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ABSTRACT 

Geological carbon dioxide sequestration in deep saline aquifers can play a key role in the 

successful mitigation of greenhouse gas emissions. Several conditions have been identified that 

affect the solubility of CO2 in water, including temperature, pressure, pH and salinity. At 

similar conditions, the solubility in bulk fluids differs from the solubility in confined porous 

media. We conducted equilibrium molecular dynamics simulations to investigate the solubility 

of CO2 in water confined in slit-shaped calcite pores. We studied the effects of brine (NaCl and 

MgCl2) and compared our results to the corresponding bulk solubility. Compared to bulk 

water/brine, the solubility of CO2 is lower in calcite pores and decreases as the pores narrow. 

Adsorption energy calculations were performed to compare our results to CO2 solubility in 

water-filled silica pores. These results indicate that narrower calcite pores are less attractive for 

the adsorption of CO2. In addition, the simulation results suggest that the difference in the 

positions where the ions adsorb also affects whether salts increase or decrease the solubility of 

CO2 in confined water. Confinement and ions also reduce the mobility of CO2 in water. These 

observations contribute to the design of long-term CO2 sequestration strategies as they provide 

boundary constraints for the amount of CO2 that can dissolve in hydrated pores, as well as the 

timing of CO2 transport in such systems. 
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1. INTRODUCTION 

Dissolution of CO2 in saline aquifers is recognized as one of the viable options for subsurface 

storage of large quantities of CO2. The efficiency of dissolution depends on several conditions 

such as temperature, pressure, and ionic composition.1,2 Salts can induce either salting-out or 

salting-in effects in relation to the reduction or increase, respectively, in the gas solubility. 

These effects, dependent on the ionic size and charge, are generally attributed to the difference 

in the interactions between ions and water in comparison to the gases and water. Several 

experimental studies reported that salts generally reduce solubility of CO2 in bulk water, with 

divalent ions having stronger effects than monovalent ions.3-8 

Ho and Ilgen9 used MD simulations to provide a different perspective on the origin of the 

electrolytes effects on the solubility of CO2 in a bulk solution. They presented the free energy 

of dissolution (hydration energy) as the sum of the work required to form a cavity to 

accommodate the gas molecule and the interaction energy between CO2 and the solvent. 

Although increasing salinity leads to more negative interaction energies between CO2 and the 

aqueous solutions, they found that the formation of cavities is the main mechanism controlling 

CO2 dissolution. In particular, increasing the concentration of salts reduces the probability of 

cavity formation (which leads to salting out). They also reported that the magnitude of the 

interaction energies in solutions containing monovalent ions were lower than in those 

containing divalent ions, alluding to stronger interactions between CO2 and divalent ions. 

It is also known that confinement affects solubility. Phan et al.10,11 employed MD simulations 

to study the methane solubility in water confined in silica, alumina and magnesium oxide 

(MgO) nanopores. They found higher solubility in confinement, which was related to the higher 

probability of ‘cavity formation’ within confined water. Ho et al.12 reported over-solubility of 

CO2, N2, and CH4 in water confined in ZSM-5, MCM-41, and MIL-100 nanopores, compared 

to the bulk fluid. They attributed the extent of increase in solubility to the strong affinity of the 

gases for the solid, as well as to the polarizability of the gases. Other possible mechanisms 

leading to over-solubility in systems with weak gas-adsorbent interactions are the presence of 

gases (solute) in regions of low solvent densities and the adsorption of gases at the gas-liquid 

solvent interface of partially filled pores, which was found to affect the free energy of solvation. 

Diaz Campos et al.13 observed an enhancement in the solubility of methane in water confined 

in graphene pores and they reported that the solubility is very sensitive to the wettability of the 

pore walls. Luzar and Bratko14,15 also reported an increase in the solubility of CO2, O2, Ar and 



3 
 

N2 in hydrophobic confinement. Pera-Titus et al.16 experimentally observed the increase in the 

solubility of H2 in CHCl3, CCl4, n-hexane, ethanol, and water when confined in γ-alumina, 

silica, and MCM-41. In contrast, Badmos et al.17 found that confinement reduces the solubility 

of hydrogen sulphide (H2S) in water confined in silica nanopores. It should be pointed out that 

in many molecular simulation studies, CO2, H2S and other species are not allowed to protonate 

upon dissolution in water, and that the mineral surfaces are not allowed to respond to system 

pH via protonation/de-protonation of their surface sites, which constitute approximations 

necessary because of the high computing cost required to account for such physical phenomena 

within the molecular models. The validity of these approximations can be assessed by 

comparing simulation results to experiments. For example, Liu et al.18 reported, through Monte 

Carlo simulations, that the prediction of CO2 solubility in water is within reasonable margins 

from experimental data. The deviations were linked to accuracy of the cross-term interaction 

parameters. Moreover, the concentration of H2CO3 and other species are at least two orders of 

magnitude smaller than the dissolved CO2 concentration.19,20 Gadikota et al.21 documented, via 

simulations and experiments, the increase in the solubility of CO2 and noble gases (Ne, Ar and 

Kr) in water confined within Na-montmorillonite clay nanopores. Similar observations were 

reported by Botan et al.22 in their study of CO2 in water in Na-montmorillonite clay interlayers. 

Li et al.23 studied the solubility of CO2 in water confined in kaolinite nanopores and found CO2 

under-solubility in hydrophilic pores and over-solubility in hydrophobic pores. On the 

hydrophilic face of kaolinite, water adsorbs strongly on the pore surfaces, preventing the 

adsorption of CO2. In hydrophobic pores, both CO2 and water can adsorb. This observation is 

consistent with observations reported by Tenney and Cygan,24 according to which CO2 can 

form a non-wetting droplet on the hydrophilic surface of kaolinite while both CO2 and H2O 

interact directly with the hydrophobic surface of the mineral. Li et al.25 found that CO2 is 

generally more soluble in water confined in silica pores than in bulk and that solubility 

decreases as the concentration of NaCl and system pH increase. 

Despite the importance of depleted hydrocarbon reservoirs hosted by carbonate-bearing 

formations, a possible target for geological carbon sequestration, there have been only a limited 

number of studies on the solubility of gases in water confined within these porous materials. 

To fill this knowledge gap, this paper explores the influence of monovalent and divalent salts 

(NaCl and MgCl2) and pore width on the solubility of CO2 in water confined in calcite. Na and 

Mg salts are chosen because our prior simulation results suggest that they accumulate 

preferentially at different locations with respect to the hydrated calcite surface. The 
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interpretation of a variety of experimental and molecular dynamics simulation data in the 

literature also suggests that NaCl is a ‘structure breaker’, while MgCl2 is considered a ‘structure 

maker’ suggesting perhaps different effects on CO2 solubility in confined water.26-30 We 

compare the results to bulk CO2 solubility in aqueous electrolyte solutions, as well as to 

literature results for CO2 solubility in water confined in other materials.  

The rest of the manuscript is structured as follows: In the Simulation Methodology, we describe 

force fields, simulation set up and algorithms used. In the Results section we provide detailed 

analyses of our results through atomic density profiles, solubility calculations, diffusion 

coefficients and adsorption energies. We then conclude with a summary of our main findings. 

 

2. SIMULATION MODELS AND METHODOLOGY 

2.1. Confined Systems 

The calcite slab, with thickness 1.366 nm, was obtained from a calcite crystal terminated at the 

101̅4 plane.31 In our model, calcium and carbon atoms were kept rigid, while the oxygen atoms 

were allowed to vibrate. The slab was placed within the simulation box in an orientation parallel 

to the X-Y plane, with X and Y dimensions of the surface 9.714 x 9 nm2. The calcite pore was 

obtained by placing two calcite slabs at distances corresponding to the pore width. The Z 

dimensions of the simulation box were 4.732, 5.232, 5.532 and 5.732 nm for pores of width 

2.0, 2.5, 2.8 and 3.0 nm, respectively. Note that the pore is in contact with the bulk reservoir 

along the Y direction, while it is infinite (because of periodic boundary conditions) along the 

X direction. The initial configuration of the confined system was created by placing enough 

water molecules and salt ions in the bulk region on both sides of the pore to fill it, with thin 

water films at the entrances of the pore (see Figure 1). CO2 molecules were then placed in the 

bulk region, to adsorb into the pore as the simulation progresses. At equilibrium, the CO2 

molecules in the pore indicate the solubility in water. The compositions of all the systems 

studied are provided in Table 1. The simulations were performed under periodic boundary 

conditions in all three directions. However, the calcite slab was finite along the Y direction 

since the simulation box was elongated to 21 nm, to allow for unconfined (bulk) regions on 

either side of the slab, as illustrated in Figure 1. 



5 
 

The Peng-Robinson equation of state (EOS) was applied to estimate the bulk pressure of the 

system from the density of CO2 outside the pore once equilibrium conditions were achieved. 

Note that the EOS was applied on the ‘pseudo’ bulk values for our systems, hence it is believed 

to yield reasonable results. The calculated pressures of each system are presented in Table 2. 

These values should be considered as estimates for the bulk phase pressure in equilibrium with 

the pore pressure. Because the generally accepted target depth for geological CO2 sequestration 

is set at ~ 800 m, the temperature and pressure conditions considered in this work are chosen 

to represent depths of about 1000 meters in saline aquifers.32 To relate the pressure shown in 

Table 2 to CO2 sequestration protocols, it might be beneficial to recall that the experimental 

bulk critical pressure and critical temperature for CO2 are 7.38 MPa and 304.21 K, 

respectively.33 The model implemented here to simulate CO2 yields critical pressure and critical 

temperature of 7.39 MPa and 304.04 K, respectively34 

 

Figure 1. Representative simulation snapshots of the calcite nanopore filled with water and 

NaCl or MgCl2 ions, with CO2 outside the pores in the bulk region. Ca = purple; C = cyan; O 

= red; H = white; Na, Mg = yellow; Cl = green. Water molecules are shown in blue. 

 

Table 1. Composition of the systems used in equilibration simulations within the 

configuration shown in Figure 1. These simulations were conducted at 303 and 323 K. 

Salinity Pore width 

(nm) 

Number of molecules 

H2O CO2 Salt ions 

0 2 3400 1600 - 

0 2.5 4400 1800 - 

0 2.8 4760 1800 - 

0 3 5000 2000 - 

1.5 M NaCl 3 5000 2000 136 

1.5 M MgCl2 3 5000 2000 136 
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Table 2. Bulk Pressures for all systems simulated at 303 K and 323 K. 

Salinity Pore width (nm) Pressure (MPa) 

303 K 323 K 

0 2.5 7.25 ± 0.01 10.43 ± 0.01 

0 2.8 7.22 ± 0.01 10.09 ± 0.02 

0 3 7.25 ± 0.01 10.5 ± 0.3 

1.5 M NaCl 3 7.25 ± 0.01 10.8 ± 0.1 

1.5 M MgCl2 3 7.24 ± 0.01 10.7 ± 0.15 

0 Bulk 6.84 ± 0.02 8.15 ± 0.15 

1.5 M NaCl Bulk 6.92 ± 0.01 8.44 ± 0.04 

1.5 M MgCl2 Bulk 6.94 ± 0.04 8.6 ± 0.25 

 

To analyse structural and transport properties of fluids confined within the various pores, the 

pore was rendered infinite by removing the unconstrained (bulk) regions from the final 

configuration of the system at equilibrium and implementing periodic boundary conditions in 

all directions. For these systems, the resultant dimensions of the simulation system were equal 

to those of the calcite pore. The compositions of the systems, presented in Table 3, reflect the 

composition of the pore fluid at equilibrium.  

 

Table 3. Composition of confined calcite systems simulated at 303 K and 323 K. 

Salinity Pore 

width 

(nm)   

Number of molecules 

303 K 323 K 

H2O CO2 Salt ions H2O CO2 Salt ions 

0 2.5 3466 4 - 3453 3 - 

0 2.8 3790 13 - 3784 11 - 

0 3 4013 23 - 4013 23 - 

1.5 M NaCl 3 3929 21 106 3892 16 105 

1.5 M MgCl2 3 3792 22 103 3761 21 102 

 

2.2. Pseudo Bulk Systems 

To compare the solubility of CO2 in confined fluids to that predicted in the bulk, we placed 530 

water molecules in a 2 x 4 x 2 nm3 simulation box. 14 salt ions were added to achieve the 

concentration of 1.5 M. Replicating the confined systems simulations, 200 CO2 molecules were 

placed on either side of the aqueous film, to increase the length of the slab in the y-direction to 

12 nm (see Figure 2). The bulk pressure was estimated with the Peng-Robinson EOS, applied 

to the properties (density, temperature and composition) of the pseudo bulk phases. To analyse 
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structural and dynamical properties of CO2 and water in the bulk, we conducted additional 

simulations in the absence of water-CO2 interfaces. The composition of these bulk liquid 

simulations, shown in Table 4, was determined from the equilibrated systems used to estimate 

CO2 solubility in bulk. 

 

Figure 2. (a) Initial and (b) final configurations for the pseudo-bulk systems. C = cyan; O = 

red; H = white; Na, Mg = yellow; Cl =green. Water molecules are shown in blue.  

 

Table 4. Composition of simulated bulk systems. 

Salinity Number of molecules  

303 K 323 K 

H2O CO2 Salt 

ions 

H2O CO2 Salt 

ions 

0 2112 38 - 2112 35 - 

1.5 M NaCl 2041 19 55 2029 16 55 

1.5 M MgCl2 1939 17 53 1920 16 52 

 

2.3. Force fields 

We described calcite in our simulations using the force field developed by Xiao et al.35 In our 

recent work,36 we discussed the structure of interfacial water on calcite when this force field is 

used. The rigid simple point charge extended (SPC/E)37 and Joung-Cheatham (JC)38 force 

fields were used to describe water and NaCl, respectively. Electronic Continuum Correction 

(ECC) forcefields developed for magnesium39 and chloride40 ions were used to describe MgCl2. 

This forcefield improves significantly the description of the structure of the multivalent ions in 
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electrolyte solutions compared to standard approaches.39-41 It should be noted that these force 

fields were developed consistently with the SPC/E model of water. 

For CO2, we used the EPM2 model with bond stretching and angle bending from Cygan et al.42 

In comparison to rigid models, including flexibility improves the predictions of the interfacial 

and thermodynamic properties and correctly predict the vibrational spectra of CO2.42-44 Cygan 

et al.42 found that the CO2-water radial distribution functions from simulations are consistent 

with literature. In addition, incorporating flexibility allows for better prediction of CO2 

diffusion coefficients in water, when compared with experiments.45 

In our simulations, following conventional protocols, dispersive and electrostatic forces were 

modelled by the 12–6 Lennard-Jones (LJ) potential and the Coulombic potential, respectively. 

The LJ parameters for unlike atomic interactions were obtained using the Lorentz-Berthelot 

mixing rule.46 The cut-off distance for all interatomic interactions was set to 12 Å; long-range 

electrostatic interactions were calculated using the particle mesh Ewald (PME) method.47 

2.4. Approximations. It should be noted that the atomistic models implemented in this work 

are not allowed to dissociate nor protonate. Therefore, CO2 does not yield carbonic acid nor 

bicarbonate when dissolved in water, and the system pH does not change during the 

simulations. The fact that aqueous solutions containing MgCl2 are slightly more acidic than 

those containing NaCl, whose pH is 7, is also not taken into consideration. The mineral surface 

is not allowed to react with water, and the system composition is maintained below the 

saturation limit of the NaCl and MgCl2 salts, as necessary since we are not considering the 

possibility of the formation of carbonate salts.39,48 

2.5. Algorithms. The simulations were conducted with the GROMACS (version 5.1.4)49,50 

package in the canonical NVT ensemble. The temperature of each system was maintained at 

303 K or 323 K using the Nosé-Hoover thermostat51,52 with a relaxation time of 100 fs. The 

SETTLE algorithm53 was used to keep bonds and angles within the water molecules fixed. The 

confined systems were equilibrated for 200 ns to increase the reliability of the results. 

Subsequently, production runs of 10 ns were conducted to obtain the density profiles of 

molecules in the system. The CO2 densities in the pore oscillated around constant values and 

both energy and temperature of the system remained within 10% of their average values, 

confirming equilibrium was achieved.  For further analysis, the pore was rendered infinite and 

equilibrated for 50 ns with the last 4 ns used for data analysis. The pseudo-bulk and bulk 

systems were equilibrated for 60 ns, followed by a production run of 4 ns. 
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3. RESULTS AND DISCUSSION 

3.1. Atomic Density Profiles 

The atomic density profiles for oxygen atoms of water molecules (OW), carbon atoms of CO2 

(C), and the center of the spherical ions (Na+, Mg2+, Cl-) were computed along the z direction, 

perpendicular to the calcite surface. The center of the pore corresponds to the point z = 0. 

In Figure 3a, we present the OW and C atomic density distributions within the 3 nm calcite 

pore. The density profile for water does not change significantly at the two temperatures 

considered, thus, we only show one profile for clarity. The results reveal the formation of four 

hydration layers on each surface, with two distinct peaks at distances corresponding to 2.35 Å 

and 3.25 Å from the calcite substrate. The densities of these peaks show that a large number of 

water molecules accumulate near the calcite surface. In comparison, the C density profile in 

the 3 nm calcite pore is characterized by a single, less pronounced peak at ~ 6.15 Å from the 

surface, which is in between the third and fourth hydration layers. As a result of the strong 

interactions between the calcite surface and water, CO2 cannot adsorb any closer to the 

substrate. Compared to the density profile of CO2 at 303 K and 7.24 MPa, at 323 K (~10 – 11 

MPa), there is a slight reduction in the density of CO2 adsorbed in the pore, suggesting a 

reduction in the solubility of CO2 in water as the temperature increases. Similar calculations 

were made for fluids in 2.5 nm and 2.8 nm pores, with the results provided in Figures 3b and 

3c. The density profile for oxygen atoms of water in both pores are consistent with the results 

obtained in the 3 nm calcite pore, showing that the hydration structure in the pore is unaffected 

by a reduction in the pore width from 3 nm to 2.5 nm. For CO2, while the profile remains 

qualitatively similar as the pore width changes, there is a reduction in the density as the pore 

size is reduced. 
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Figure 3. Atomic density profiles along the z direction, vertical from the surface, for oxygen 

atoms of water (OW, black line) and carbon atoms of CO2 (C) at temperatures 303 K (red 

line) and 323 K (blue dotted line), in the (a) 3 (b) 2.8 and (c) 2.5 nm wide calcite pores. 

 

To assess the effects of salt ions on the solubility of CO2, the density profiles of fluids and ions 

in the 3 nm calcite pores with NaCl and MgCl2 are reported in Figure 4a and 4b. Because, 

within the conditions chosen here, temperature has no significant effect on the density profiles 

of water oxygen and salt ions, only one profile for each component is shown. The addition of 

salts is found to not affect the water density profile significantly. The density profile of Na+ 

ions shows strong ion adsorption at 2.85 Å from the surface, between the first and second 

hydration layers. Because of their strong hydration shells, the first peak for Mg2+ ions is found 

further away from the surface at 5.05 Å. Cl- ions in systems with NaCl adsorb at 4.85 Å, to 

form an electric double layer (EDL) with the Na+ ions. In systems with MgCl2, the first peak 

of the Cl- ion density profile is in the same layer as Mg2+ ions. 

In the presence of NaCl ions (Figure 4c), there is a reduction in the number of CO2 adsorbed 

in the pore, as shown by the reduction in the density of CO2 in the middle of the pore. While 

in systems with NaCl, the density of the single density peak representative of CO2 is 

unchanged, in the presence of MgCl2, we observe an increase in the density of CO2 in the pore. 
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There could be due to electrostatic interactions between Mg2+ ions around the CO2 layer and 

oxygen atoms of CO2.  

 

Figure 4. (a) Density profiles of NaCl and MgCl2 ions throughout the pore, (b) Enlarged 

density profile showing half of the pore to highlight the distributions of atoms/ions on the 

surface and (c) Carbon atoms of CO2 along the direction perpendicular to the 3 nm calcite 

surface. The simulations were conducted at 323 K. 

 

3.2. CO2 Solubility  

We quantified the solubility of CO2 in confined water as the ratio of the number of CO2 

molecules adsorbed to that of water molecules present in the pore:10,12,17 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
                                      (1) 

To account for the effects of pore entrances, we excluded 1 nm from either side of the pores in 

our analysis. The solubility of CO2 in bulk water was also calculated following the same 

procedure. The results, presented in Tables 5 and 6, show that the solubility of CO2 in confined 

water is lower than the corresponding solubility in bulk water, and decreases as the width of 

the pore gets narrower. The uncertainty was estimated by applying the standard error 

calculation method. In the 3 nm pore, the solubility of CO2 is almost three times lower than 
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that in the bulk, suggesting that solubility decreases as pore width decreases. Although we 

performed simulations with 2 nm calcite pores, we observed that after 200 ns, there was no 

CO2 present in the pore, suggesting that CO2 solubility is negligible at these conditions. This 

was unexpected, given that CO2 is soluble in bulk water and that several reports in the literature 

highlight conditions at which various gases are more soluble in confined water than they are in 

bulk water.10-16,23,25 We attribute this result to the high water density in the first two hydration 

layers on calcite, and to the fact that dissolved CO2 seems to accumulate further from the calcite 

surface. In our prior work, we reported that CH4 solubility increases in water confined within 

~ 1 nm -wide pores carved out of several minerals, those results were attributed to the presence 

of molecular-sized cavities, as well as to pronounced fluctuations in the molecular density of 

confined water.11 In our prior work17, we also reported reduced solubility of confined H2S, 

which was explained by the perturbation of the hydration structure of this gas upon narrow 

confinement.17 Within the pore widths explored here, we found that the hydration structure of 

CO2 does not change significantly (results not shown for brevity). Because the structure of 

hydration water on the mineral surface seems to affect CO2 solubility in confinement so 

strongly, it is expected that small changes in the atomic features of the pore surfaces could lead 

to strong variations in the solubility of CO2 in water confined in nanopores. 

We observed that NaCl has the effect of reducing the solubility of CO2 in confined water. 

However, Mg2+ ions lead to a slight increase in solubility, consistent with the atomic density 

profiles observed in Figure 4c. Since Mg2+ ions adsorb further away from the pores, their 

interactions with CO2 could attract more CO2 into the pore. In bulk water however, both NaCl 

and MgCl2 lead to a reduction in solubility. This observation demonstrates that the positions of 

ions in the pore impact the uptake and solubility of CO2. In Figure 5, we present a plot of the 

solubility of CO2 as a function of pore size in systems with pure water; fitting the results, we 

estimate that at approximately 2.35 nm and 323 K, the CO2 solubility becomes zero in water 

confined within slit-shaped calcite pores. At 303 K, the solubility approaches zero at a 

somewhat smaller pore width. 
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Table 5. Solubility of CO2 in Water and Brine Confined in Calcite Pores. 

Temperature (K) Pore 

Size 

(nm) 

Salinity Bulk 

Pressure 

(MPa) 

Solubility x 103 

303 

3  

0 7.25 ± 0.00 5.79 ± 0.25 

1.5 M NaCl 7.25 ± 0.00 5.60 ± 0.14 

1.5 M 

MgCl2 

7.24 ± 0.00 5.94 ± 0.33 

2.8  0 7.22 ± 0.00 3.63 ± 0.14 

2.5 0 7.25 ± 0.00 1.22 ± 0.11 

323 

 

3  

0 10.51 ± 0.26 5.71 ± 0.61 

1.5 M NaCl 10.83 ± 0.06 4.03 ± 0.19 

1.5 M 

MgCl2 

10.74 ± 0.10 5.81 ± 0.33 

2.8  0 10.09 ± 0.02 2.66 ± 0.16 

2.5  0 10.43 ± 0.01 0.31 ± 0.07 

 

Table 6. Solubility of CO2 in Bulk Water and Brine Systems. 

Temperature 

(K) 

Salinity Bulk 

Pressure 

(MPa) 

Solubility 

x 103 

303 

0 6.84 ± 

0.02 

18.06 ± 

0.25 

1.5 M 

NaCl 

6.92 ± 

0.01 

9.28 ± 

1.51 

1.5 M 

MgCl2 

6.94 ± 

0.04 

8.46 ± 

0.99 

323 

 

0 8.16 ± 

0.11 

16.6 ± 

0.76 

1.5 M 

NaCl 

8.44 ± 

0.04 

8.89 ± 

0.40 

1.5 M 

MgCl2 

8.57 ± 

0.20 

8.32 ± 

0.10 

 



14 
 

 

Figure 5. CO2 solubility in pure water versus calcite pore size for 2.5 – 3 nm pores simulated 

at 303 (red circles) and 323 K (blue circles). Lines are a guide to the eye. The green circle 

represents the solubility of CO2 in the 2nm pores at both temperatures. 

 

To understand the contribution of the calcite surface to the CO2 solubility, we divided the pore 

into three regions to calculate the solubility in each location. Figure 3 can be used as a guide. 

region 1 (z < 3.75 Å) corresponds to the first two hydration layers close to the pore, where there 

are no CO2 molecules adsorbed. In regions 2 and 3, we find the first CO2 layer and middle of 

the pore, respectively. We calculated the volume of each region and observed that for a slit-

shaped pore of width 3 nm, ~25% of the pore (region 1) is unavailable to CO2. As the pore 

width decreases, the fraction of the pore volume not accessible to CO2 increases. Our further 

analysis focuses on regions 2 and 3 in the systems at 323 K. In Table 7, we report the solubility 

of CO2 in these regions for the various pores. While the solubility of CO2 is higher in the middle 

of the pore compared than that obtained nearer to the pore surfaces, the value does not converge 

to the solubility of CO2 in bulk water for the systems simulated here. This indicates that the 

fluid behaviour throughout the pore differs from bulk properties. In systems with NaCl, there 

is a reduction in solubility in both regions 2 and 3, compared to systems with pure water. 

Conversely, in region 2, the presence of Mg2+ ions leads to an increase in solubility. 
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Table 7. CO2 Solubility in Water and Brine Confined in Calcite Pores at 323 K. 

 CO2 Solubility x 103 

Pore size region 

2 

region 3 

2.5 nm (pure water) 0.22 0.57 

2.8 nm (pure water) 2.47 4.03 

3 nm (pure water) 4.94 8.51 

3 nm (1.5 M NaCl) 4.35 5.57 

3 nm (1.5 M MgCl2) 7.04 7.65 

 

3.3. Adsorption Energies 

In an attempt to explain the differences in solubility in different mineral pores, which we 

surveyed in the introduction, we calculated the adsorption energy of one CO2 molecule in the 

pores filled with pure water. By applying the two-box method proposed by Heinz,54 we 

calculated the difference between the total energy of the system when one molecule of CO2 is 

adsorbed in the pore (E1) and the total energy when CO2 is outside the pore (E2). Strong 

attractive interactions between CO2 and the pores filled with water are shown by negative 

adsorption energies. We ran 15 – 20 simulations for each configuration. The adsorption 

energies (ΔEads) of CO2 in calcite pores of width 2.0, 2.5, 2.8, and 3.0 nm are presented in 

Figure 6. For comparison, we also ran simulations for water confined in silica pores of width 

3 nm, following the algorithms described elsewhere,55 following similar procedure described 

in the simulation methods section. 

∆𝐸𝑎𝑑𝑠 = 𝐸1 − 𝐸2                                   (2) 

 

Figure 6. Adsorption energies of one CO2 molecule in water filled calcite (2 – 3 nm) and 

silica (3nm) pores, as well as in bulk water. These simulations were conducted at 323 K. 
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The results in Figure 6 show that CO2 adsorbs more strongly in the hydrated silica pore than 

the hydrated calcite pore, which is consistent with our solubility results as well as with the 

results reported by Li et al.25 In calcite, as the pore width reduces, the adsorption energy 

increases, indicating weaker and weaker attraction between CO2 and the water-filled pore. At 

2.5 nm, the adsorption energy is positive, which explains the very low solubility observed at 

subsequently smaller pore widths. This outcome agrees with the reduction in solubility with 

decreasing pore size. In Figure 7, we report the correlation between the solubility of CO2 in 

pure water and the adsorption energies, which suggests it might be possible to estimate CO2 

solubility in water confined in various minerals by estimating the adsorption energy. 

However, our results also show that the interactions between water and the mineral surface 

play an important role on the adsorption of CO2 in the pores, as was the case for the diffusion 

of CH4 through pores filled with water.56 We can infer that water has stronger interactions with 

calcite than silica. Additionally, we determined the interaction energy (Eint) between water and 

the mineral surfaces. This was evaluated as the sum of the electrostatic and van der Waal 

interactions. As shown in Table 8, the interaction of water with calcite is over three times 

stronger than that with silica. As the pore becomes smaller, the interactions become more 

attractive, which corroborates the reduction in CO2 solubility. 

 

Figure 7.  Relationship between CO2 solubility (in bulk water (red) and water confined in 

calcite pores (blue)) and adsorption energy. The simulated temperature was 323 K. The line is 

a guide to the eye. 



17 
 

Table 8. Interaction energy between water and the simulated mineral surfaces at 323 K. 

  
Water-Surface 

Eint (kJ/mol) 

Silica 3nm -5.3 

Calcite 

3nm -17.5 

2.8 nm -18.4 

2.5 nm -19.9 

2 nm -25.2 

 

We also calculated interaction energies (Eint) between CO2 and water/ions in the various 

systems considered. We normalized the results to represent one CO2 molecule interacting with 

2000 water molecules. The results, presented in Table 9, show that confinement reduces the 

attraction between CO2 and the aqueous solution by almost 50%, compared to the bulk. The 

ions lead to stronger attractions, but the effect is somewhat more pronounced in the bulk than 

in confinement. The slightly stronger attractions between CO2 and the aqueous systems in 

confinement does not seem to explain the differences in solubility discussed above, which is 

probably due to the different distributions of the electrolytes within the pore. Ho and Ilgen9 

observed that the dominant contribution to the hydration of CO2 is the formation of molecular 

cavities. Our density distribution results show that CO2 in confined water accumulates in the 

center of the pore. Because cavities are less likely to form within dense hydration layers, our 

results seem consistent with the observations of Ho and Ilgen9, although a detailed analysis of 

the mechanisms responsible for the energetics in our systems has not been carried out. 

 

Table 9. Interaction energy between CO2 and aqueous systems in bulk and in 3 nm pores at 

323 K. 
 

Salinity CO2-Water/Ion 

Eint (kJ/mol) 

Bulk 

0 -23.7 ± 0.0 

1.5 M NaCl -24.8 ± 0.2 

1.5 M MgCl2 -25.5 ± 0.1 

Confined 

0 -13.1 ± 1.5 

1.5 M NaCl -13.6 ± 1.5 

1.5 M MgCl2 -13.9 ± 0.0 
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3.4. Transport Properties 

To evaluate the transport properties of CO2 in the hydrated pores and compare them to the 

corresponding bulk properties, we use the Einstein relation to compute the self- diffusion 

coefficients,57,58 following the approaches implemented previously in the group.17,56,59,60 

We calculated the overall diffusion coefficient (DXYZ) for CO2 in bulk and the 2-D diffusion 

coefficients for CO2 in confined systems (DXY). The results, presented in Tables 10 and 11, 

suggest that at 303 K, the diffusion of CO2 in the 3 nm pore is about an order of magnitude 

slower than that in the bulk, and that the CO2 diffusion coefficient reduces further as the pore 

becomes smaller. Compared to region 2 (first layer of CO2, Figure 3), the diffusion in the 

middle of the pore (region 3) is faster, as expected because water molecules in the first and 

second hydration layer should be less mobile than those in the middle of the pore.61 Both NaCl 

and MgCl2 are found to reduce the self-diffusion coefficients of CO2 in water, both in confined 

and bulk systems. 

It is perhaps useful to compare the 2D diffusion coefficients estimated for CO2 in confined 

water to those previously reported for CH4 in confined water.56 In both cases, the same force 

field was used to describe water-calcite interactions. The difference is that the study for CH4 

referred to a 1 nm – wide slit shaped pore at 300 K, while we are considering here pores of 

width larger than 2.5 nm at 303 K. It was found that the diffusion coefficient of methane in 

hydrated calcite is over three times slower than that in hydrated silica pores. While a direct 

comparison cannot be made due to the significant difference in the pore width, it is likely that 

comparatively strong calcite-water as opposed to silica-water interactions are responsible for 

both the delayed diffusion of CH4 in hydrated pores. 

 

Table 10. Two-dimensional diffusion coefficients of CO2 in water confined in calcite pores at 

303 K. 

System Confined Dxy /x109 

m2s-1 

Confined Dxy
   in 

region 2 /x109 m2s-1 

Confined Dxy
   in 

region 3 /x109 m2s-1 

Pure water (3 nm) 2.5 ± 0.3 1.1 ± 0.06 2.5 ± 0.2 

Pure water (2.8 nm) 1.8 ± 0.2 0.9 ± 0.1 2.1 ± 0.06 

Pure water (2.5 nm) 1.7 ± 0.1 0.8 ± 0.06 2.0 ± 0.05 

1.5 M NaCl (3 nm) 1.4 ± 0.2 0.8 ± 0.04 1.8 ± 0.02 

1.5 M MgCl2 (3 nm) 1.3 ± 0.1 0.8 ± 0.06 1.4 ± 0.2 
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Table 11. Diffusion Coefficients of CO2 in bulk water at 303 K. 

 

 

 

 

4. CONCLUSIONS 

Equilibrium MD simulations probed the solubility of CO2 in water and brine confined in calcite 

pores (2 – 3 nm) at 303 K and 323 K. At comparable salinities, the solubility is lower in the 

pores compared to that in the bulk. However, when confined in the calcite pores, the solubility 

of CO2 is reduced by adding NaCl, but it is slightly increased by adding MgCl2, which seems 

to correlate with the preferential distribution of the ions within the hydrated pores. In hydrated 

calcite pores narrower than 2.5 nm, there was no detectable adsorption of CO2. Adsorption 

energy results indicate that narrower calcite pores are less attractive for the adsorption of CO2. 

Although the structure of water assessed by atomic density profiles does not change 

qualitatively within the pores investigated, the attractive interactions between water and the 

pore surface become stronger in smaller pores. The dynamic properties, quantified by the self-

diffusion coefficient of CO2, showed that both confinement and presence of salt ions reduce 

the mobility of CO2. Comparing our results to those present in the literature, it appears that the 

dissolution of CO2 in confined water is strongly affected by solute/solvent-pore interactions. 

Different interaction strengths seem to account for disparities in the solubility of gases in fluids 

in sandstone, carbonate and clay reservoirs. Quantifying these effects is important for the 

optimisation of geological sequestration strategies, as they affect the storage capacity in a 

carbonate formation and the time required for injected CO2 to transport through said formation. 
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