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Abstract. CO2 Huff-n-Puff is a promising method for enhancing the oil recovery from 7 

unconventional reservoirs and sequestering CO2. Optimizing the operation of Huff-n-Puff requires 8 

a fundamental understanding of the thermodynamic and transport phenomena of CO2 and oil in 9 

nanopores. Here, we investigate the soaking step of CO2 Huff-n-Puff in a single, 4 nm-wide calcite 10 

pore using molecular dynamics simulations. We show that the CO2 molecules entering the pore 11 

can become adsorbed on pore walls and diffuse along with walls or are transported into the pore's 12 

interior as free CO2 molecules. Decane molecules are displaced from the pore walls and out of the 13 

bulk zone in the pore. Before reaching the pore's end, the movement of the density fronts of 14 

adsorbed and free CO2 molecules inside the pore obeys a t1/2 scaling law with effective diffusion 15 

coefficients ~50% smaller than that of bulk CO2. Except at the very beginning period of soaking, 16 

the accumulation of adsorbed and free CO2 molecules occurs at a similar rate and follows the 17 

diffusive scaling law. These pore-scale results highlight the importance of surface adsorption on 18 

the storage and transport of CO2 during the soaking process in unconventional oil reservoirs. 19 
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1. Introduction 21 

Shale and tight oil reservoirs have become a significant source of petroleum liquid production 22 

in the US over the last decade.1 In these unconventional reservoirs, oil is trapped in rocks featuring 23 

pervasive nanopores, and the low permeability of these rocks makes oil recovery challenging.2  24 

The recovery rate of these reservoirs is typically 1 to 7%, much lower than conventional reservoirs. 25 

Because of unconventional reservoirs' low permeability and poor injectability, conventional 26 

improved and enhanced oil recovery methods based on water or gas flooding cannot be applied. 27 

Enhanced oil recovery (EOR) instead needs to operate on the principle of injection and extraction 28 

through the Huff-n-Puff scheme.3, 4 Huff-n-Puff utilizes a single well and includes three steps. In 29 

the "Huff" step, a gas is injected into the reservoir through a well. Next, in the soaking step, the 30 

well is shut for an extended period of time. Finally, in the "Puff" step, the well is open to produce 31 

gas and oil. Gases capable of extracting oil, such as CO2, methane, and methane enriched with 32 

ethane / propane, can all be used. When CO2 is used, Huff-n-Puff is not only effective as an EOR 33 

technique5 but also offers an additional benefit of CO2 storage because part of the injected CO2 34 

does not return to the surface. When a reservoir's oil production becomes marginally economical, 35 

CO2 Huff-n-Puff could receive credits from CO2 sequestration. CO2 sequestration in 36 

unconventional oil reservoirs has been successfully tested in recent field studies.  37 

While CO2 Huff-n-Puff for EOR and CO2 sequestration in unconventional oil reservoirs have 38 

shown promise, many challenges remain.4, 6-9 Indeed, limited or no EOR was observed in some 39 

CO2 Huff-n-Puff field tests.10 These poor results are partly caused by the fact that the success of 40 

Huff-n-Puff requires a large number of parameters (e.g., duration of gas injection and soaking) to 41 

be optimized simultaneously.11 Meanwhile, the selection of unconventional reservoirs suitable for 42 

CO2 sequestration lacks practical guidelines. Addressing these challenges requires a fundamental 43 
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understanding of the thermodynamic and transport behavior of oil and CO2 in unconventional 44 

reservoirs.  45 

Much research has been devoted to these topics in recent years, e.g., properties such as CO2 46 

solubility and diffusivity, oil swelling factor, and oil-CO2 miscibility have been studied as 47 

functions of temperature and pressure and correlated to oil production rate.3, 4, 12-16 These works 48 

laid the foundation for physics-based simulation of EOR and CO2 storage in unconventional 49 

reservoirs. In particular, numerical modeling of the Huff-n-Puff process has provided significant 50 

insight into the many tradeoffs that must be balanced. An emerging picture from these studies is 51 

that oil and CO2 in these reservoirs cannot always be treated as bulk fluids, which are usually 52 

deemed adequate in conventional reservoirs.17  53 

In unconventional reservoirs, the surface-to-volume ratio is large because of the prevalence of 54 

nanopores. Therefore, interactions between CO2 and oil molecules with pore walls can potentially 55 

affect their behaviors in unconventional reservoirs. For example, oil and CO2 can exhibit critical 56 

properties and phase behavior different from their bulk counterparts.18-20 Both pore size and its 57 

distribution affect the behavior of fluid mixtures in unconventional reservoirs.21-24 For inorganic 58 

pores, strong adsorption of CO2 can occur on their walls due to the strong affinity of CO2 to pore 59 

walls,25-28 while oil molecules with relatively weaker affinity to pore walls than CO2 molecules are 60 

displaced from pore walls. Depending on the adsorption density of CO2 on pore walls, both 61 

enhancement of oil flow28-30 and retardation of oil flow can occur.28 Furthermore, the interactions 62 

between CO2 and pore walls, pore size, and the solubility of CO2 in oil in presence of co-solvents 63 

were found to affect the oil recovery rate from nanopores.22, 24 These previous works highlight the 64 

importance of thermodynamic and transport phenomena at the nanopore scale in determining the 65 

oil production and CO2 sequestration at the macroscopic scale.  66 
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In this work, we investigate the soaking step of CO2 Huff-n-Puff at the single-nanopore scale. 67 

Pore-scale research on this topic is scarce31, and many questions remain open. For example, how 68 

do CO2 molecules move into nanopores? Does the accumulation of CO2 and depletion of oil follow 69 

any scaling law? How do pore walls affect the transport of CO2 molecules into nanopores and their 70 

accumulation inside pores? To answer these questions, we perform non-equilibrium molecular 71 

dynamics (MD) simulations to obtain a molecular picture of CO2 and oil transport during soaking. 72 

To gain insights into the observed phenomena, we also perform auxiliary equilibrium simulations 73 

to probe the thermodynamics and dynamics of CO2 molecules at oil-wall interfaces.    74 

2. Simulation Systems, Molecular Models, and Methods 75 

Simulation systems and protocol. Figure 1a shows a schematic of the MD system designed to 76 

study the soaking process of CO2 Huff-n-Puff. The system includes two main parts: a slit-shaped 77 

calcite nanopore and a "reservoir." The pore represents a dead-end pore in oil shales, and the 78 

"reservoir" mimics the microfracture or macropore to which the pore is connected. A calcite pore 79 

is adopted because a significant amount of oil can be stored in inorganic pores (e.g., in the chalks 80 

of the Niobrara petroleum system, calcite is the dominant mineral, kerogen is scarce, and oil is trapped 81 

mainly in inorganic pores).32, 33 The center-to-center width of the pore, 𝑤, is 4.0 nm.2, 34 The length 82 

of the pore, 𝐿𝑝, is set to 29.504 nm. This pore is slender enough (𝐿𝑝/𝑤 ≈ 7.4) for studying the 83 

transport of oil and CO2 along the pore, yet it is not too long, so the computational cost is not 84 

prohibitively high. The system is periodic in all three directions, and the simulation box measures 85 

90 nm, 2.928 nm, and 13.306 nm, in the x-, y-, and z- directions, respectively. 86 

 87 
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 88 

Figure 1. Schematics of simulation systems for studying the soaking process in a single calcite slit nanopore 89 

connected to a reservoir (a) and the properties of CO2 at oil-calcite interfaces (b). In (a), x = 0 corresponds 90 

to the pore entrance, and z = 0 corresponds to the lower calcite wall's uppermost oxygen atom layer. In (b), 91 

z = 0 corresponds to the lower calcite wall's uppermost oxygen atom layer. The dashed blue lines denote 92 

the simulation box.  93 

To study the soaking process, we set up the initial distributions of oil (taken as decane here) 94 

and CO2 in the system via two successive steps to mimic the state of oil and CO2 at the end of a 95 

Huff step. In the first step, only decane molecules are packed into the pore and a small portion of 96 

the reservoir using the Packmol code.35 The pressure of the decane is adjusted to 280 bar using 97 

piston A in Fig. 1a. The system is equilibrated for 5 ns. Piston A is then fixed. A short equilibrium 98 

run is conducted, during which the decane pressure is obtained by calculating the force per unit 99 

area on piston A. The result agrees with 280 bar very well. In the second step, piston A is fixed, 100 

and CO2 molecules are packed into the reservoir (between pistons A and B in Fig. 1a). The pressure 101 

of CO2 is adjusted to 410 bar using piston B, and the system is equilibrated for 10 ns. Piston B is 102 

then fixed and the CO2 pressure is verified using the process described above for the decane 103 

pressure. There are 1128 and 4000 decane and CO2 molecules in the system at the end of these 104 

steps, respectively. Note that the number of CO2 molecules is tuned empirically so that, for a 105 

pressure of 280 bar on piston A, the pore is filled fully by decane and a thin decane layer (~1.85 106 

nm) exists next to the pore in reservoir. The number of CO2 molecules is tuned to ensure that, at 107 
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an initial CO2 pressure of 410 bar, the volume occupied by CO2 is sufficiently large. The piston A 108 

and B are located at 1.85 and 11.59 nm from the pore entrance, respectively. At last, piston A is 109 

removed and piston B is fixed (this time instant is defined as 𝑡 =  0), and the system is simulated 110 

for 45 ns. This “soaking” simulation mimics the soaking step of the CO2 Huff-n-Puff operations, 111 

during which the well is shut and thus the system volume is fixed. The pressure of the fluids in the 112 

reservoir is monitored by computing the force acting on piston B. To improve the MD statistics, 113 

two additional simulations with independent initial configurations are performed and the results 114 

shown here are the average of the three simulations. This simulation is hereafter referred to as the 115 

soaking simulation. The evolution of decane and CO2 density distributions inside the pore is 116 

recorded on the fly during this simulation.    117 

Because of the prominent role of interfacial CO2 in the soaking process, we also build separate 118 

MD systems to study the properties of CO2 molecules at calcite-decane interfaces. As shown in 119 

Fig. 1b, these systems feature a slab of decane and CO2 mixture positioned on a calcite wall. The 120 

calcite wall and the simulation box both measure 4.846 × 3.984 nm2 in the xy-plane. The simulation 121 

box is 20 nm long in the z-direction. The pressure of the mixture is kept at 220 or 320 bar using a 122 

piston. These pressures are close to the CO2-oil pressure at the beginning and final stages of the 123 

soaking simulations (see below). The number of CO2 molecules is varied from 4 to 350 in different 124 

simulations to produce different adsorption densities of CO2 on the calcite wall. The number of 125 

decane molecules is 360 in all simulations. After the desired number of decane and CO2 molecules 126 

are packed between the calcite wall and the piston, equilibrium simulations (typically 55 ns) are 127 

performed to study the adsorption and dynamics of CO2 molecules. The equilibrium thickness of 128 

the decane-CO2 slab is 6.12 to 7.04 nm in these simulations, which is large enough to ensure that 129 

the middle portion of the slab is bulk-like.  130 
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Molecular models. The calcite walls are cut from a calcite crystal in the [101̅4] direction, and 131 

their atoms are fixed throughout all simulations. To reduce the computational cost, the thickness 132 

of the calcite wall is 0.91 and 1.82 nm in the systems shown in Fig. 1a and 1b, respectively. The 133 

Lennar-Jones (LJ) parameters and partial charges of calcite atoms are taken from the re-fitted 134 

Dove's potential.36 The vertical walls near the pore entrance in Fig. 1a are made of a sheet of LJ 135 

atoms arranged in a square lattice (lattice spacing: 0.3 nm). Both piston A and piston B are made 136 

of LJ atoms. Decane is modeled using the NERD force fields.37 CO2 is described using the force 137 

fields developed by Zhu et al.38 The interactions between decane and CO2 are described using the 138 

LJ potential using the parameters optimized by Wang et al.26 As demonstrated by Wang et al., using 139 

these force fields allows the interactions between CO2 and decane to be modeled accurately. For 140 

example, simulations based on these force fields can predict the solubility of CO2 in decane at a 141 

temperature of 344.3 K and pressure up to 100 bar accurately.26 The LJ parameters for non-142 

electrostatic interactions between other dissimilar atoms are obtained using the Lorentz-Berthelot 143 

combination rule.39  144 

Simulation methods. Simulations are performed using a customized GROMACS 4.5.6 code 145 

in the NVT ensemble. The temperature of decane and CO2 is kept at 345 K in all simulations using 146 

the velocity rescaling thermostat with a time constant of 1 ps. A time step of 2 fs is used for 147 

equilibration. A time step of 1 fs is used for non-equilibrium simulations of soaking shown in Fig. 148 

1a and the production run of CO2-decane-calcite systems shown in Fig. 1b. LJ potentials are 149 

computed using direct summation, and electrostatic interactions are computed using the Particle 150 

mesh Ewald (PME) method with an FFT spacing of 0.12 nm. A cut-off length of 1.2 nm is used 151 

for both LJ potential and the real-space part of electrostatic interactions. For systems shown in Fig. 152 

1b, a slab correction is applied. This correction, along with the large vacuum space left above the 153 
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piston, effectively removes the periodicity in the z-direction.  154 

3. Results and Discussion 155 

3.1 CO2 at calcite-decane interfaces 156 

Previous studies showed that CO2 can adsorb strongly on mineral surfaces, with the adsorption 157 

on calcite surfaces easily reaches full monolayer coverage.25-28 This adsorption can affect the 158 

storage and transport of decane/CO2 in inorganic nanopores and thus should affect the soaking 159 

process. Therefore, to help understand the results of soaking simulations, we first examine the 160 

adsorption of CO2 at calcite-decane interfaces and the dynamic properties of interfacial CO2 161 

molecules using the MD system shown in Fig. 1b.  162 

Figure 2a shows the CO2 and decane density profiles near a calcite surface exposed to a decane-163 

CO2 mixture in a representative case where the bulk CO2 density is 𝜌𝑐𝑜2
𝑏 = 0.61 nm-3 (profiles for 164 

other cases are shown in Fig. S1 in the Supplementary Material) and the mixture pressure is 320 165 

bar. Near the calcite surface, several layers of decane molecules are identified, as has been widely 166 

observed.25, 26 A significant enrichment of CO2 molecules occurs near the calcite surface. In 167 

particular, a distinct layer corresponds to the CO2 molecules in contact with the calcite surface is 168 

observed in the region 0 nm < z < 0.398 nm. This accumulation of interfacial CO2 is driven by the 169 

quadruple-charge interactions between CO2 molecules and calcite surface atoms. Hereafter, CO2 170 

molecules in this layer are referred to as "adsorbed" CO2. The density of adsorbed CO2 on the 171 

calcite surface is computed using Γ𝑐𝑜2 = ∫ 𝜌𝑐𝑜2(𝑧)𝑑𝑧
0.398 nm

0
 . Figure 2b shows the adsorption 172 

isotherms of CO2 on calcite surface as a function of bulk CO2 density. High adsorption density is 173 

observed at even very low bulk CO2 densities, consistent with the strong affinity of CO2 molecules 174 

to calcite.25, 26 As bulk CO2 density increases, Γ𝑐𝑜2 approaches an asymptotic value of Γ𝑐𝑜2
∞ = 175 
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5.15 nm-2, when the calcite surface is fully covered by CO2 molecules. The adsorption isotherm is 176 

little changed as the pressure of decane-CO2 mixtures changes from 320 to 220 bar (the CO2 177 

adsorption isotherm at 220 bar is shown in Fig. S2), suggesting that CO2 adsorption and the 178 

concurrent displacement of decane molecules from CO2 adsorption site is controlled primarily by 179 

CO2-calcite interactions.     180 

 181 

Figure 2. (a) Density profiles of decane and CO2 near a calcite surface when the bulk CO2 density is 𝜌𝑐𝑜2
𝑏 = 182 

0.61 nm-3. (b) Adsorption isotherm of CO2 at the calcite-decane interface. The pressure of the decane-CO2 183 

mixture is 320 bar.  184 

We next characterize the dynamics of adsorbed and bulk CO2 molecules. To compute the 185 

diffusion coefficient of adsorbed CO2 molecules, in each trajectory frame of the simulation 186 

performed for the system shown in Fig. 1b, we identify the CO2 molecules adsorbed on the calcite 187 

wall first. We then compute the mean-square-displacement (MSD) of these molecules for 8 ps. 188 

This process is repeated for each frame in the trajectory to obtain an ensemble average of the MSD 189 

of the adsorbed CO2 molecules, from which the diffusion coefficient is computed. Because of the 190 

exchange between adsorbed and bulk CO2, an adsorbed CO2 molecule can become bulk CO2 when 191 

its MSD is being evaluated (i.e. within 8 ps). Such kind of event, however, is rare since the 192 

exchange occurs at a nanosecond time scale (see below). The diffusion coefficient of bulk CO2 is 193 

evaluated similarly. 194 
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Figure 3 shows the self-diffusion coefficient of the CO2 molecules in bulk decane-CO2 mixture 195 

and adsorbed on calcite surfaces. We observe that, as the bulk mixture's pressure increases from 196 

220 bar to 320 bar, the diffusion coefficient decreases modestly. As bulk CO2 density increases, 197 

Fig. 3a shows that CO2 molecules' diffusion coefficient in bulk increases modestly. This is 198 

expected because, as the CO2 mole fraction increases, decane-CO2 mixtures become less viscous, 199 

and it follows from the Einstein relation that the diffusion of small CO2 molecules in these fluid 200 

mixtures should increase. On the other hand, Fig. 3b shows that the lateral diffusion coefficient of 201 

CO2 molecules adsorbed on calcite surfaces decreases by about 60% as the adsorption density 202 

increases from zero to near saturation. Such a slowdown of diffusion is expected. The diffusion of 203 

a CO2 molecule on the calcite surface studied here involves the displacement of adsorbed decane 204 

and CO2 molecules adjacent to it. Since the adsorption of CO2 molecules is stronger than that of 205 

decane molecules, diffusion of adsorbed CO2 molecules becomes more difficult as more adsorbed 206 

decane molecules are replaced by CO2 molecules. Overall, the diffusion of CO2 molecules 207 

adsorbed on a calcite surface is 12-30 times slower than in bulk decane-CO2 mixtures.  208 

 209 

Figure 3. Self-diffusion coefficient of CO2 molecules in bulk decane-CO2 mixtures (a) and adsorbed on 210 

calcite surface (b) at a pressure of 220 and 320 bar. In (b), the lateral diffusion coefficient is shown.  211 
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CO2 molecules adsorbed on a calcite surface can leave the surface, which is also manifested as 212 

the exchange between adsorbed CO2 molecules and CO2 molecules unassociated with the surface 213 

which is hereafter termed as “free” CO2 (z > 0.398 nm). To quantify such an exchange, we compute 214 

the residence auto-correlation function for CO2 molecules adsorbed on calcite surfaces26 215 

𝐶𝑅(𝑡) =
〈𝑝(0)𝑝(𝑡)〉

〈𝑝(0)𝑝(0)〉
         (1) 216 

where 𝑝(𝑡) = 1 if a CO2 molecule resides in the adsorption zone (0 < z < 0.398 nm) at 𝑡 = 0 is 217 

also found in that zone at time 𝑡. 〈⋅⋅⋅〉 denotes the ensemble average. The correlation function 218 

𝐶𝑅(𝑡) decays rapidly to zero if the adsorbed CO2 molecules exchange rapidly with the free CO2 219 

molecules. The time scale of decay estimates the residence time of an adsorbed CO2 molecule on 220 

the calcite surface. Figure 4 shows 𝐶𝑅(𝑡) for different CO2 adsorption densities when the pressure 221 

of the decane-CO2 mixture is 320 bar (those for the pressure of 220 bar are very similar and shown 222 

in Fig. S3). The exchange between adsorbed and free CO2 molecules becomes more facile as the 223 

adsorption density increases. However, even at an adsorption density of 0.256 nm-2, 𝐶𝑅(𝑡) 224 

decreases to 0.3 within 4 ns. These results suggest that, despite the strong affinity of CO2 molecules 225 

to calcite surfaces, adsorbed CO2 molecules can become desorbed and exchange with free CO2 226 

molecules in the bulk decane-CO2 mixture at a nanosecond time scale. The nanosecond time scale 227 

exchange between adsorbed and free CO2 molecules has been observed by Wang et al.26 The 228 

exchange revealed here is somewhat slower than that in Wang’s work because CO2 molecules 229 

adsorb more strongly on calcite surfaces (this work) than on the quartz walls considered by those 230 

authors. 231 
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 232 

Figure 4. Residence time correlation function of CO2 molecules adsorbed on a calcite surface exposed to a 233 

decane-CO2 mixture with a pressure of 320 bar.   234 

3.2 Soaking process in single nanopores 235 

In this section, we study the soaking process in a single nanopore connected to a reservoir (see 236 

Fig. 1a). As detailed in Section 2, decane is initially trapped in the space at the right side of piston 237 

A with a pressure of 280 bar and the CO2 pressure in the reservoir is 410 bar. At 𝑡 =  0, the piston 238 

A in Fig. 1a is removed to initiate the soaking process.  239 

To gain generalized insight into the dynamics of soaking process using our MD simulations, 240 

we nondimensionalize the time using a characteristic time 𝑡𝑐. As we shall see below, soaking is 241 

controlled primarily by the diffusion of CO2 molecules. Therefore, 𝑡𝑐 is chosen as 242 

𝑡𝑐 =
𝐿𝑝

2

𝐷𝑐
 

         (2) 

where Lp is the pore length and 𝐷𝑐 is the characteristic diffusion coefficient. During the soaking 243 

process, the diffusion coefficient of CO2 molecules varies spatially and temporally. Here, for 244 

concreteness, we adopt 𝐷𝑐 = 1.1 × 10−8 m2/s, which is representative of the diffusion coefficients 245 

of CO2 molecules in bulk decane-CO2 mixture (see Fig. 3a). Therefore, 𝑡𝑐 is 79.1 ns.  246 
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Basic features. Figure 5 shows the development of decane and CO2 density distributions 247 

during the soaking process. The side view snapshots of the nanopore show that, after piston A is 248 

removed, CO2 molecules are dissolved into the decane and move into the pore's interior. CO2 249 

molecules not only move in the bulk part of the pore but also move along the pore wall when they 250 

become adsorbed. A clear front is observed for the CO2 molecules adsorbed on pore walls, and this 251 

front reaches the end of the pore at 𝑡/𝑡𝑐 ~ 0.39. Behind this front, a significant fraction of the 252 

CO2 molecules inside the pore is adsorbed on the pore surface. As CO2 molecules move into the 253 

pore, they displace decane molecules from the bulk part of the pore and pore walls concurrently, 254 

which leads to decane extraction. These phenomena are qualitatively similar to those visualized 255 

by Fang et al.24 These phenomena are easily observed from the evolution of the two-dimensional 256 

(2D) density plots of decane and CO2 molecules along the pore (see Fig. 5b). Figure 5b also shows  257 

 258 
Figure 5. Evolution of decane and CO2 densities in a calcite slit nanopore during the soaking process. (a-259 

b) Side-view snapshots of the nanopore (a) and two-dimensional density distribution of decane and CO2 in 260 

the nanopore at three different times (b). Density distribution is obtained through binning. The bin size in 261 

the direction normal to and along the pore (z- and x-directions) is 0.119 nm and 0.492 nm, respectively. 262 

Data for a time constant t is the average of the data in the time period [t-50ps, t+50ps] (or [t/tc-6.3× 10−3, 263 

t/tc+6.3× 10−3] in dimensionless unit). 264 
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that, slightly behind the front of adsorbed CO2 molecules, the pore wall is nearly saturated by CO2 265 

while the CO2 density in the bulk part of the pore remains low.  266 

The rapid increase of adsorbed CO2 inside the nanopore during soaking and the displacement 267 

of decane from pore walls by the adsorbed CO2 are also clearly observed from the decane and CO2 268 

density profiles at three representative cross-sections along the pore (denoted as cs1, cs2, and cs3, 269 

which correspond to 𝑥/𝐿𝑝 = 0, 0.4, and 0.8, see Fig. 6). At 𝑡/𝑡𝑐 = 0, a distinct layer of decane 270 

molecules exists on pore walls at all three cross-sections, as evident from the high decane density 271 

 272 

Figure 6. One-dimensional density profiles of decane and CO2 at three cross-sections along the nanopore 273 

(cs1: 𝑥/𝐿𝑝 = 0, cs2: 𝑥/𝐿𝑝 = 0.4, and cs3: 𝑥/𝐿𝑝 = 0.8, see Fig. 5a). The densities of decane and CO2 are 274 

both based on the number of carbon atoms in a unit volume. The first decane layer is formed within 0.555 275 

nm from the calcite pore wall (see the blue arrow at 𝑡∗ = 0).  276 
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peak near calcite walls (hereafter, the decane within 0.555 nm from calcite pore walls is termed 277 

"adsorbed" decane, while that located further away is termed "free" decane). At 𝑡/𝑡𝑐 = 0.11, a 278 

strong adsorption layer of CO2 is formed at cs1, the adsorbed decane layer there is fully displaced. 279 

While CO2 molecules also reach cs2, their adsorption on the pore walls is too limited to completely 280 

displace the adsorbed decane. At 𝑡/𝑡𝑐 = 0.44, the adsorbed decane layer at cs2 is fully displaced 281 

by the adsorbed CO2, even though the CO2 density in the pore's central portion is still very low at 282 

this cross-section. Overall, the results in Fig. 5 and Fig. 6 indicate that CO2 moves into the 283 

nanopore both along pore surface and through the central (bulk) region of the pore. This is a major 284 

hallmark of the soaking process in nanoscale pores and will be more quantitatively below. 285 

As CO2 (decane) moves into (out of) the pore, the pressure in the system varies. Figure 7 shows 286 

the evolution of the pressure measured on the fixed piston B bounding the decane-CO2 mixture. 287 

The pressure decreases rapidly from ~320 bar to ~220 bar by the end of the simulation. Such a 288 

pressure decay is qualitatively similar to that observed in field studies and reservoir simulations.40 289 

Note that these initial and final pressures are lower than the pressure of CO2 (410 bar) and decane 290 

(280 bar) before soaking. The reduction of pressure is caused in part by the mixing of CO2 with 291 

decane and the adsorption of CO2 on pore walls. The latter reduces the number of free CO2 inside 292 

the pore and the reservoir, and thus causing the fluid pressure in the system to decrease. The finite 293 

size of piston A also contributes to the pressure reduction. Specifically, piston A, although made 294 

of only one layer of LJ atoms, has a volume of ~12.9 nm3 (The thickness of one-layer LJ atoms is 295 

taken as σ = 0.331  nm (the atom’s LJ parameter), and the volume of the atom layer is thus 296 

estimated as σ × 𝐿𝑦 × 𝐿𝑧  where 𝐿𝑦  and 𝐿𝑧  are simulation box size in y- and z- directions, 297 

respectively). When it is removed to initiate soaking, the volume accessible to decane and CO2 in 298 

the system increases by ~1.7%. Because the compressibility of decane-CO2 mixture is low, a large 299 
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pressure reduction is expected. Eliminating this pressure reduction requires increasing the volume 300 

of the pore and reservoir by at least a factor of 10 (and thus computational cost) and thus is not 301 

pursued here.  302 

 303 

Figure 7. Evolution of the pressure on piston B bounding the decane-CO2 mixture in Fig. 1a. The blue 304 

dashed line is a running average of the pressure with a window size of 0.019𝑡𝑐 305 

CO2 accumulation and decane depletion statistics. The accumulation of CO2 molecules in 306 

the nanopore (𝑁𝑐𝑜2) and its contributions by free and adsorbed CO2 molecules (𝑁𝑐𝑜2,𝑓 and 𝑁𝑐𝑜2,𝑎𝑑) 307 

are determined from the trajectories and shown in Figure 8. The accumulation rates of adsorbed 308 

and free CO2 molecules are similar and decrease with time (see Fig. S4a in the Supplementary 309 

Material). At very short time (𝑡/𝑡𝑐 ≲ 0.01), the pressure imbalance between the reservoir and pore 310 

causes a CO2 flow into the pore and a linear increase of CO2 inside the pore (see Section S3 and 311 

Fig. S5 in the Supplementary Material). At slightly larger time, which is the focus of this work, a 312 

pressure equilibration is established and diffusion becomes important. In fact, we find that the 313 

accumulation of both free and adsorbed CO2 obeys a diffusive scaling law. Specifically, before the 314 

front of adsorbed CO2 molecules reaches the pore's end at 𝑡/𝑡𝑐~0.39, both 𝑁𝑐𝑜2,𝑎𝑑
2  and 𝑁𝑐𝑜2,𝑓

2  315 

increases linearly with time (see Fig. 8a). At 𝑡/𝑡𝑐~0.39, adsorbed CO2 molecules account for 55.1% 316 

of the CO2 molecules inside the pore.  317 
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 318 
Figure 8. (a) The evolution of the number of CO2 molecules in the nanopore and its contributions by 319 

adsorbed and free CO2 molecules. (b) The evolution of the number of decane molecules in the nanopore. A 320 

CO2 molecule is considered as “adsorbed” (“free”) if its distance to the nearest pore wall is less (larger) 321 

than 0.398 nm. An atom of a decane molecule is considered as “adsorbed” (“free”) if its distance to the 322 

nearest pore wall is smaller (larger) than 0.555 nm.  323 

The depletion of decane from the nanopore is quantified by tracking the number of decane 324 

molecules 𝑁𝑐10, the adsorbed decane molecules (𝑁𝑐10,𝑎𝑑), and free decane molecule (𝑁𝑐10,𝑓) in 325 

the nanopore. The removal rate of both adsorbed and free decane decreases with time, and within 326 

the time studied here, the amount of adsorbed decane removed from the pore is 62% of the amount 327 

of free decane removed (see Fig. S4b in the Supplementary Material). Similar to the transport of 328 

CO2 into the nanopore, the removal of decane follows a diffusive scaling law: except at very early 329 

time and after the front of adsorbed CO2 reaches the pore's end, both (𝑁𝑐10,𝑎𝑑(0) − 𝑁𝑐10,𝑎𝑑(𝑡))
2

 and 330 

(𝑁𝑐10,𝑓(0) − 𝑁𝑐10,𝑓(𝑡))
2

increase linearly with time (see Fig. 8b).  331 

Before the front of the adsorbed CO2 reaches the end of the nanopore, the accumulation of CO2 332 

inside the nanopore follows the diffusive scaling law. Hence, the transport of CO2 in the nanopore 333 

during the soaking process can be treated as a diffusion. Such a diffusion process is coupled tightly 334 

with that of decane and can only be described rigorously using multi-component transport theories. 335 

Nevertheless, we can extract an effective diffusion coefficient of CO2 ingression by analyzing the 336 
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movement of the diffusion fronts of the adsorbed and free CO2 molecules inside the pore. To this 337 

end, we compute the one-dimensional (1D) density profiles of adsorbed and free CO2 along the 338 

pore, Γ𝑐𝑜2(𝑥)  and 𝜌̅𝑐𝑜2,𝑓(𝑥)  using Γ𝑐𝑜2(𝑥) = ∫ 𝜌𝑐𝑜2(𝑥, 𝑧)𝑑𝑧
𝛿

0
 and 𝜌̅𝑐𝑜2,𝑓(𝑥) = ∫ 𝜌𝑐𝑜2(𝑥, 𝑧)𝑑𝑧/

𝑤−𝛿

𝛿
339 

(𝑤 − 2𝛿), where 𝛿 = 0.398 nm is the thickness of CO2 adsorption layer and 𝑤 is the pore width.  340 

Figure 9a and 9b shows the evolution of Γ𝑐𝑜2(𝑥) and 𝜌̅𝑐𝑜2,𝑓(𝑥) profiles during the soaking 341 

process. We observe that, 𝜌̅𝑐𝑜2,𝑓(𝑥) decreases smoothly from the pore's entrance to its interior. 342 

𝜌̅𝑐𝑜2,𝑓(𝑥) exhibits a concaved shape and its front spreads with increasing time, similar to those 343 

observed in mass diffusion along a 1D pore or through a semi-infinite domain.41 Γ𝑐𝑜2(𝑥), however, 344 

exhibits an inverse S-shape. In particular, as the distance from the pore entrance increases, a mildly 345 

decrease is first observed, followed by a sharp drop. Such a profile can be understood as follows. 346 

Because the adsorbed and free CO2 molecules can exchange at a nanosecond time scale (see Fig. 347 

4), they are at quasi-local equilibrium at each cross-section along the nanopore during the soaking 348 

process. Since Γ𝑐𝑜2 approaches its saturation value at rather low free CO2 density and increases 349 

slowly at 𝜌𝑐𝑜2
𝑏 >0.5 nm-3 (see Fig. 2b), Γ𝑐𝑜2 is close to saturation and varies slowly near the pore 350 

entrance, and Γ𝑐𝑜2 only drops sharply near the front of the free CO2 density profile, where CO2 351 

density is low. 352 

 353 
Figure 9. (a-b) Evolution of the one-dimensional density of adsorbed CO2 molecules (a) and free CO2 354 

molecules (b) along pore length direction during the soaking process. (c) Evolution of the diffusion front 355 

of surface and free CO2 during the soaking process. 356 
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From the temporal evolution of Γ𝑐𝑜2(𝑥)  and 𝜌̅𝑐𝑜2,𝑓(𝑥) , we extract the dynamics of the 357 

diffusion front of free and adsorbed CO2. Specifically, at any given time, the diffusion front of 358 

adsorbed CO2, 𝐹𝑎𝑑(𝑡), is taken as the position where Γ𝑐𝑜2(𝑥)   reaches a threshold value of 359 

0.1Γ𝑐𝑜2
∞ . The diffusion front of the free CO2, 𝐹𝑓(𝑡), is taken as the position where 𝜌̅𝑐𝑜2,𝑓(𝑥) 360 

reaches 0.0133 nm-3, at which Γ𝑐𝑜2 = 0.1Γ𝑐𝑜2
∞

 according to the CO2 adsorption isotherm in Fig. 361 

2b. Figure 9c shows that the movement of the diffusion front of both free and adsorbed CO2 follows 362 

the square root scaling law, consistent with the diffusive nature of CO2 accumulation in nanopore 363 

revealed by Fig. 8a. Therefore, although the transport of CO2 during the soaking process is 364 

complicated by physics such as the coupling of the transport of CO2 and decane, it can be described 365 

phenomenologically by a diffusion equation with an effective diffusion coefficient. By using linear 366 

regression of 𝐹𝑎𝑑(𝑡)2 and 𝐹𝑓(𝑡)2 at time before the diffusion fronts of free and adsorbed CO2 367 

reach the pore's end and the analytical solution for 1D transient diffusion in a semi-infinite domain, 368 

the effective diffusion coefficients for the movement of adsorbed and free CO2's diffusion fronts 369 

are extracted as 4.62 × 10−9  and 4.49 × 10−9  m2/s, respectively (see Section S3 in 370 

Supplementary Material for details). These effective diffusion coefficients are close to each other 371 

because the transports of adsorbed and free CO2 along the pore are tightly coupled due to the rapid 372 

exchange between them (see Fig. 4). These effective diffusion coefficients are smaller than the 373 

self-diffusion coefficient of free CO2 in bulk decane-CO2 mixtures shown in Fig. 3a. Two factors 374 

mainly cause this observation. First, the net transport of CO2 along the pore length is contributed 375 

partly by the CO2 adsorbed on the pore walls, which has a lower diffusion coefficient (3.3-9×10-9 376 

m2/s, see Fig. 3b). Second, the transport of CO2 molecules into the pore's interior is hindered by 377 

their interactions with the decane molecules leaving the pore. 378 

Importance of adsorption in overall CO2 storage and transport. The above results show 379 



２０ 

 

that the adsorption of CO2 molecules on the pore surface and their transport along the pore surface 380 

strongly affect the utilization and storage of CO2 inside nanopore during the soaking. To gauge the 381 

importance of surface adsorption relative to volumetric absorption in a pore with a width 𝑤, we 382 

introduce a surface storage factor 𝑆𝑎𝑑: 383 

𝑆𝑎𝑑 =
2×Γ𝐶𝑂2

ρ𝐶𝑂2
𝑏 ×(𝑤−2𝛿) 

         (3) 384 

Here, we assume that a pore can be divided into two zones: the CO2 adsorption zone within 𝛿 385 

from pore walls and the bulk zone in which the density of CO2 is ρ𝐶𝑂2

𝑏  (for calcite surfaces, 𝛿 =386 

0.398  nm). This assumption is reasonable for pores with 𝑤 "2𝛿  because CO2 density is 387 

approximately constant outside the CO2 adsorption layer (see Fig. 2a). At equilibrium, Γ𝐶𝑂2
 is 388 

related to the CO2 density in the bulk zone ρ𝐶𝑂2

𝑏  through the CO2 adsorption isotherm. Using the 389 

isotherm in Fig. 2b, the surface storage factor is estimated for slit calcite pores with various widths. 390 

Figure 10 shows that, in 4.0 nm-wide pores, surface adsorption contributes more to CO2 storage 391 

than volumetric absorption when the bulk CO2 density is smaller than a threshold of ~3.60 nm-3. 392 

At a given CO2 bulk density ρ𝐶𝑂2

𝑏 , the surface storage factor increases as the pore width decreases, 393 

e.g., at ρ𝐶𝑂2

𝑏 = 3.3 nm-3, which corresponds to the CO2 density in a bulk decane-CO2 mixture at 394 

100 bar and 344.5 K,26 𝑆𝑎𝑑 is estimated to be 0.261 for 𝑤 = 15 nm and 1.682 for 𝑤 = 3.0 nm. 395 

Clearly, surface adsorption contributes greatly to the net CO2 storage in narrow pores or when bulk 396 

CO2 density is low. 397 
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 398 

Figure 10. The variation of CO2 surface storage factor with CO2 bulk density in different nanopores. 399 

During the soaking process, CO2 is transported into a pore's interior mostly in two modes: the 400 

diffusion of free CO2 in the pore's bulk zone and the diffusion of adsorbed CO2 on pore walls. Due 401 

to the relatively rapid exchange between free and adsorbed CO2, these two modes are coupled, and 402 

they are further coupled with the transport of decane out of the pore. To gauge the importance of 403 

surface diffusion relative to bulk diffusion qualitatively, we introduce a surface diffusion factor 𝜅𝑠 404 

as the ratio of the surface and bulk diffusion fluxes. In the absence of reliable and simple theories 405 

for the transport of CO2-decane mixture confined in nanopores, as a first approximation, Fick's 406 

law is used to describe these diffusion fluxes. Thus 𝜅𝑠 can be written as 407 

𝜅𝑠 =
−2𝐷𝑠

𝜕Γ𝑐𝑜2
𝜕𝑥

−𝐷𝑏(𝑤−2𝛿)
𝜕𝜌𝑐𝑜2

𝑏

𝜕𝑥

=
2𝐷𝑠

𝐷𝑏(𝑤−2𝛿)

𝜕Γ𝑐𝑜2

𝜕𝜌𝑐𝑜2
𝑏          (4) 408 

where 𝐷𝑠 (𝐷𝑏) is the diffusion coefficient of adsorbed (free) CO2 shown in Fig. 3. To compute 𝜅𝑠, 409 

we fit the CO2 adsorption isotherm in Fig. 2b to the Langmuir isotherm Γ𝐶𝑂2
=  Γ𝑐𝑜2

∞  
𝜌𝑐𝑜2

𝑏

𝜌𝑐𝑜2
𝑏 +𝑎

 (see 410 

Fig. S6 in the Supplementary Material) and evaluate 𝜕Γ𝑐𝑜2/𝜕𝜌𝑐𝑜2
𝑏  analytically. Figure 11 shows 411 

the variation of 𝜅𝑠 in calcite nanopores as a function of the bulk CO2 density in a 4 nm-wide 412 
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calcite pores. Surface diffusion is stronger than bulk diffusion if 𝜌𝑐𝑜2
𝑏 < 0.046  nm-3 (or 413 

equivalently, Γ𝑐𝑜2 < 1.75  nm-2), but becomes less than 10% bulk diffusion as 𝜌𝑐𝑜2
𝑏   increases 414 

beyond 0.198 nm-3 and CO2 adsorption density reaches 0.78 Γ𝐶𝑂2

∞ . We conclude that when CO2 415 

adsorption approaches saturation, the overall CO2 transport is dominated by bulk diffusion; in the 416 

opposite limit, surface diffusion dominates. During the soaking process, CO2 adsorption on pore 417 

walls varies from zero in front of the CO2 diffusion front to near saturation (Γ𝐶𝑂2
∞ ) at positions far 418 

behind the CO2 diffusion front. Therefore, surface and bulk diffusion can be important in different 419 

regions along one nanopore, and the region in which surface or bulk diffusion dominates is not 420 

fixed but changes as the CO2 diffusion front moves. 421 

  422 

Figure 11. Variation of the surface diffusion factor in calcite nanopores as a function of bulk CO2 density. 423 

 424 

4. Conclusions 425 

In summary, we study the soaking step of CO2 Huff-n-Puff in unconventional oil reservoirs at 426 

the single-nanopore scale using molecular simulations. Because of the strong interactions between 427 

CO2 and calcite pore walls, except at the very early stage, CO2 is transported deep into the 4 nm-428 
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wide calcite pore adopted here through two pathways: the surface diffusion of adsorbed CO2 and 429 

bulk diffusion of free CO2. These pathways are coupled by the nanosecond scale exchange between 430 

the adsorbed and free CO2. During soaking, the accumulation of adsorbed and free CO2 in the 431 

nanopore occurs at similar rates and follows the diffusive scaling law before the diffusion front of 432 

CO2 reaches the pore's end. The effective diffusion coefficient of the CO2 diffusion front is ~50% 433 

smaller than the diffusion coefficient of bulk CO2. 434 

Existing models of CO2 Huff-n-Puff in unconventional oil reservoirs typically do not explicitly 435 

consider the adsorption of CO2 molecules on pore walls and their surface diffusion. Our results, 436 

however, show that these effects can play a major role in the overall storage and transport of CO2 437 

in narrow pores. The importance of these effects can be qualitatively assessed using the surface 438 

storage factors and surface transport factors introduced here.  439 

Supplementary Material: Force field parameters, adsorption and dynamics of CO2 molecules on 440 

calcite surfaces, evolution of the amount of CO2 and decane molecules inside nanopores during 441 

soaking, effective diffusion coefficient for the movement of diffusion fronts of free and adsorbed 442 

CO2, fitting of the CO2 adsorption isotherm to the Langmuir isotherm model.  443 
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