in the Upper Silesian Coal Basin in Poland. This emphasizes the need to understand fundamen-
tal  processes controlling transport and storage in ECBM and CCS (Godec et al., 2014) – the focus of our work.

Wettability defines the affinity of one fluid to the solid surface in the presence of another immiscible fluid 
(Schön, 2011). Adhesive forces between the wetting fluid and the solid cause the fluid to spread across the surface 
and cohesive forces within the nonwetting fluid cause the fluid to retract and, through phobicity, avoid contact 
with the surface. Thus, the wetting phase tends to occupy the pore surface and preferentially line the small pores, 
with the nonwetting phase occupying the central core of the pores (Ahmed, 2010). Therefore, wettability exerts 
a strong control on the relative distribution of fluids within the pore space, thereby further affecting the flow of 
multiphase fluid in the porous medium (Arif et al., 2016b; Ibrahim & Nasr-El-Din, 2019; Plug et al., 2008). When 
CO2 is injected into coal seams, it must adsorb through the available micro-and meso-pores surfaces, and thereby 
competes with both methane and water. Thus, the interactions between water and CO2 necessarily redistribute 
the mobile water in coals, which in turn identifies the alteration in coal wettability (Gray, 1987; Sun et al., 2016). 
Therefore, understanding the mechanisms controlling alteration in wettability is crucial in estimating CO2 storage 
efficiency in coalbeds.

Water-wetting behavior of coal changes significantly in the presence of CO2 (Al-Yaseri et  al.,  2017; Arif 
et al., 2016b) – a feature that is also observed for pure minerals such as mica (Arif, Al-Yaseri et al., 2016), quartz 
(Iglauer, 2017), and feldspar (Daryasafar et al., 2019). However, unlike other minerals, coal is a strong adsorbate 
to CO2, which in turn exerts a significant effect on wettability. It has been inferred that the alteration in coal wetta-
bility, from water-wet to CO2-wet, is possibly related to CO2 adsorption capacity (Arif, Al-Yaseri, et al., 2016; 
Iglauer et al., 2012). Moreover, the changes in liquid contact angle are similar to that of CO2-adsorption on coals 
(Arif et al., 2016a). In addition, the wetting behavior of CO2 on coal likely depends more on the adsorption behav-
ior than on changes in sorbed gas density (Shojai Kaveh et al., 2012). However, how CO2 adsorption impacts 
wettability and the quantitative relationship between coal wettability and CO2-adsorption remains unclear.

The measuring of water drops or gas bubbles' contact angles is the main method to evaluate coal wettability in 
different CO2 pressure environments (Al-Yaseri et al., 2017; Plug et al., 2008). Contact angle measurement of 
water drops on coal surfaces is strongly time-dependent, resulting from the penetration of water into the porous 
medium (Krainer & Ulrich,  2021; Muster & Prestidge,  2002), especially for water-wetting coals. Therefore, 
contact angles are typically measured as soon as possible to minimize changes in contact angle resulting from 
water imbibition (Arif et al., 2016a; Sarmadivaleh et al., 2015). In this case, the effect of CO2 adsorption and 
CO2-water interactions are generally ignored in contact angle measurements, intrinsically limiting studies of CO2 
adsorption affecting coal wettability to an initial state. For the measurement of CO2 bubble contact angle, CO2 
adsorption has been considered (Sakurovs & Lavrencic, 2011; Shojai Kaveh et al., 2012) - however, CO2 bubbles 
contain too little mass to allow adsorption to reach an equilibrium state. Moreover, both CO2 adsorption and 
dissolution into the water must both be considered in evaluating changes in contact angle, which bring difficulties 
in evaluating their separate effects. In actuality, there is sufficient time (days to months) for CO2 to migrate across 
the water film, adsorb to the coal surface and replace the water in subsurface reservoirs – and it is this equilibrium 
behavior that is therefore important in evaluating storage capacity. It is from this perspective, that we challenge 
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the accuracy and applicability of prior contact angle measurements to the study of in-situ wettability of coal in 
CO2 environments.

We address this shortfall in the applicability of two-phase wettability measurements through highly-constrained 
NMR measurements of in-situ water-CO2 interactions in coals. Molecular dynamics (MD) simulations of 
water-CO2 interactions on pore surfaces are then performed to account for how CO2 adsorption impacts the alter-
ation of wettability. Combining the results of the MD simulations with the NMR-T2 spectra allows the building of 
relationships between coal wettability and CO2-adsorption. Thus, this study provides a novel method to evaluate 
the alteration in wettability under in situ conditions and thus improve the accuracy of prediction in CO2 geo-stor-
age capacity and related E-CBM recovery.

2. Methodology
We performed NMR measurements on coals from contrasting basins within China. The measurements of water 
distribution in coals define coal wettability changes in the CO2 environment from a macro perspective. Following 
the macroscopic experiment results, molecular dynamic simulation was used to further study mechanisms of 
wettability alteration.

2.1. Samples and Experiments

Three coal samples were obtained from underground mines in the Qinshui, Ordos, and Junggar basins in China. 
The collected fresh coal samples were crushed and screened to particles in the size-range 0.85–2 mm in diameter 
using 10 and 20 mesh sieves. Subsequently, 15 g of coal particles were vacuum-dried at 60°C for 12 hr, before 
being saturated with distilled water for 48 hr. The remaining coal particles were used to determine maceral compo-
sition, vitrinite reflectance, and proximate analysis. After this pretreatment, the water on the particle surfaces was 
removed and the coals were placed into a sample cell. Different masses of gaseous CO2 were injected into the 
sample cell and sorbed into the coals at 25°C. When CO2 adsorption was complete, low field NMR-T2 spectra 
of the coal samples were obtained. In addition, water contact angles on three coals were measured in air and at 
25°C by using the pendent-drop method. The NMR experimental setup and details of the NMR and contact angle 
measurements are supplied in Text S2 of Supporting Information S1.

2.2. Theory of NMR Measurements

Details of the underlying principles of NMR measurements are discussed elsewhere (e.g., Coates et al., 1999; 
Howard et al., 1993). The NMR transverse relaxation time (T2) of  1H-bearing fluid is determined by bulk, surface, 
and diffuse relaxation, resulting in,

1
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=
1
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where T2B represents the bulk fluid relaxation time and is determined by the intrinsic properties of the fluid. 
Meanwhile, the surface relaxation time, T2S, is the relaxation of  1H nuclei near the surface, which is characterized 
by

1
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𝑆𝑆

𝑉𝑉
 (2)

where S/V is the surface-to-volume ratio of the pore and 𝐴𝐴 𝐴𝐴 is the transverse surface relaxivity. Compared to bulk 
relaxation, surface relaxation occurs more rapidly, therefore the surface relaxation signal appears at shorter/
former relaxation times. The diffuse relaxation (T2D) results from the diffusion of the hydrogen atom within 
different magnetic fields, which is calculated as (Coates et al., 1999)

1
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12
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where D is the self-diffusion coefficient of water, which is 2.289  ×  10 −9  m 2/s at 25°C (Price et  al.,  1999); 
𝐴𝐴 𝐴𝐴 is the  1H gyromagnetic ratio of a proton, as 2.68  ×  10 8  rad/(s 𝐴𝐴 ⋅ T); G is field-strength gradient, which is 



Journal of Geophysical Research: Solid Earth

SUN ET AL.

10.1029/2021JB023723

4 of 15

2.7 × 10 −4 T/m (Yao et al., 2015); TE is echo spacing in CPMG measurement 
(1.2 × 10 −4 s); the calculated 𝐴𝐴

1

𝑇𝑇2𝐷𝐷

 is 1.438 × 10 −11/ms, which is negligible in 
Equation 1 (Straley et al., 1997). Therefore, Equation 1 becomes

1

𝑇𝑇2

=
1

𝑇𝑇2𝐵𝐵

+
1

𝑇𝑇2𝑆𝑆

=
1

𝑇𝑇2𝐵𝐵

+ 𝜌𝜌
𝑆𝑆

𝑉𝑉
 (4)

Moreover, the T2 signal amplitude is proportional to the number of  1H nuclei, 
which are used to quantify the amount of water present in different occur-
rence states (Gubelin & Boyd, 1997).

2.3. Molecular Dynamics Simulation

Considering the complexity of the physical and chemical structures of the 
coal matrix, a graphene surface modified by oxygen moieties was used as 
a model to represent the surface of the coal. The model is built by placing 
two graphene sheets in parallel at a separation of 3.4 Å (You et al., 2018). 
Since hydroxyl is the main oxygen-containing group in coals, it was chosen 
as the representative oxygen-containing group to be grafted to the carbon 
atoms on the first graphene basal plane. The dimension of this system is 
50 × 50 × 50 Å 3 in the x-, y-, and z-directions respectively. Similarly, peri-
odic boundary conditions are applied along the x, y, and z axes. To minimize 
the effect of the periodic boundary condition, the same substrate structure is 
placed symmetrically at the top of the control volume that contains the simu-
lation, as shown in Figure 1. The substrate is fixed at its initial position during 
the simulation. For molecular interactions, the SPC/E model for water (Wu 
et al., 2006), and the EPM model for CO2 are used (Harris & Yung, 1995). 
The details of the MD simulation are supplied in Text S3 Supporting Infor-
mation S1. In the calculation, we first placed a water layer consisting of 200 
molecules 10 Å above the substrate with the MD simulation conducted for 

water adsorption. Following this water adsorption, we place CO2 molecules into the control volume to simulate 
the displacement of CO2 to water. The MD simulations are run at different CO2 partial pressures by varying the 
number of CO2 molecules (100, 200, 400, and 800) in the repeating simulation box. The equation of the state of 
the gas allows the corresponding pressures (3.35, 5.30, 6.43, and 6.74 MPa) to be obtained. Moreover, to upscale 
the water and CO2 distribution from the local to the whole, the box size is scaled up to 150 × 150 × 60 Å 3, and 9 
clusters of hydroxyl groups are evenly arranged. A total of 7,000 water molecules are first adsorbed to the surface 
then 10,000 CO2 (6.43 MPa) molecules are subsequently loaded.

3. Results and Discussion
Based on NMR spectra of water in coal samples, displacement of water by CO2 is described in the level of exper-
iment phenomenon, and then the mechanism of CO2-water interactions on coal surface is deciphered with MD 
simulations. Based on the results of the MD simulations and the NMR-T2 spectra, the coal wettability model is 
built to clarify mechanisms and relationships between CO2 adsorption and coal wettability. Besides, considering 
in situ reservoir condition, temperature- and pressure-dependent wettability is discussed.

3.1. Characteristics of the Coal Samples

As shown in Table 1, coal-1 is anthracite with a mean maximum vitrinite reflectance in oil (Ro,max) of 3.5% while 
coal-2 and coal-3 are both bituminous coals with a Ro,max of 1.67% and 0.76%, respectively. According to vitrin-
ite reflectance, maceral compositions, and proximate analyses, the three samples are classified as low rank and 
medium rank bituminous coals and high rank anthracite. As listed in Table 1, low-rank coal-3 is water-wet with 
a contact angle of 53°, while the medium and high-rank coals are weakly water-wet to middle-wet. The contact 

Figure 1. Three-dimensional view of the configuration of a water-CO2- coal 
system at T = 298.15 K and P = 6.4 MPa. Green represents the graphene 
surface, orange and yellow are C and O in the CO2, dark blue and light blue 
are O and H in the water and red represents hydroxy groups grafted onto the 
graphene surface. Note that the size of the carbon atoms (represented as green 
spheres) is reduced for visual clarity.
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angles of water on the three coals vary with coal rank and maceral composi-
tion. With the coalification of coal, the number of oxygen-containing groups 
decreases, whereas the degree of condensation of the aromatic hydrocarbon 
continuously increases. Therefore, the increase of carbon content with coal 
rank enhances the hydrophobicity of the coal surface (Gutierrez-Rodriguez 
et al., 1984).

T2 spectra of water saturated porous media provide a good proxy to determine 
the pore size distribution (Kleinberg et al., 1994). As shown in Figure 2, for 
water-saturated coal samples, there is an independent and short-time peak 
(P1) in the T2 spectra for all samples. According to Equation 4, the P1 peak is 
contributed by adsorbed water in micropores, which is dominated by surface 
relaxation of water (Guo & Kantzas, 2009). The P2, P3, and P4 peaks come 
from capillary bound water present in macropores, and the water in the pits/
cavity of sample surfaces (Yao et  al.,  2010). For different coals, the posi-
tion of the P1 peak varies, which is determined by pore size distribution and 
surface relaxivity. Moreover, the amplitude of P1 represents the total volume 
of micropores in coals, which is much larger for high rank anthracitic coal 
and low rank bituminous coal than that of medium rank coal. For low meta-
morphism coals, both micro- and mesopores are abundant. During coalifi-
cation, the polycondensation of coal molecules leads to compaction and a 
concomitant decrease in the diameter and volume of micro- and mesopores 
(Nie et al., 2015). As coal rank rises continuously, the volume of micro- and 
mesopores increases with gas generation (Pan et al., 2015).

3.2. The Displacement of Water by CO2

The T2 spectra of coals were measured following CO2 injection into the 
samples at controlled pressures. For all samples, the P1 peaks representing 
the adsorbed water decrease in amplitude as the peaks representing the bulk 
water or macro-capillary water increase, as shown in Figure 3. It is assumed 
that the CO2 gas molecules adsorbed to the pore surface force the adsorbed 
water to detach from the pore surface and migrate to the center of the pores. 
Moreover, the capacity of CO2 to replace the water exhibits a positive linear 
correlation with the Langmuir adsorption volume of CO2 - higher adsorption 
capacity of CO2 to coal yields greater replacement capacity. Besides, increas-
ing pressure and decreasing temperature can enhance the effective displace-
ment of water by CO2 (Sun et al., 2016). To figure out the mechanisms by 
which CO2 redistributes water, in the following discussion, we provide a 
molecular-scale insight into water-CO2 interactions on coal surface.

NO. Rank Ro,max (%)

Maceral and mineral (vol. %) Proximate analysis (wt.%, dry)
Contact 
angle 

(𝐴𝐴
◦ )

V a L a I a MM a Mad
 b Aad

 b Cdaf
 b

(%) (%) (%) (%) (%) (%) (%)

coal-1 high rank 3.5 90.7 2.8 0 6.5 1.4 16.7 88.8 89

coal-2 medium rank 1.67 77.6 19.6 0.4 2.4 0.94 12.77 85.72 78

coal-3 low rank 0.76 65.5 21.8 8.3 4.4 1.94 10.75 70.94 53

 aV, I, L and MM represent the volume percentage of vitrinite, liptinite, inertinite, and minerals in coal composition, 
respectively.  bMad and Aad are the air-dry-base moisture and ash content, Cdaf is the dry-ash-free base fixed carbon content.

Table 1 
Sample Properties

Figure 2. T2 spectra for three water-saturated coal samples.
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Figure 3. Change of T2 spectra for samples after CO2 injection at different CO2 pressures.
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3.3. Molecular-Scale Insight Into Mechanisms of Displacement

The distribution of water on an idealized coal surface is shown in Figure 3a. Water molecules cluster around the 
hydroxy group with a diameter of about 15 Å. The hydroxy groups exhibit hydrophilic centers connecting H2O 
molecules via strong hydrogen bonds. These attract additional H2O molecules that gradually attach to the hydroxy 
groups forming a growing cluster with hydrogen bond interactions between adjacent H2O molecules. As water 
clusters extend outward, the layers of water molecules become progressively smaller.

Snapshots of water molecule distributions after successively larger numbers of CO2 molecules added (represent-
ing adsorption) are shown in Figures 4b–4e . To accurately capture changes in the water distribution, the upper 
graphene substrate and CO2 molecules are set as transparent. Apparent from Figure 4 is that the H2O molecules 
move gradually to the center along the x-direction with increasing CO2 adsorption - the higher the CO2 pressure 
the more obvious aggregation of the H2O.

The density distribution profiles are evaluated to investigate the distribution of water molecules along the x-di-
rection. The radial distribution of water molecules is shown in Figure 5 and fit to a Gaussian distribution. The 
standard deviation (σ) of the Gaussian distribution decreases with increasing CO2 adsorption indicating that the 
width of the peak decreases with increasing gas pressure, that is, the distribution is narrower.

In addition, the density distribution profiles are obtained along the z-direction as a function of distance from the 
substrate surface (the reference point is z = 0), as shown in Figure 6a. Without CO2, the density profile shows 2 
distinct peaks (red line), corresponding to 2 hydration layers of water molecules. The first peak, located at 8.75 Å 
indicates the formation of one hydration layer of water molecules near the graphene substrate with a strong inter-
action force to the substrate. Thus, the concentration of water molecules is high. The second less pronounced 
peak, located at approximately 12.25 Å, represents the second layer of water molecules bound to the first water 
layer through hydrogen bonds. With continued CO2 injection, the first peak decreases, indicating that the concen-
tration of water molecules close to the graphene decreases, that is, those water molecules escape from surface 
capture and gradually migrate away from the substrate sheet.

Figure 6b also shows the radial distribution functions (RDF) of O-O between -OH and water representing the 
relative probability of finding any water molecule at a distance r from -OH groups on the graphene. As apparent 
in the red RDF curve of H2O only, an elevated peak at about 2.9 Å results from the strong interaction between 
water molecules and -OH groups. This represents the regimented ordering of water molecules close to the surface 
relative to those far from the surface (Chang et al., 2015). After CO2 adsorption, the height of the peak remains 
unchanged, whereas, all other peaks decrease. This suggests that the water connected to the -OH group remains 

Figure 4. Distribution of water on the coal surface for different conditions. Green represents the graphene surface, dark 
blue and light blue are O and H in water with red represents the hydroxy groups. (The caption defining, e.g., 100 CO2 and 
3.35 MPa represent the number of added CO2 molecules and corresponding gas pressure).
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highly ordered, however, as water molecules migrate away from the substrate and the interaction force becomes 
weaker, its structure becomes more disordered.

In general, when CO2 adsorption occurs on coal, water molecules gather gradually along the x-direction and onto 
the -OH group. Meanwhile, water molecules move away from the substrate in the perpendicular (z-) direction. 
For CO2 molecules, the Van der Waals interaction provides a dominant contribution to their adsorption to the 
coal. The absolute value of the interaction energy for CO2 on graphene is larger than that of H2O (P. H. Huang 
& Chen., 2016), that is, the interactions between CO2 and graphene are stronger than that between H2O and 
graphene. Thus, CO2 adsorbs to coal and displaces the peripheral water molecules. With increasing CO2 pres-
sure, water escaping from the substrate becomes more obvious. Those replaced water molecules may move to 
the center of the pore, as shown in Figure 3e. MD simulations provides a microscopic explanation for the CO2 
displacing H2O.

In addition, a comparative simulation was conducted by loading 200 helium molecules into the simulation box 
instead of CO2. As shown in Figure 4f, the water distribution is almost the same as that in Figure 4a. Comparing 
the molecular density profiles along the z-direction and the RDF of O-O, in each helium-only and CO2-only 
condition, suggests that helium exerts nearly no influence on the distribution of water on the graphene surface.

Figure 5. (a)–(e) Distribution of water molecules as a function of distance X and fit to a Gaussian distribution for different 
numbers of CO2 molecules representing differential pressures; (f) Standard deviation (σ) of Gaussian distribution for different 
numbers of CO2 molecules.
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3.4. Mechanisms Responsible for the CO2 Adsorption Effect on Coal 
Wettability

When the simulation is scaled-up, the effects of CO2 on the distribution of 
water on the surfaces of coal become more obvious. As shown in Figure 7, 
the surface of the coal was initially covered with water. After the loading 
of CO2 molecules, to represent the presence of the gas, patchy distribution 
of water and CO2 then develops. These results provide microscopic verifi-
cation of the change in wettability driven when CO2 attaches itself to the 
coal surface, converting some water-occupied sites on the coal surface to 
CO2-occupied sites. Those CO2-occupied sites are entirely hydrophobic. As 
a consequence, CO2 adsorption transforms the uniformly water-covered coal 
surface into a mixed surface comprised of solid coal and CO2 gas pockets, 
which behave heterogeneously with respect to the water-wettability of coal.

The heterogeneous surface wettability of materials is typically predicted by,

cos�∗ =
∑�

1 �� (��,�� − ��,��)
���

=
∑�

1
��cos�� (5)

in which the 𝐴𝐴 𝐴𝐴
∗ is the average contact angle and 𝐴𝐴 𝐴𝐴𝐿𝐿𝐿𝐿 , 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆 , 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆 are the inter-

facial tensions at the liquid/air, solid/liquid, and solid/air (vapor) interfaces, 
respectively. Each material is characterized by its own surface tension coef-
ficient 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , and by its decimal fraction 𝐴𝐴 𝐴𝐴𝑖𝑖 in the substrate surface, 
with 𝐴𝐴 𝐴𝐴1 + 𝐴𝐴2 + . . .𝐴𝐴𝑛𝑛 = 1 . The angle 𝐴𝐴 𝐴𝐴𝑖𝑖 is the instinct contact angle between 
the liquid and each pure substrate. Equation 5 is easily derived by consider-
ing free energy equilibrium (Bormashenko, 2009), also represented by the 
Cassie-Baxter equation (Bormashenko, 2008; Cassie & Baxter, 1944). In our 
MD model, the mixed surface evolves as comprised of solid and CO2 gas 
pockets, with contact angles 𝐴𝐴 𝐴𝐴1 and π, respectively. Thus, 𝐴𝐴 𝐴𝐴1 is the ratio of the 
solid-liquid interface to the total area and 𝐴𝐴 𝐴𝐴2 is the ratio of the area occupied 
by CO2, as,

cos𝜃𝜃
∗

= 𝑓𝑓1cos𝜃𝜃1 − 𝑓𝑓2 = 𝑓𝑓1 (1 + cos𝜃𝜃1) − 1 (6)

Figure 6. (a) Density profiles of water molecules along the z-direction and (b) 
radial distribution functions for O-O between -OH and water at different CO2 
loadings.

Figure 7. Water distribution both (a) before and then (b) after loading with 10,000 CO2 molecules. Green is the graphene 
surface, dark blue and light blue are O and H in water and red represents hydroxy groups grafted to the graphene (CO2 
molecules are set as transparent and are therefore invisible).
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Obtaining the fraction 𝐴𝐴 𝐴𝐴1 (solid-liquid interface area) then becomes the key to calculating the average contact 
angle 𝐴𝐴 𝐴𝐴

∗ , as shown in Equation 6. When water is in contact with coal on the surface, surface relaxation signals 
are generated in the NMR measurement. As discussed in Section 3.1, the P1 peak represents water interacting 
with the solid coal surface. When coal pores are completely filled with water, then the pore surface is also 
completely covered with water and 𝐴𝐴 𝐴𝐴1 is unity. With the injection of CO2, water molecules are displaced by the 
CO2 and 𝐴𝐴 𝐴𝐴1 decrease accordingly, that is, 𝐴𝐴 𝐴𝐴1 is the percentage of water that has not been displaced by CO2. Thus, 

𝐴𝐴 𝐴𝐴1 may be determined from the displacement capacity, which can be obtained from the P1 peak measured under 
different incremented CO2 pressures. A positive linear correlation exists between the displacement capacity and 
the adsorption capacity of CO2 - thus, 𝐴𝐴 𝐴𝐴1 is negatively correlated with adsorption capacity (Sun et al., 2016). The 
more CO2 that adsorbs to the coal surface, the more water is displaced and therefore the smaller the fraction of 
the surface, 𝐴𝐴 𝐴𝐴1 . Notably, displacement capacity is also related to other factors, such as clay content and porosity, 
thus, 𝐴𝐴 𝐴𝐴1 is also feasibly slightly influenced by those factors.

In summary, CO2 adsorption transforms the coal surface into a mixed solid and gaseous surface, on which the 
contact angle may be evaluated from Equation 6. Moreover, 𝐴𝐴 𝐴𝐴1 in Equation 6 is determined by CO2 adsorption 
capacity. Therefore, a clear link is established between how adsorption affects wettability and the relationship 
between them.

3.5. In Situ Predictions of Coal Wettability at Elevated CO2 Pressures

Since fluid pressure varies significantly with reservoir depth, its effect on in situ wettability of the CO2-water-coal 
system must be comprehensively understood. Based on the above-noted mechanisms, in-situ coal wettability is 
capable of being predicted under different CO2 pressures.

The Young-Laplace equation defines the force equilibrium between the three phases in contact (water, CO2, and 
pure substrate) and enables the contact angle (𝐴𝐴 𝐴𝐴1 ) to be evaluated as,

cos𝜃𝜃1 =
(𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝐿𝐿𝑆𝑆 )

𝛾𝛾𝐿𝐿𝑆𝑆
 (7)

For deionized water and a mineral surface at a constant temperature, a practical relationship was derived with the 
sharp-kink approximation and the Young-Laplace equation (Garcia et al., 2008; Merath, 2008),

cos𝜃𝜃1 =
𝐼𝐼

𝛾𝛾𝐿𝐿𝐿𝐿
Δ𝜌𝜌 − 1 =

𝐼𝐼

𝛾𝛾𝐿𝐿𝐿𝐿
(𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔) − 1 (8)

where I is the van der Waals potential integral; 𝐴𝐴 𝐴𝐴g is the bulk density of the gas and 𝐴𝐴 𝐴𝐴lf is the density of the 
liquid-like film of vapor and equates to the density of the bulk liquid in a one component system (See Text S4 of 
Supporting Information S1 for more information). Substituting Equation 8 into Equation 6 gives,

cos𝜃𝜃
∗

= 𝑓𝑓1

𝐼𝐼

𝛾𝛾𝐿𝐿𝐿𝐿
(𝜌𝜌𝑙𝑙𝑓𝑓 − 𝜌𝜌𝑔𝑔) − 1 (9)

A specific substrate and fluid composition at a constant temperature, 𝐴𝐴
I

𝛾𝛾
LG

 remains constant with pressure (Al-Yas-
eri et  al.,  2016). According to Equation 9, any change in contact angle with pressure, for a specific fluid, is 
controlled by changes in CO2-density and 𝐴𝐴 𝐴𝐴1 , alone. Therefore, when the contact angle in the air is measured and 
therefore defined, the contact angle at any other pressure CO2 can be calculated. This model is used to obtain the 
pressure-dependent wettability alteration of a given gas-solid-water system under constant temperature. There 
are three assumptions in this model: (a) water and CO2 are two immiscible phases, and the potential formation of 
H2CO3 is neglected; (b) the surface of the coal pores is considered an ideal smooth surface, regardless of rough-
ness; (c) the coal is 100% water-saturated and the water replaced by CO2 is assumed completely drained from the 
pores in our NMR experiments.

In this study, we measured the contact angle of distilled water on three coal samples in air at atmospheric pressure, 
as shown in Table 1. We then obtain contact angles in CO2 and at different pressures from Equation 9 (Figure 8d). 
In Equation 9, the values of 𝐴𝐴 𝐴𝐴g with different pressure at 25°C are obtained from the NIST REFPROP database 
(NIST, 2021). Since the change in water density with pressure is negligible, the value of 𝐴𝐴 𝐴𝐴𝑙𝑙𝑙𝑙 is set as 1,000 kg/m 3, 
throughout. The ratio of the solid-liquid interface to the total area, 𝐴𝐴 𝐴𝐴1 , is obtained from the T2 spectra under CO2 
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pressure (see Section 3.4). As shown in Figure 8a–8c 𝐴𝐴 (𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔) , 𝐴𝐴 𝐴𝐴1 and 𝐴𝐴 cos𝜃𝜃
∗ decrease with increasing pressure. 

Here, the derivatives of 𝐴𝐴 (𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔) , 𝐴𝐴 𝐴𝐴1 and 𝐴𝐴 cos𝜃𝜃
∗ with respect to pressure are also calculated, with these represent-

ing trends in change within the data, as shown in Figure 9. As described by the Langmuir isotherm model, the 
adsorption capacity increases with an increase in gas pressure and asymptotes to a maximum adsorption capacity 
(Langmuir, 1918). Therefore, 𝐴𝐴 𝐴𝐴1 decreases with increasing CO2 pressure and asymptotes to a constant when CO2 
adsorption reaches saturation, as shown in Figure 8. For bituminous coal-2 and coal-3, when pressure is low 
(<∼4 MPa), then observed changes in contact angle are contributed by CO2 adsorption 𝐴𝐴 and the increase in 
CO2 density. However, when pressure is greater than 4 MPa, 𝐴𝐴 𝐴𝐴1 asymptotes to a constant as 𝐴𝐴 cos 𝜃𝜃

∗ and 𝐴𝐴 (𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔) 

Figure 8. (a–c) Changes in 𝐴𝐴 𝐴𝐴1 , 𝐴𝐴
(

𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔

)

 and 𝐴𝐴 cos 𝜃𝜃
∗ with CO2 pressure (the data is provided Table S1 in Supporting Information S1); (d) contact angle for different CO2 

pressures applied to coal samples.

Figure 9. Derivative of 𝐴𝐴 𝐴𝐴1 , 𝐴𝐴
(

𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔

)

 and 𝐴𝐴 cos 𝜃𝜃
∗ with CO2 pressure for different coal samples.3.5 Influence of temperature on coal wettability.
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continuously decrease. In this case, the decrease in 𝐴𝐴 cos 𝜃𝜃
∗ results mainly from changes in density. However, for the 

anthracite (coal-1) the changes in 𝐴𝐴 𝐴𝐴1 are significant, and the changes in density are relatively weak. Specifically, 
as shown in Figure 9, the derivatives of 𝐴𝐴 cos 𝜃𝜃

∗ and 𝐴𝐴 𝐴𝐴1 are very close for coal-1, indicating that the trends in change 
of 𝐴𝐴 cos 𝜃𝜃

∗ is highly consistent with that for 𝐴𝐴 𝐴𝐴1 . That is, the changes in contact angle are mainly contributed by CO2 
adsorption. Since high-rank coals have a high adsorption capacity for CO2 (Garnier et al., 2011), CO2 adsorption 
plays a decisive role in wettability alteration for the anthracite coal-1 within this experimental pressure range. 
However, as shown in Figure 8, the 𝐴𝐴 𝐴𝐴1 of coal-1 also asymptotes to a constant and the effect of 𝐴𝐴 (𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝑔𝑔) will be 
stronger than 𝐴𝐴 𝐴𝐴1 at some pressure greater than 6 MPa. This model explains the similar increase in the contact angle 
to that of the gas sorption isotherm for low to high rank coals, as noted by Arif et al. (2016a).

3.6. Influence of Temperature on Coal Wettability

In addition to pressure, temperature is another important factor that influences coal wettability. This is clear from 
Equation 6 where both 𝐴𝐴 𝐴𝐴1 and contact angle between water and a pure substrate (𝐴𝐴 𝐴𝐴1 ) are influenced by temperature.

Since adsorption is an exothermic process, the sorption capacity of coals tends to decrease with increasing temper-
ature (Sakurovs et al., 2008). Thus, increasing temperature increases 𝐴𝐴 𝐴𝐴1 . When only the effect of gas adsorption is 
considered, the contact angle decreases with increasing temperature. On the other hand, the effect of temperature 
on the contact angle between water and pure substrate (𝐴𝐴 𝐴𝐴1 ) is complex (Arif et al., 2019). The majority of prior 
experimental studies agree that contact angle increases with an increase in temperature (Al-Yaseri et al., 2016; 
Sarmadivaleh et al., 2015). However, some other studies show the converse that contact angles decrease with 
temperature (Arif, Al-Yaseri, et  al.,  2016; Saraji et  al.,  2014). As a consequence, the detailed functional and 
mechanistic influence of temperature on coal wettability remains open and undefined.

4. Implications for the CO2 Geo-Sequestration
This study of CO2-water interactions and the prediction of CO2-water-coal wetting behavior bears importance on 
CO2 adsorption and multiphase fluid transport in coal seams. This has important consequences in evaluating and 
maximizing CO2 storage and/or CH4 recovery from coalbeds.

The simulations of CO2 displacing water assist in evaluating the CO2 adsorption capacity of water-bearing coal 
beds. When CO2 is sequestrated into coal beds, it adsorbs to the coal surface and displaces the adsorbed water, 
while water adsorbed to oxygen functional groups are not displaced. Therefore, in water-bearing coal, water 
adsorbs to oxygen functional groups and occupies the adsorption sites, thus decreasing CO2 adsorption (Day 
et al., 2008; L. Huang et al., 2018). The displaced water has no effect on CO2 adsorption capacity. The results of 
the simulations infer that the CO2 sorption capacity of the coal is reduced up to some critical moisture content, 
beyond which moisture has no effect on sorption capacity (Day et al., 2008). In addition, there are, of course, 
other minerals such as clay, that may also affect water and CO2 adsorption capacity (Loring et al., 2013; Zhu 
et al., 2020).

Meanwhile, CO2-water-coal wettability directly impacts capillary pressure (Plug et al., 2008). Capillary pressure 
(𝐴𝐴 𝐴𝐴𝑐𝑐 ) is the pressure difference across the curved interface between two immiscible fluids and is consistent with 
the pressure difference along a small capillary tube representative of a porous medium (Fanchi, 2002). The pres-
sure difference is expressed in terms of wetting phase pressures (𝐴𝐴 𝐴𝐴𝑤𝑤 ) and nonwetting phase pressures (𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛 ), thus: 

𝐴𝐴 𝐴𝐴𝑐𝑐 = 𝐴𝐴𝑛𝑛𝑛𝑛 − 𝐴𝐴𝑛𝑛 . It is related to gas-liquid interfacial tension, contact angle, and pore radius by: 𝐴𝐴 𝐴𝐴𝑐𝑐 =
2𝛾𝛾𝛾𝛾𝛾𝛾 cos𝜃𝜃

𝑟𝑟
 , 

where r is the radius of a single cylindrical capillary, moreover, for complex and realistic pore structures in coal, 
other characteristics of pores, such as pore size distribution, shape, and tortuosity also impact behavior (Liu 
et al., 2016). For a hydrophilic (water-wet) coal, the directionality of action of the net capillary body force, due 
to the capillary pressure, opposes CO2 entry into the pores, which reduces the ability of the gas to enter the coal 
pores. CO2 adsorption and the concomitant increase in density weakens the water-wetting propensity of coal, 
decreases capillary pressure, and elevates CO2 injectivity. With an increase in coal seam depth, elevated reservoir 
pressures favor CO2 wettability and therefore increase CO2 capacity for sequestration. The prediction of wetta-
bility remains equivocal as reservoir temperature is increased (Iglauer, 2017). It is also important to note that the 
coal swelling increases with increasing pressure and potentially induces significant reductions in permeability 
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and therefore limits CO2 flow in coal seams (Pini et al., 2009). As a consequence, it is a complex problem to opti-
mize CO2 storage conditions that requires consideration of the competing influences of component-dependent 
wettability and related gas adsorption and impacts on matrix swelling and multiphase permeability.

CO2-water-coal wettability also exerts a crucial influence on other reservoir properties related to permeability, 
such as the agglomeration of coal fines. In the process of methane extraction and CO2 injection, the generation 
and migration of coal fines may cause a significant reduction in permeability as the coal fines are more hydro-
phobic and are more likely to agglomerate (Awan et al., 2022). Thus, the increase in coal hydrophobicity in CO2 
aids in the agglomeration of coal fines. In this perspective of coal fines generation, agglomeration potentially 
fixes coal fines at their source of generation and is helpful in preventing the generation of coal fines. However, in 
terms of the migration of coal fines, it is disadvantageous, once clusters of coal fines are released, and therefore 
block flow pathways and reduce the gas/water permeability of coal (Zou et al., 2014).

Additionally, experimental observations identify that methane adsorption into coal is lower than that for CO2 
(Day et al., 2008). Thus, it is assumed that CO2 has a stronger displacement capacity to water than methane. 
During CO2 -ECBM recovery, CO2 adsorbs to the “dry” coal bed and aids in the desorption of methane and 
removal of blockage of diffusion/flow pathways (Z. Pan et al., 2010). Therefore, it is suggested that CO2 enhances 
methane recovery by both improving desorptions and increasing diffusion/flow capacity. This implication will 
be discussed in future work.

The foregoing understanding of how CO2 adsorption affects CO2-H2O-coal wetting behavior and accurate predic-
tion of in-situ wettability is also germane in constraining projections of storage capacity and containment security 
in shale formations.

5. Conclusions
Experimental observations confirm that CO2 adsorption exerts a significant effect on coal-water-CO2 wetting 
behavior. We use, NMR experiments and MD simulations of CO2-water interaction on coal surface in tandem 
to decipher how CO2 adsorption impacts surface composition-, pressure- and temperature-dependent coal 
wettability.

The MD simulations identify that CO2 preferentially adsorbs to the coal surface and gathers water molecules 
to the oxygen functional groups. Meanwhile, a fraction of the water escapes from the substrate, leaving water 
molecules directly bonded to the remaining oxygen-containing functional groups. CO2 adsorption alters coal 
wettability by converting some water-occupied sites on the coal surface into CO2-occupied sites, transforming the 
coal surface into a mixed surface comprised of solid and CO2 gas pockets.

The average contact angle of the heterogeneous coal surface may be characterized by a representative contact 
angle 𝐴𝐴 cos𝜃𝜃

∗
= 𝑓𝑓1 (1 + cos𝜃𝜃1) − 1 , where the area of the solid-liquid interface (𝐴𝐴 𝐴𝐴1 ) shows a linear correlation with 

CO2 adsorption capacity, that is, the more CO2 adsorbs to the coal surface, the less the fractional area 𝐴𝐴 𝐴𝐴1 . This 
mechanism confirms the observed experimental dependency of coal wettability with CO2 adsorption capacity.

Furthermore, on this basis, we provide a rationale to link the change in in situ wettability with CO2 pressure by 
linking it directly to CO2 adsorption and changes in CO2 density. At constant temperature, the water wettability 
of coal decreases with an increase in pressure. Under low CO2 pressure, changes in wettability are contributed 
directly by CO2 adsorption and CO2 density - when CO2 adsorption reaches saturation at high gas pressure, then 
changes in wettability are determined primarily by changes in CO2 density.

Overall, for successful implementation of GCS, illuminations about coal wettability changes in the presence of 
CO2 provide a comprehensive understanding of fundamental petrophysical properties in CO2 geo-storage and 
further provide guidance for practical issues related to storage capacities and E-CBM recovery.

Data Availability Statement
All MD model parameters are listed in Section 2.3 of the text. Data and Supporting Information for the figures 
are available online (https://doi.org/10.6084/m9.figshare.17087192.v1).

https://doi.org/10.6084/m9.figshare.17087192.v1
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