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ABSTRACT: Low salinity waterflooding is an effective method for enhancing the oil recovery 7 

from many reservoirs, and its success has been traced to a host of low salinity effects. In this work, 8 

we perform molecular dynamics simulations to study the feasibility of recovering oil trapped by 9 

nanopores by lowering the reservoir salinity. The oil is initially trapped by a slit nanopore, with a 10 

portion of the oil protruding from the pore entrance. After the reservoir salinity is lowered, the thin 11 

brine films that separate the oil and pore walls become thicker to drive some of the trapped oil out 12 

of the pore. We quantify the free energy profile of this process and clarify the underlying molecular 13 

mechanisms. Interestingly, the brine film growth is dominated by the water transport from the 14 

brine reservoir into the pore rather than by the depletion of ions from the brine film. These results 15 

provide molecular evidence that low salinity brines benefit the recovery of the oil trapped by 16 

nanopores. They highlight that when ion depletion from thin brine films is suppressed, the osmosis 17 

of water can play a fundamental role in the expansion of the brine films; thus, the enhanced oil 18 

recovery. The slow osmosis of water through thin brine films and thus the slow displacement of 19 

oil from the pore may help explain the anomalously slow oil recovery reported in micro-modeling 20 

experiments of LSW. 21 
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1. Introduction 1 

Enhanced oil recovery has gained significant attention in meeting the growing energy demand 2 

as the average oil recovery factor from mature oil fields worldwide is 20%-40% in contrast to the 3 

typical recovery factor of 80%-90% from gas fields.1 Low salinity water-flooding (LSW) is a 4 

promising technique for enhanced oil recovery that works by reducing/modifying the ionic content 5 

of the injected brines.2 For instance, LSW in sandstone reservoirs is believed to enhance the oil 6 

recovery factor by 5-20% of the original oil in space.3 Despite the growing interest and applications 7 

of LSW, the mechanism underlying LSW is still a topic of research and debate, in part because of 8 

the diverse composition of oil-brine-rock (OBR) systems and the complexity of LSW process.4  9 

Altering the wettability of rock surfaces from a more oil-wet state to a more water-wet state is 10 

widely postulated as a major mechanism for LSW.3, 5-6 The wettability change has been confirmed 11 

by various experiments including chromatographic wettability tests, contact angle measurements, 12 

spontaneous imbibition tests, core flooding, etc.7 Apart from these experimental works, the 13 

wettability alteration process has been modeled and captured by using empirical relations between 14 

wettability and salt solution parameters,8 taking into account surface reactions mechanistically,7 15 

and focusing on the kinetics of oil detachments from model rock surfaces.9 Although a complete 16 

understanding of the wettability alteration by LSW remains elusive at present, theories such as pH 17 

effect, multicomponent ionic exchange, and double layer expansion have been proposed, and many 18 

of them center on the modification of the thin brine films between oil and rock surfaces in OBR 19 

systems.10-11 Some of these theories are supported by molecular dynamics (MD) simulations, e.g., 20 

the modification of the contact angle of oil droplets and the increase of the disjoining pressure 21 

driving the expansion of brine films between oil and rock surfaces.12-16  22 

The previous experiments and simulations, especially those on the wettability alteration, have 23 

improved our understanding of LSW greatly. However, a majority of these studies focused on oil 24 

droplets near flat rock substrates, whereas the highly porous structure of rock is often not accounted 25 

for. In oil reservoirs, however, a vast number of narrow pores exist. How LSW affects the recovery 26 

of the considerable amount of oil hold in these pores is little known. In this work, we perform MD 27 

simulations to study how the salinity reduction in brine reservoirs affects the recovery of oil 28 

trapped in nanopores. A key feature of our MD system is that the thin brine films sandwiched 29 

between the trapped oil and rock surfaces are considered explicitly. The rest of the manuscript is 30 
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organized as follows. In Section 2, the model system and simulation methods are presented. In 1 

Section 3, results such as the expansion of thin brine films and the displacement of oil from the 2 

pore are presented. The thermodynamics and dynamics of these processes and the underlying ion 3 

and water transport are discussed. Finally, conclusions are drawn in Section 4. 4 

2. Models and Methods 5 

Molecular models. Figure 1 shows a snapshot of the MD system. The system consists of an 6 

oil reservoir, a slit rock nanopore, a brine reservoir, and the oil and brine in the nanopore. The oil 7 

and brine reservoirs are both bounded by a rigid piston. The piston facing the oil reservoir is fixed, 8 

and part of the oil in the nanopore protrudes out of the pore entrance as a droplet. Therefore, the 9 

oil in the reservoir and nanopores are trapped initially. The pressure of the brine reservoir is kept 10 

at 1 MPa by applying an appropriate force on the piston facing it.  11 

 12 

Figure 1. The MD simulation system. The model system features n-decane oil trapped by a quartz nanopore 13 

and a brine reservoir. The left piston is fixed, and the pressure in the brine reservoir is regulated by the right 14 

piston. Initially the brine reservoir is filled with 2 M NaCl solution. The simulation box is marked using the 15 

dashed black lines, and the system is periodic in all three directions. At t=0, the salinity of the brine reservoir 16 

is lowered by removing all Na+ and Cl- ions by pairs in the region to the right of the red dashed line (1.5 17 

nm away from the pore entrance). Water is denoted as blue (oxygen) and white (hydrogen) spheres. Na+ 18 

(Cl-) ions are denoted as orange (green) spheres. n-decane is denoted as cyan (carbon) and white (hydrogen) 19 

spheres. Quartz is represented using a bar-and-stick model. 20 

The rock is modeled as quartz, which is the major constituent of sandstones.10 The oil is made 21 

of pure n-decane. Initially, the brine reservoir is filled with a 2 M NaCl solution. The high salinity 22 

used here is close to the salinity of the formation brine of some oil reservoirs.17 The system is 23 

periodic in all three directions, but two large vacuum spaces are placed outside of the pistons to 24 

effectively eliminate the periodicity in the x-direction. The system measures 45.00, 3.93, and 9.68 25 
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nm in the x, y, and z-directions, separately. The rock pore is ~11 nm long in the x-direction, and its 1 

width in the z-direction is 6 nm (see below). There are about 16,000 water molecules and 1400 2 

decane molecules in each of the systems we studied. 3 

Molecular models. The rigid SPC/E model is used for the water.18 n-decane is modeled using 4 

the optimized parameter set developed from the original OPLS-AA force fields for linear 5 

alkanes.19 The force field parameters for Na+ and Cl- ions are taken from Ref. 20. The pore walls 6 

are cleaved from the (101) plane of a bulk 𝛼-quartz crystal using the method described in Ref. 21. 7 

The pore surfaces have a silanol group density of 5.92 nm-2 and are strongly hydrophilic. As such, 8 

a thin brine film forms between the oil (n-decane) and the quartz surface (see Fig. 1) as observed 9 

experimentally.22-23 The zero plane of the quartz pore wall is defined as the z-position of the second 10 

outmost layer of surface silicate atoms. The nominal pore width, which is defined as the distance 11 

between the zero planes of the opposing pore surfaces, is 6 nm. The surface of the quartz pore has 12 

a surface charge density of -0.12 C/m2 , consistent with the fact that quartz surfaces are negatively 13 

charged at most pH.24 This surface charge density is obtained by the uniform deprotonation of the 14 

outmost surface silanol groups and then redistributing the net surface charge over the remaining 15 

surface atoms out of the quartz’s zero plane.21 The Lennard-Jones (LJ) potential and partial charges 16 

of quartz atoms are taken from the CLAYFF force fields.21, 25 All silicate and oxygen atoms of the 17 

quartz are fixed. The surface silanol groups’ hydrogen atoms are allowed to move by considering 18 

their bonded interaction with other atoms of the surface silanol groups. The Lorentz−Berthelot 19 

combination rule is used to obtain the LJ parameters between dissimilar atoms.  20 

Simulation methods. MD simulations are performed using the Gromacs 5.1.4 package.26 The 21 

parallel simulations are performed using MPICH with 96 cores on 4 nodes. The bond and angle of 22 

water are constrained using the SETTLE algorithm. An NVT ensemble with the velocity rescale 23 

thermostat and a time constant of 1 ps is implemented at 350 K,27 which is relevant to the reservoir 24 

conditions. A time step size of 2 fs is used. The LJ potentials are calculated with a global cutoff of 25 

1.2nm, and the long-range energy and pressure corrections are applied. The particle mesh Ewald 26 

method is used to calculate the electrostatic interactions with a real-space cutoff of 1.2 nm.28  27 

The trapped oil system shown in Fig. 1 is built in three stages. In stage I, a slab of oil (in contact 28 

with the left piston) and a slab of high salinity brine (in contact with the rock and ~3 nm thick in 29 

the x-direction) are packed into the left reservoir. The rock pore and the right reservoir are filled 30 
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with 2 M NaCl solution. The system is then equilibrated for 4 ns while applying a pressure of 41 1 

MPa on both pistons. In stage II, the pressure on the right piston is reduced to 1 MPa to generate 2 

a pressure difference of 40 MPa between the left and right reservoirs. Because this pressure 3 

difference is higher than the pore’s capillary pressure 𝑝𝑐 = 2𝜎/𝑊 ≈17.3 MPa (𝑊 is the pore width, 4 

and the interfacial tension of the decane-brine interface is determined to be 52.24±1.07 mN/m in 5 

a separate equilibrium simulation), the oil invades into the pore, but a thin brine film remains on 6 

the pore’s surface. This process is allowed to occur until a portion of the oil protrudes from the 7 

pore’s right entrance in a droplet shape (see Fig. 1). Afterward, the left piston is held in space, and 8 

the oil in the left reservoir and the pore become trapped. In the following, t = 0 is defined as the 9 

end of stage II. In stage III, the system is allowed to relax for 160 ns, during which the number of 10 

water molecules and ions reaches an equilibrium.  11 

To study the potential recovery of the trapped oil due to salinity reduction in the brine reservoir, 12 

at the end of the above stage III, all pairs of Na+ and Cl- ions in the brine reservoir that are more 13 

than 1.5 nm away from the pore’s entrance in the x-direction are removed. The calculation 14 

indicates that this reduces the average ion concentration in the brine reservoir to ~0.1M. The 15 

system is then run for 80 ns.  As a reference, the system with the high salinity in the brine reservoir 16 

is also run for 80 ns.  17 

3. Results and Discussions 18 

3.1 Oil displacement 19 

Figure 2a shows the snapshots of the system after the salinity of the brine reservoir is lowered 20 

abruptly at t =160 ns. Between 160 and 190 ns, the system is essentially similar to the reference 21 

system where the salinity is not changed. For example, at t1=185 ns, the oil droplet in Fig. 2a is 22 

similar to that of Fig.1 under high salinity, and a thin brine film about 0.80 nm thick is observed 23 

on the pore walls. After that, water invades into the brine films, which forces the oil droplet 24 

protruding from the pore entrance to grow. As the droplet grows, eventually it touches its periodic 25 

images as shown in the snapshot at t2=207.6 ns (note that, as in most MD simulations, our system 26 

is periodic). At t3=210 ns, the oil droplet collapses by merging with its periodic images (see Fig. 27 

S1 in the Supporting Information), and an oil layer appears in front of the pore. The system then 28 

reaches a new equilibrium, and this oil layer remains stable within the time scale (~100 ns) 29 

explorable in MD simulations. For example, the distributions of water, oil, and ions near the film 30 
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are nearly unchanged between the time frames 220-230ns and 230-240ns (see Fig. S2 in the 1 

Supporting Information). 2 

The crucial observation of our simulation is that the oil is displaced out of the pore following 3 

a reduction of the salinity in the brine reservoir. In practice, the distance between neighboring pore 4 

throats is large. Therefore, each droplet protruding out of the pore typically grows independent of 5 

each other. When the droplet becomes large enough, it can be removed by external flow or thermal 6 

fluctuation (e.g., the thin neck within the pore can break through fluctuations, which leads to the 7 

release of oil droplets). In our simulations, as in most MD simulations, the system extends no more 8 

than tens of nanometers in any direction, and thus the distance between the droplet and its periodic 9 

image is small. Therefore, before the droplet is large enough to be removed by means similar to 10 

those in practice, it merges with its periodic images. This is undesirable but avoiding it requires a 11 

much larger system. For example, the simulation box size in z-direction needs to be at least doubled 12 

to ~20nm to eliminate the boundary issues, and about 200 computer cores must be used in the new 13 

simulations so that results are obtained in a reasonable amount of time. This will incur a prohibitive 14 

computational cost (even the present system took about three months to simulate). 15 

Nevertheless, because the initial displacement of oil from the pore (and the associated oil 16 

droplet growth) is crucial for enhanced oil recovery, the results prior to droplet merging are 17 

relevant to practical systems.  In addition, even though less frequently, merging of a droplet with 18 

its neighboring droplet(s) can occur in reality, especially in regions where the porosity and oil 19 

saturation are large. Below, we will focus on the initial displacement of oil from the nanopore 20 

following the salinity reduction in the brine reservoir.  21 
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 1 
Figure 2. The oil displacement process following a salinity reduction in the brine reservoir. (a) Three 2 

representative snapshots of the system as the oil is displaced into the reservoir: t1 (slightly being displaced); 3 

t2 (enlarged oil droplet); t3 (collapse of the oil droplet). (b) The evolution of the number of water molecules 4 

within the 5.5 nm long slab located at the pore center (marked by the red dashed box in (a)). Between t=0 5 

and 160 ns, the brine reservoir contains 2 M NaCl solution; At t=160 ns, the salinity in the brine reservoir 6 

is either reduced as described in the main text (filled circles) or remains unchanged (open circles). (c) The 7 

evolution of the number of ions within the same region as in (b). The orange (Na+) and green (Cl-) data 8 

points correspond to the case of low brine salinity. 9 

To quantify the water invasion and oil displacement process, we compute the number of water 10 

molecules and ions in the thin brine film in the middle part of the pore (see the 5.5 nm-wide red 11 

dashed box in Fig. 2a). The results are shown in Fig. 2b and 2c. In the first 160 ns of simulation, 12 

the number of water molecules and ions in the brine film slowly increases, and an equilibrium is 13 

reached by ~ 80 ns. At equilibrium, the pressure of the oil in the nanopore is elevated due to the 14 

capillary effects (note the curvature of the droplet-shaped oil protruding from the pore is very 15 

large), and it is balanced by the disjoining pressure developed within the thin brine film. When the 16 

salinity in the brine reservoir is not altered, the number of water molecules and ions in the brine 17 

film fluctuates around their equilibrium values. When the salinity in the brine reservoir is reduced 18 

at t = 160 ns as described in Section 2, the number of water molecules in the film remains little 19 

changed for a few tens of nanoseconds. Afterward, it increases steadily until the oil droplet 20 
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collapses at t3=210 ns. These observations are consistent with the growth of the brine film shown 1 

in Fig. 2a. In sharp contrast, the number of ions within the brine film remains little changed after 2 

the salinity in the reservoir is reduced, which will be discussed in Section 3.4. 3 

The expansion of the brine film sandwiched between the pore wall and oil after a salinity 4 

reduction in the brine reservoir is reminiscent of the growth of brine film due to double layer 5 

expansion, which has been suggested to lead to wettability alteration.10-11 To understand the 6 

expansion of the brine film observed here and the possible role of electrical double layers (EDLs) 7 

in such expansion, below, we characterize the evolution of the structure of the brine films and the 8 

distribution of the ions in them following a salinity reduction.  9 

3.2 Evolution of the brine films  10 

Figure 3a shows the density profiles of water molecules and oil near the lower wall of the slit 11 

pore (z = − 3 nm is the quartz surface’s zero plane). The density data averaged in three 12 

representative time frames are examined: t = 180-190 ns (when the brine film starts to grow, see 13 

Fig. 2a), t = 200-210 ns (when the oil droplet collapses), and t = 220-230 ns (when the film becomes 14 

isolated). The density profiles for the case that the salinity of brine reservoir remains at 2 M are 15 

also shown.  16 

Two features can be observed as the brine films expand. First, near the pore surface, two water 17 

layers, corresponding to two density peaks, are observed. The first layer corresponds to the water 18 

molecules hydrating the strongly hydrophilic quartz surface, and the second layer corresponds to 19 

water molecules coordinated to the first water layer.14, 21 Because of the strong quartz-water and 20 

water-water interactions, these two layers are little affected by the oil layer above the brine film, 21 

in agreement with our systematic study of the brine film structure in OBR systems.14 Second, as a 22 

brine film expands, the brine-oil interface is pushed toward the pore’s central line and the water 23 

distribution changes only moderately. The newly added water molecules mainly appear as bulk 24 

water. This is evident from the density profile during t = 220-230 ns, showing a plateau adjacent 25 

to the second water peak whose height is close to the bulk water density. If we assign the location 26 

of the brine-oil interface to the position where the decane density is 50% of its bulk value (marked 27 

as red dashed lines in Fig. 3a), the thickness of the brine film is found to grow by ~0.5 nm after 28 

the salinity in the brine reservoir is reduced.  29 
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 1 

Figure 3. The evolution of thin brine films on the pore walls. (a) The density profiles of the water molecules 2 
and carbon atoms of oil in the film in the z-direction. The zero plane of the quartz surface is located at z=-3 

3 nm. The red dash-dot line denotes the water-oil interface, where the decane density is half of its bulk 4 

value. (b, c) The density profiles of Na+ ions (b) and Cl- ions (c) in the brine film at the same time frames 5 

as in (a).  6 

Figure 2c shows that the total number of ions within the brine film remains almost unchanged 7 

within 80 ns after the salinity in the brine reservoir is reduced. However, because the film expands, 8 

the ion distribution within the brine film does change, and the EDLs in the brine film expands. 9 

Figure 3b shows the evolution of the Na+ density profiles across the brine film after the salinity is 10 

reduced in the reservoir. At high salinity, two peaks corresponding to Na+ ions contact adsorbed 11 

on the quartz surface and Na+ ions that try to maximize their hydration by the interfacial water are 12 

observed as in our recent work on EDLs in brine films.14 As the salinity is reduced and the brine 13 

film expands, the first Na+ peak becomes lower, and the desorbed Na+ ions move into the region 14 

z > −0.23nm. This is caused by the fact that, as the brine films grow, the brine-oil interface recedes 15 

toward the pore’s centerline and thus the Na+ ions in this region become better hydrated.  16 
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Figure 3c shows the evolution of the density profiles of the Cl- ions following the reduction of 1 

salinity in the brine reservoir. Under high salinity, two peaks of Cl- ions appear next to the first and 2 

second Na+ peaks. This is likely caused by the enhanced pairing of Na+ and Cl- ions in thin brine 3 

films. As shown recently,14 the effective dielectric constant of water in thin films is smaller than 4 

their bulk value and decreases as the thin film thickness decreases. For example, in a 0.72nm-thick 5 

film, the dielectric constant is only 57% of the bulk value. The reduced dielectric screening 6 

prompts the pairing of Na+ and Cl- ions, thus leading to the two peaks observed in Fig. 3c. When 7 

the salinity is reduced, and the brine film expands, the dielectric screening ability of the water in 8 

the brine film improves, and thus the ion pairing and the Cl- peaks adjacent to the Na+ peaks are 9 

reduced. The emergence of the second Cl- peak at 0.8 nm from the quartz surface is similar to that 10 

observed near negatively charged walls in contact with NaCl solution and is caused by the more 11 

favorable hydration of the Cl- ions at this position.29 Overall, following the reduction of the salinity 12 

of the brine reservoir, the brine film expands, the disparity of both Na+ and Cl- densities across the 13 

film becomes weaker.  14 

3.3 Thermodynamics of the oil displacement process 15 

To understand the thermodynamics of the oil displacement following the salinity reduction in 16 

the brine reservoir, we compute the potential of mean force (PMF) profile as oil is displaced from 17 

the pore. The reaction coordinate for the oil displacement is taken as the center of mass of the oil 18 

phase in the x-direction, 𝑥𝑐
𝑜𝑖𝑙. As shown in Fig. 4a, after the brine reservoir’s salinity is reduced, 19 

𝑥𝑐
𝑜𝑖𝑙  moves toward the brine reservoir by ~0.85 nm, whereas 𝑥𝑐

𝑜𝑖𝑙 changes little when the brine 20 

reservoir’s salinity is unchanged. Therefore, we compute the PMF when 𝑥𝑐
𝑜𝑖𝑙 of the oil moves from 21 

its equilibrium position at high reservoir salinity toward the brine reservoir by ~0.8 nm.  22 

The PMF as a function of  𝑥𝑐
𝑜𝑖𝑙 is obtained in a separate series of quasi-equilibrium simulations 23 

using the umbrella sampling technique.30 A set of initial configurations of the system with a 24 

window size of 0.05 nm are generated by pulling the oil phase in x-direction at a constant speed of 25 

0.25 nm/ns. Subsequent umbrella sampling runs are performed on each system by relaxing the 26 

system first for 10 ns and then performing a 30 ns run. In these simulations, a force is applied to 27 

each atom of the decane molecules to constrain the oil’s center-of-mass position around the center 28 

of individual sampling window. This force is given by 𝐹𝑐𝑜𝑚 =  𝐾(𝑥𝑐
𝑜𝑖𝑙  − 𝜁)

2
, where 𝑥𝑐

𝑜𝑖𝑙 and 𝜁 are 29 

the oil’s center-of-mass position and the center of each sampling window in the x-direction, 30 
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respectively. 𝐾 is a spring constant taken as 50000 kJ/mol·nm2. The PMF is next obtained from 1 

the histogram of the center of mass position of the oil in each window using the WHAM method.31 2 

The error bar of the PMF is evaluated using 100 bootstrap samples. 3 

 4 

Figure 4. Oil displacement and the associated PMF. (a) The evolution of the center-of-mass position of 5 
the entire oil phase with respect to the pore center in the x-direction (𝑥𝑐

𝑜𝑖𝑙) at high and low brine reservoir 6 

salinity computed in non-equilibrium simulations. (b) The PMF profiles of oil displacement as a function 7 

of 𝑥𝑐
𝑜𝑖𝑙  under high and low brine salinity computed using umbrella sampling in quasi-equilibrium 8 

simulations. The errors of the PMF profiles are represented by the shaded areas.  9 

Figure 4b shows the PMF profiles for oil displacement for the cases when the brine reservoir 10 

salinity is unchanged (i.e., 2 M) and reduced, as discussed in Section 2. For the case where the 11 

brine reservoir salinity remains high, the PMF increases as oil are displaced, i.e., the displacement 12 

of oil into the brine reservoir is thermodynamically unfavorable. The increasing PMF with the oil 13 

displacement is dominated by the energy of the brine-oil interfaces. Because these interfaces’ area 14 

increases nonlinearly with the reaction coordinate 𝑥𝑐
𝑜𝑖𝑙 , PMF grows faster as 𝑥𝑐

𝑜𝑖𝑙  increases. The 15 

significant growth of PMF with 𝑥𝑐
𝑜𝑖𝑙  is consistent with the fact that the oil remains trapped by the 16 

nanopore in this case. In contrast, for the case where the brine reservoir salinity is reduced, the 17 

PMF decreases as oil is displaced into the brine reservoir, which agrees well with the spontaneous 18 

oil displacement shown in Fig. 2. The different PMFs for these cases can be understood as follows. 19 
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As the oil is displaced from the pore, the PMF is affected by two competing processes. On the 1 

one hand, the displacement of oil increases the oil-brine interfacial area (see Fig. 2a), which tends 2 

to increase the PMF. On the other hand, as the oil is displaced from the pore, the thickness of the 3 

brine film on the pore surface increases. Because the disjoining pressure within the brine film is 4 

repulsive, the thickening of the brine film tends to reduce the free energy associated with it and 5 

thus the total PMF. For the high salinity case, the disjoining pressure is small. Thus the reduction 6 

of the thin brine film energy is overwhelmed by the increase of the oil-brine energy, and the PMF 7 

increases as oil is displaced. For the low salinity case, the disjoining pressure due to the EDL forces 8 

is much larger.32 Therefore, as oil is displaced from the pore, the reduction of brine film’s energy 9 

dominates over the increase of the oil-brine interfacial energy, leading to a decrease of the PMF.  10 

The favorable displacement of oil from the pore at low salinity can also be understood from 11 

the perspective of water. Initially, the water molecules in the brine film are in equilibrium with the 12 

brine reservoir. After the salinity of the brine reservoir is reduced, the chemical potential of the 13 

water molecules in the brine reservoir becomes much higher than those in the brine film, which 14 

has higher ion concentration. Therefore, the water molecules in the brine reservoir spontaneously 15 

move into the brine film by osmosis, and the oil is displaced from the pore at the same time. It is 16 

worth noting that this interpretation is also in line with the interpretation from the perspective of 17 

disjoining pressure because the EDL disjoining pressure is dominated by osmotic effects.14, 32-33 18 

For the low salinity case, in addition to the overall decrease of the PMF as 𝑥𝑐
𝑜𝑖𝑙 increases, some 19 

finer features are also observed, e.g., several weak plateaus are observed for 𝑥𝑐
𝑜𝑖𝑙 between  ~1.25 20 

to 1.63 nm. These plateaus are likely caused by the discreteness of water and ion layers in the brine 21 

films. As shown in Fig. 3, on average, there are 2 to 3 layers of water and ions in the brine films. 22 

However, locally along the pore length, brine films can be in metastable states with either 2 or 3 23 

layers of water/ion. As 𝑥𝑐
𝑜𝑖𝑙 increases (i.e., the oil is displaced from pore or as water enters the 24 

brine film within the pore), these local metastable states can persist for a while before abruptly 25 

disappear, which leads to the plateaus and step-like changes in the PMF curve. In addition, the 26 

difficulties in sampling may also cause these apparent plateaus, e.g., the statistical errors are more 27 

pronounced in the plateau regions (especially for x ~1.52-1.63 nm). 28 

  29 
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3.4 Dynamics of the ions in brine films 1 

An interesting aspect of the brine film expansion observed in Fig. 2a is that the number of ions 2 

within the brine film barely decreases within 80 ns after the salinity of the brine reservoir is reduced. 3 

This differs from the usual expectation that the ions readily diffuse out the brine film upon a 4 

reduction of the brine reservoir’s salinity.  5 

The very slow depletion of ions from the brine film is partly caused by the slow diffusion of 6 

the ions within the brine film. Figures 5a and 5b show the mean square displacement (MSD) of 7 

the ions in the film within the xy-plane. The MSD curves of ions in a bulk brine at 2 M are also 8 

obtained from a separate equilibrium simulation. The self-diffusion coefficients of ions are 9 

evaluated via the Einstein relation: 𝐷 = lim
𝑡→∞

〈(𝑥𝑖(𝑡) − 𝑥𝑖(0))
2

+ (𝑦𝑖(𝑡) − 𝑦𝑖(0))
2

〉 /4𝑡 for the ions in 10 

brine films and 𝐷 = lim
𝑡→∞

〈(𝑥𝑖(𝑡) − 𝑥𝑖(0))
2

+ (𝑦𝑖(𝑡) − 𝑦𝑖(0))
2

+ (𝑧𝑖(𝑡) − 𝑧𝑖(0))
2

〉 /6𝑡 for the ions in 11 

bulk (see the fitted solid lines in Fig. 5a and 5b). For ions in brine films, their diffusion coefficients 12 

are found to be 𝐷Na+
film = 0.054 × 10−9 m2/s and 𝐷Cl−

film = 0.293 × 10−9 m2/s. For ions in bulk brine, 13 

we obtain  𝐷Na+
bulk = 1.938 × 10−9 m2/s and 𝐷Cl−

bulk = 2.481 × 10−9 m2/s. Therefore, the diffusion of 14 

the Na+ and Cl- ions confined in the brine films in the high salinity system is 36 and 8 times slower 15 

than that of bulk Na+ and Cl- ions, respectively. These slow dynamics of ions are responsible for 16 

the negligible ion depletion following the salinity reduction of the brine reservoir. The slowdown 17 

of ion diffusion is likely caused by the viscoelectric effect.34 This effect is closely related to the 18 

modification of water molecules’ orientation by highly charged solid surfaces and can slow down 19 

the diffusion of ions adjacent to these surfaces.34 In our simulations, we divide the Na+ ions in the 20 

brine film into an inner layer (z < -2.55 nm in Fig. 2b) and an outer layer (z > -2.55 nm). The inner 21 

layer Na+ ions account for ~81% of Na+ ions in the brine film and have a diffusion coefficient of 22 

0.04 × 10−9m2/s (fitted from the MSD within 1st Na+ layer in Fig. 5a). Hence, the diffusion of Na+ 23 

ions is slowest in the inner layer, which is consistent with the expectations based on the viscoelectric 24 

effect.  25 

Another factor contributing to the slow ion depletion from brine films is the hindrance caused 26 

by the edge at pore entrance. Figures 5c and 5d show the color-coded ion density overlapped on 27 

the water density (shown in blue contour lines) in the xz-plane. These data are obtained from the 28 

high salinity system from 160 to 240 ns. Away from the pore’s edge (𝑥 < 3 nm), Na+ ions 29 

accumulate mainly next to the quartz surface but can also access space ~0.4 nm from the quartz 30 
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surface, which is consistent with ion density profiles shown in Fig. 3c and 3d. Near the pore’s edge 1 

(4 nm< 𝑥 <5 nm), although Na+ ions are still found next to the quartz surface, the space they can 2 

access adjacent to the quartz surface becomes considerably narrower. The reduced access of Na+ 3 

ions to the space near the pore’s edge is expected: near the pore’s edge, the brine-oil interface has 4 

a large curvature and higher capillary pressure, and the latter drives the brine film thinner;35 as the 5 

brine film is thinned, the hydration of the Na+ ions in the film worsens, which hinders the access 6 

of Na+ ions to the space near the pore’s edge and the diffusion of Na+ ions out of the brine film. 7 

The reduced access of the space near the pore edge also applies to the Cl- ions (see Fig. 5d), and 8 

thus the above hindrance effect also occurs for the diffusion of Cl- ions out of the pore.  9 

 10 

Figure 5. The dynamics of ions in thin brine films. (a) The mean square displacement (MSD) of Na+ ions 11 
in bulk 2 M brine, across the entire brine film (cf. the dashed box in Fig. 2), and within the inner layer (cf. 12 

z<-2.55nm in Fig.3b) at high salinity. (b) The MSD of Cl- ions in the same bulk brine and within the same 13 

film as in (a). The MSDs are fitted to the solid red line to obtain the diffusion coefficients. (c) The density 14 

of the Na+ ions (color coded) overlapped on the density of water (shown as blue contour lines) near the 15 
quartz surface in the xz-plane. The pore’s geometric center is located at 𝑥 = 0 and z=0. (d) The distribution 16 

of Cl- ions and water with the same setup as in (c). 17 
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Although the depletion of ions from brine films is extremely slow in the present system, it does 1 

not contradict the displacement of oil from the pore observed in Fig. 2. Once the salinity in the 2 

brine reservoir is reduced, the chemical potential of water inside the reservoir becomes higher than 3 

that in the brine film. Therefore, the osmotic pressure that drives water molecules into the pore is 4 

developed, and the influx of water molecules into the pore displaces oil from the pore. Nevertheless, 5 

we note that the displacement of oil following the present mechanism is a rather slow process: the 6 

transport of water into the pore experiences large resistance as it occurs through molecularly thin 7 

brine films. This mechanism may contribute to the slow oil recovery observed in previous LSW 8 

experiments performed in micromodels of OBR systems.9 9 

4. Conclusions 10 

In summary, we report an MD study of the recovery of oil trapped by nanopores. Lowering the 11 

brine salinity in the reservoir promotes the expansion of the thin brine film on the rock surface; 12 

subsequently, the displacement of oil out of the nanopore. An oil droplet protruding from the pore 13 

entrance into the brine reservoir eventually collapses by merging with nearby oil droplets (in our 14 

simulations, its periodic images). The expansion of brine films is critical for the oil displacement, 15 

and it occurs through the osmosis of water molecules from the brine reservoir. In the present study, 16 

as the brine films expand, ions barely leave the film even though the EDLs in the films expand due 17 

to the increase of film thickness. The slow depletion of ions from the brine films is caused by the 18 

slow diffusion of ions in brine films (roughly one order of magnitude slower than in bulk brine) 19 

and the narrow ion transport pathway near the edge of pore entrances. Since the osmosis of water 20 

into the pore occurs through thin brine films is slow, it may help explain the anomalously slow 21 

recovery of oil reported in recent micro-modeling experiments of LSW. 22 

As a first study, this work focuses on a relatively simple system. More realistic systems, e.g., 23 

those featuring divalent ions in the brine, nested nanopores, and rock substrates with different 24 

compositions and surface charge densities, can be studied in the future to understand better the 25 

enhanced recovery of oil trapped by pores. Nevertheless, following a reduction of the salinity of 26 

the brine reservoir, the transport of water into the pores by osmosis and the subsequent 27 

displacement of oil from the pore, both highly robust phenomena that do not depend sensitively 28 

on the composition of brine and rock, should still play a key role in the oil recovery in those more 29 

complicated systems.  30 
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