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Abstract: Imbibition is one of the key phenomena underlying processes such as oil recovery
and others. In this paper, the influence of nanoparticles on spontaneous water imbibition into
ultraconfined channels is investigated by molecular dynamics simulation. By combining the dynamic
process of imbibition, the water contact angle in the capillary and the relationship of displacement (l)
and time (t), a competitive mechanism of nanoparticle effects on spontaneous imbibition is proposed.
The results indicate that the addition of nanoparticles decreases the displacement of fluids into the
capillary dramatically, and the relationship between displacement and time can be described by l(t)
~t1/2. Based on the analysis of the dynamic contact angle and motion behavior of nanoparticles,
for water containing hydrophobic nanoparticles, the displacement decreases with the decrease of
hydrophobicity, and the properties of fluids, such as viscosity and surface tension, play a major
role. While for hydrophilic nanoparticles, the displacement of fluids increases slightly with the
increase of hydrophilicity in the water-wet capillary and simulation time, which can be ascribed to
disjoining pressure induced by “sticking nanoparticles”. This study provides new insights into the
complex interactions between nanoparticles and other components in nanofluids in the spontaneous
imbibition, which is crucially important to enhanced oil recovery.

Keywords: hydrophobic and hydrophilic nanoparticles; imbibition mechanism; molecular
dynamics simulation

1. Introduction

Imbibition in porous media is ubiquitous and has numerous applications in many natural and
industrial processes, such as groundwater remediation, oil recovery, and nanofluidic devices [1–7].
For the imbibition phenomena, capillary action is the main transport mechanism for the spontaneous
process, which results in the diffusing motion of fluid into porous solids or the capillary [8–11]. It is
proven that the liquid’s behavior can be described by the Lucas–Washburn equation [12–14].

l =

√
γR cos θ

2η
·
√

t (1)

where l and t are displacement distance and time, respectively. According to the Lucas–Washburn
equation, imbibition dynamics is closely related to important factors of surface tension (γ), liquid
viscosity (η), the contact angle of water on the capillary wall (θ) and the radius of the capillary
(R) [15–20].

Energies 2017, 10, 506; doi:10.3390/en10040506 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies


Energies 2017, 10, 506 2 of 14

In applications, especially oil recovery, surfactants or polymers are often added for adjusting
the contact angle θ, the fluid surface tension γ and the viscosity η to tune the fluid behavior [21–24].
Recently, studies suggest that suspended nanoparticles in fluids could modify the rheology [25],
mobility, wettability [26], and other properties [27], which demonstrate huge economic potential in the
oil field [28]. Lin et al. [29] reported that nanoparticles can transport and assemble at liquid interfaces,
resulting in the change of interfacial tension driven by the reduction of the interfacial energy of fluids.
Meanwhile, experimental results by Wasan and Nikolov [26] showed that the nanoparticles could
form two-dimensional (2-D) layered structures in the confines of the three-phase (solid–oil–aqueous
phase) contact region and produce disjoining pressure that leads to the wettability alteration of the
solid phase. Therefore, it has been believed that nanoparticles can change the interfacial tension,
viscosity and wettability of fluids, which are important to many applications ranging from electronics
cooling to oil recovery [30–34]. However, due to the additional particle–particle, particle–capillary and
particle–fluid interactions [32,35], the presence of nanoparticles leads to a much more complicated
imbibition process compared with pure fluids.

In experimental studies, it is difficult to disentangle the specific role of different interfaces in the
imbibition process. All the interfaces would be affected simultaneously upon applying a surfactant
or nanoparticle. To cope with this, atomistic modeling and simulation are powerful and promising
approaches [36–43], via which any interface in the system can be varied independently, and thus the
mechanism of the imbibition process in the capillary can be unraveled in detail. For example, Blake and
Coninck [44] employed large-scale molecular dynamics (MD) simulations to study the influence of pore
wettability on imbibition dynamics. Their simulation results indicated that a reduction in the rate of
penetration can be ascribed to the contact angle change of fluids on the pore wettability. However, most
simulations about the imbibition process studied the base fluids influenced by roughness, wettability,
and the shape of the capillary. To the best of our knowledge, there is no systematic simulation study
on the involved interfacial properties and wettability influenced by nanoparticles for fluids into
the capillary.

The purpose of this study is to explore the migration mechanism of nanofluids into porous media,
and at the same time to identify the dominating driving force for the hydrophobic and hydrophilic
nanoparticles in the imbibition process. In the present work, MD simulations are conducted to reveal
the influence of the surface wettability of nanoparticles on imbibition into the water-wet capillary.
The diffusion dynamics of nanofluids into the capillary is investigated at the molecular level, with
results used for constructing the relationship between water displacement length (l) and imbibition
time (t). Moreover, the dynamic contact angle and motion behavior of nanoparticles are analyzed
for understanding the change of nanofluid displacement, and for revealing the involved microscale
mechanism of imbibition dynamics.

2. Model and Simulation Details

2.1. Modeling of Imbibition System

A series of all-atom MD simulations were conducted using the simulation package LAMMPS [45].
Following a similar approach, a simulation system containing a water-based fluid and well-distributed
spherical nanoparticles and a capillary was built, as shown in Figure 1. The solid capillary used in the
system was constructed based on the face-centered cubic (FCC) crystal lattice structure of silicon with
the lattice constant of 5.43 Å. The cross-section of the capillary had dimensions of x = z = 65.1684 Å,
and the axial direction of y = 194.1475 Å. In order to obtain the capillary pore, atoms within a radius
R = 25 Å along the axial direction were removed.

The nanofluid in the simulation system consists of 10,000 water molecules and 16 nanoparticles.
The nanoparticle volume fraction was ~5%, which results in nanofluid composition similar to previous
studies [46–48]. Each nanoparticle contained 13 atoms in a gold lattice structure, forming a sphere
with a diameter of 7.0 Å. The nanofluid was initially placed on the left entrance of the solid capillary
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(Figure 1). A vacuum buffer space was added at the left side of the nanofluid in order to enable
spontaneous imbibition. All the simulations were conducted in a periodic orthorhombic box.Energies 2017, 10, 506 3 of 14 

 

 
(a) (b) 

Figure 1. The simulation system contains a water-based nanofluid (red) laden with well-distributed 

spherical nanoparticles (light green) and a capillary (blue): (a) the 3D perspective of the top view; and 

(b) the side view. 

2.2. Potential Functions and Parameters 

The standard pairwise 12-6 Lennard–Jones (L-J) potential was used as Equation (2) to describe 

the van der Waals interaction between liquid and nanoparticles, liquid and the capillary, and 

nanoparticles and the capillary. The coulomb interaction was used, Equation (3), to account for the 

electrostatic effect in the system. 

12 6

4
ij ij

LJ ij

ij ij

U
r r

 

    
             

 
(2) 

04

i j

coulomb

ij

q q
U

r
  (3) 

In Equation (2), 
ij  was the characteristic energy and 

ij  was the finite distance between atom 

i and j at which the interatomic potential reached zero. In Equation (3), 
iq  and 

jq  were the charges 

on the two atoms, and 
0  was the vacuum permittivity. For both equations, 

ijr  was the distance 

between atom i and j. For interactions between different species, L-J parameters obeyed the arithmetic 

mixing rule represented in Equation (4). 

ij i j    ;  
2

i j

ij

 



  (4) 

The SPC/E water model was used in the system. The characteristic energy values of oxygen 
O  

and hydrogen 
H  in this water model were 0.1554 and 0 kcal/mol [49]. The hydrogen and oxygen 

atoms are charged with +0.4238e and −0.8476e, respectively. For establishing different interfacial 

energy, and thus hydrophobicity, on the solid capillary and the nanoparticles, atoms in the two were 

tuned through varying characteristic energy well depths 
ij , as discussed in the following paragraph. 

For reference, a series of nanoparticle-free imbibition systems were constructed to obtain a 

suitable parameter of the solid capillary. The characteristic energy 
so  (energy between the oxygen 

atom in water and the atom in the solid capillary) was varied from 0.2 to 0.4 kcal/mol, which controls 

the wetting properties of the capillary. Other simulation parameters were kept the same as those of 

nanofluids. Detailed information is given in Supporting Information S1. It should be noted that when 

so  increased to 0.3 kcal/mol, the fluid started to penetrate into the capillary. The calculated contact 

angle was ~90°, indicating that the capillary with 0.3 kcal/mol was at the mix-wet critical point. When 

so  was set to 0.35 kcal/mol, water molecules would transport into the capillary spontaneously. Also, 

comparison between the simulation results and Lucas–Washburn equation results is shown in 

Supporting Information S2 to validate the reasonability of systems. The characteristic energy 
so  was 

chosen as 0.35 kcal/mol for modeling the water-wet capillary. The characteristic energies of 

nanoparticle–oxygen 
no  were set from 0.1 to 0.5 kcal/mol for different models to study the effect of 

the wetting properties of nanoparticles on the imbibition phenomena. Both nanoparticles and atoms 

in the capillary were charge free. 

Figure 1. The simulation system contains a water-based nanofluid (red) laden with well-distributed
spherical nanoparticles (light green) and a capillary (blue): (a) the 3D perspective of the top view; and
(b) the side view.

2.2. Potential Functions and Parameters

The standard pairwise 12-6 Lennard–Jones (L-J) potential was used as Equation (2) to describe the
van der Waals interaction between liquid and nanoparticles, liquid and the capillary, and nanoparticles
and the capillary. The coulomb interaction was used, Equation (3), to account for the electrostatic effect
in the system.

ULJ = 4εij

(σij

rij

)12

−
(

σij

rij

)6
 (2)

Ucoulomb =
qiqj

4πε0rij
(3)

In Equation (2), εij was the characteristic energy and σij was the finite distance between atom i
and j at which the interatomic potential reached zero. In Equation (3), qi and qj were the charges on
the two atoms, and ε0 was the vacuum permittivity. For both equations, rij was the distance between
atom i and j. For interactions between different species, L-J parameters obeyed the arithmetic mixing
rule represented in Equation (4).

εij =
√

εi · ε j; σij =

(
σi + σj

)
2

(4)

The SPC/E water model was used in the system. The characteristic energy values of oxygen εO
and hydrogen εH in this water model were 0.1554 and 0 kcal/mol [49]. The hydrogen and oxygen
atoms are charged with +0.4238e and −0.8476e, respectively. For establishing different interfacial
energy, and thus hydrophobicity, on the solid capillary and the nanoparticles, atoms in the two were
tuned through varying characteristic energy well depths εij, as discussed in the following paragraph.

For reference, a series of nanoparticle-free imbibition systems were constructed to obtain a suitable
parameter of the solid capillary. The characteristic energy εso (energy between the oxygen atom in
water and the atom in the solid capillary) was varied from 0.2 to 0.4 kcal/mol, which controls the
wetting properties of the capillary. Other simulation parameters were kept the same as those of
nanofluids. Detailed information is given in Supporting Information S1. It should be noted that
when εso increased to 0.3 kcal/mol, the fluid started to penetrate into the capillary. The calculated
contact angle was ~90◦, indicating that the capillary with 0.3 kcal/mol was at the mix-wet critical point.
When εso was set to 0.35 kcal/mol, water molecules would transport into the capillary spontaneously.
Also, comparison between the simulation results and Lucas–Washburn equation results is shown
in Supporting Information S2 to validate the reasonability of systems. The characteristic energy εso

was chosen as 0.35 kcal/mol for modeling the water-wet capillary. The characteristic energies of
nanoparticle–oxygen εno were set from 0.1 to 0.5 kcal/mol for different models to study the effect of
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the wetting properties of nanoparticles on the imbibition phenomena. Both nanoparticles and atoms in
the capillary were charge free.

The bonding interaction between neighboring atoms was modeled by the harmonic potential:

Ubond(r) =
1
2

Kbond(r− 1)2 (5)

The values of the force constants in Equation (5) were set to 1
2 Kbond = 554.13149 kcal/mol/Å2

for water.
All the MD simulations were performed in NVT ensemble (constant number of particles,

volume, and temperature). The cutoff values for L-J interactions and Coulomb interactions were
both set to 10 Å. The long range electrostatic interactions were compensated for by using the
particle–particle–particle–mesh algorithm [50], with a convergence parameter of 10−4. The Velocity
Verlet algorithm with a time step of 1 fs was used to integrate Newton’s motion equations.
The temperature of the nanofluid was kept constant at 298.15 K by employing a Nosé–Hoover
thermostat with a temperature damping coefficient of 0.1 ps. During the simulation, the solid capillary
was fixed. The interaction between atom pairs in the capillary was ignored, which can significantly
reduce the simulation time. Similarly, the internal interaction of nanoparticles was ignored, and each
nanoparticle moved and rotated as a single entity. After an energy minimization process, spontaneous
imbibition of ~8.0 ns was carried out in each system.

3. Results and Discussions

3.1. Imbibition Phenomena of Nanofluids in Reservior

The snapshots of the imbibition process of nanofluids into the reservoir as time evolutions are
summarized in Figure 2, which reveals the influence of the wetting properties of nanoparticles on
the imbibition behavior. It can be seen that for the system without nanoparticles, water molecules
can spontaneously diffuse into the vacancy of the capillary. At the end of the imbibition simulation
of 8 ns, almost all water molecules enter the capillary. Once nanoparticles are added into fluids,
the transportation of fluids into the capillary is hindered. The displacement of nanofluids into the
capillary decreases with the characteristic energy εno increasing from 0.1 to 0.2 kcal/mol (hydrophobic).
Meanwhile, it is interesting to note that with further improvement of the characteristic energy εno

to 0.3 kcal/mol (mix-wet), the displacement of nanofluids increases. When the nanoparticles are
mainly hydrophilic, the displacement of nanofluids slightly increases compared to nanofluids with
hydrophobic nanoparticles. The results indicate that the addition of nanoparticles will reduce the
transportation of fluids into the capillary, and when the wettability of nanoparticles changes from
hydrophobic to hydrophilic, there is an inflexion point in the imbibition displacement of nanofluids.

Using detailed information from Figure 2, the relationship between the displacement of nanofluids
and simulation time is analyzed. Initially, the density distribution profiles of nanofluids along the axial
direction of the y axis are calculated at simulation time 2.0 ns, as shown in Figure 3a. Herein, the left
entrance of the solid capillary is set as the zero point.

From Figure 3a, it can be seen that the density profiles for all nanofluids can be divided into three
parts in the simulation box: the first Part I is fluids with negative distance from the entrance of the
capillary; the second Part II is fluids attached to the entrance of the capillary; and the last Part III
is fluids inside the capillary. For Part I, the density is almost 1.0 g/cm3, which indicates that the
fluids out of the capillary show the bulk property. The density for Part II has a much higher value
of ~1.3 g/cm3, indicating the closest layer of structured water molecules in the radius distribution
function from the wall of the capillary entrance. The detailed distribution of water molecules in Part I
and Part II is shown Figure 3b. Such distribution is due to the strong adsorption energy between
capillary and fluids. While for fluids inside the capillary (Part III), the density is about 0.93 g/cm3 for
almost all the nanofluids, which is slightly lower compared with bulk fluids. Based on the density
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profile, the nanofluid migrating distance from the capillary entrance can be obtained at the location
where the fluid density reached 50% of its bulk value inside the capillary. Such location is also
considered as the liquid–vapor interface inside the capillary [51]. Detailed information was given in
Supporting Information S3. From the density profiles, it can be seen that the addition of nanoparticles
has significantly shortened the imbibition length.
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Figure 2. The snapshots of nanofluids with different types of nanoparticles as time evolutions. Here,
the x-axis shows the wettability of nanoparticles changing via characteristic energy and the y-axis is
the simulation time.

Energies 2017, 10, 506 5 of 14 

 

the liquid–vapor interface inside the capillary [51]. Detailed information was given in Supporting 

Information S3. From the density profiles, it can be seen that the addition of nanoparticles has 

significantly shortened the imbibition length. 

 

Figure 2. The snapshots of nanofluids with different types of nanoparticles as time evolutions. Here, 

the x-axis shows the wettability of nanoparticles changing via characteristic energy and the y-axis is 

the simulation time. 

 

(a) 

-100 -50 0 50 100 150
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 

 

D
en

si
ty

 (
g
/c

m
3
)

Distance from entrance (Å)

 withoutnp

 0.1

 0.15

 0.2

 0.3

 0.4

 0.5

I 

II 

III 

Figure 3. Cont.



Energies 2017, 10, 506 6 of 14
Energies 2017, 10, 506 6 of 14 

 

 

Figure 3. (a) The density distribution profiles of the nanofluids along the capillary at simulation time 

2.0 ns. Different types of nanoparticles (characteristic energy increases from 0.15 to 0.50) are used in 

the nanofluids. Here, the x axis is the distance from the entrance of the capillary, and the y axis is the 

density of the fluids. Different background colors show different regions: (green) Part I; (pink) Part 

II; (yellow) Part III. (b) Water configuration in different regions: (blue) Part I; (pink) Part II. The yellow 

atoms are the capillary, while the red and white atoms are oxygen and hydrogen, respectively. 

In order to explore the imbibition phenomena in depth, displacement l of nanofluids inside the 

capillary as a function of time t is analyzed from the density profiles. Figure 4a and Figure 4b show 

the relations between displacement l and time t for fluids with hydrophobic and hydrophilic 

nanoparticles, respectively. In Figure 4a, displacement l for water increases with time and obeys the 

relationship of t  scaling in time, similar to previous simulation studies and the theoretical 

relationship [10,52]. When nanoparticles are added into the fluid, all the displacement curves are also 

qualitatively parabolic and obey t  scaling in time. The displacement values for all nanofluids are 

much lower than water, which indicates that the addition of nanoparticles reduces the velocity of the 

imbibition process of water. For fluids with hydrophobic nanoparticles (𝜀 ≤ 0.2 kcal/mol) in Figure 

4a, the displacement of nanofluids can be divided into two stages, Stage I (simulation time from 0 to 

4.0 ns) and Stage II (simulation time 4.0–8.0 ns). During Stage I, the displacement for the nanofluid 

with characteristic energy 0.1 kcal/mol has the highest value compared with the other two nanofluid 

types. For example, when the simulation time is 2.0 ns, with increasing characteristic energy from 0.1 

kcal/mol to 0.15 kcal/mol and 0.2 kcal/mol, the displacements for nanofluids are about 51 Å , 47 Å  and 

40 Å , respectively. These results imply that fluids with more hydrophobic nanoparticles would move 

relatively quicker in Stage I. However, displacements for nanofluids with 0.1 and 0.15 kcal/mol 

nanoparticles are nearly identical in Stage II. Similarly, as shown in Figure 4b, when the characteristic 

energy for hydrophilic nanoparticles increased from 0.3 to 0.5 kcal/mol, the displacement curves can 

also be divided into two stages but with different time intervals: Stage I (from 0.0 to 3.0 ns), and Stage 

II (from 3.0 to 8.0 ns). In Stage I, the displacement for 0.3 kcal/mol is larger than that of the other two 

types, which indicates that at the beginning of the simulation, the velocity of fluids with higher 

hydrophilicity is smaller. However, the fluid with characteristic energy 0.4 kcal/mol moves quickly 

and exceeds the displacement of the 0.3 kcal/mol case as time evolves in Stage II. A similar 

phenomenon is also observed for 0.5 kcal/mol in Stage II. These results suggest that during the 

imbibition process, the displacement velocity for fluids with higher hydrophilicity is relatively higher 

with longer simulation time.  

Based on the above configuration analysis, the density distribution profiles of nanofluids, and 

the displacement vs time curves, it can be concluded that the addition of nanoparticles has a 

significant influence on the imbibition process of fluids. For hydrophobic nanoparticles, the 

displacement results indicate that the lower the hydrophobicity, the slower the imbibition of 

nanofluids into the capillary in Stage I, and then the displacement is almost the same for much more 

hydrophobic nanoparticles in Stage II. In the case of 
no  0.3 kcal/mol, the displacement of 

nanoparticles with mixed wettability is relatively higher compared with other hydrophilic 

nanoparticles in the initial stage. In the 
no range of 0.3 to 0.5 kcal/mol, nanoparticles with higher 

hydrophilicity have bigger displacement with longer simulation time. 

(b) 

Figure 3. (a) The density distribution profiles of the nanofluids along the capillary at simulation time
2.0 ns. Different types of nanoparticles (characteristic energy increases from 0.15 to 0.50) are used in
the nanofluids. Here, the x axis is the distance from the entrance of the capillary, and the y axis is the
density of the fluids. Different background colors show different regions: (green) Part I; (pink) Part II;
(yellow) Part III. (b) Water configuration in different regions: (blue) Part I; (pink) Part II. The yellow
atoms are the capillary, while the red and white atoms are oxygen and hydrogen, respectively.

In order to explore the imbibition phenomena in depth, displacement l of nanofluids inside the
capillary as a function of time t is analyzed from the density profiles. Figures 4a and 4b show the
relations between displacement l and time t for fluids with hydrophobic and hydrophilic nanoparticles,
respectively. In Figure 4a, displacement l for water increases with time and obeys the relationship of√

t scaling in time, similar to previous simulation studies and the theoretical relationship [10,52].
When nanoparticles are added into the fluid, all the displacement curves are also qualitatively
parabolic and obey

√
t scaling in time. The displacement values for all nanofluids are much lower

than water, which indicates that the addition of nanoparticles reduces the velocity of the imbibition
process of water. For fluids with hydrophobic nanoparticles (ε ≤ 0.2 kcal/mol) in Figure 4a, the
displacement of nanofluids can be divided into two stages, Stage I (simulation time from 0 to 4.0 ns)
and Stage II (simulation time 4.0–8.0 ns). During Stage I, the displacement for the nanofluid with
characteristic energy 0.1 kcal/mol has the highest value compared with the other two nanofluid
types. For example, when the simulation time is 2.0 ns, with increasing characteristic energy from
0.1 kcal/mol to 0.15 kcal/mol and 0.2 kcal/mol, the displacements for nanofluids are about 51 Å, 47 Å
and 40 Å, respectively. These results imply that fluids with more hydrophobic nanoparticles would
move relatively quicker in Stage I. However, displacements for nanofluids with 0.1 and 0.15 kcal/mol
nanoparticles are nearly identical in Stage II. Similarly, as shown in Figure 4b, when the characteristic
energy for hydrophilic nanoparticles increased from 0.3 to 0.5 kcal/mol, the displacement curves
can also be divided into two stages but with different time intervals: Stage I (from 0.0 to 3.0 ns),
and Stage II (from 3.0 to 8.0 ns). In Stage I, the displacement for 0.3 kcal/mol is larger than that of
the other two types, which indicates that at the beginning of the simulation, the velocity of fluids
with higher hydrophilicity is smaller. However, the fluid with characteristic energy 0.4 kcal/mol
moves quickly and exceeds the displacement of the 0.3 kcal/mol case as time evolves in Stage II.
A similar phenomenon is also observed for 0.5 kcal/mol in Stage II. These results suggest that during
the imbibition process, the displacement velocity for fluids with higher hydrophilicity is relatively
higher with longer simulation time.

Based on the above configuration analysis, the density distribution profiles of nanofluids, and the
displacement vs time curves, it can be concluded that the addition of nanoparticles has a significant
influence on the imbibition process of fluids. For hydrophobic nanoparticles, the displacement results
indicate that the lower the hydrophobicity, the slower the imbibition of nanofluids into the capillary in
Stage I, and then the displacement is almost the same for much more hydrophobic nanoparticles in
Stage II. In the case of εno 0.3 kcal/mol, the displacement of nanoparticles with mixed wettability is
relatively higher compared with other hydrophilic nanoparticles in the initial stage. In the εno range of
0.3 to 0.5 kcal/mol, nanoparticles with higher hydrophilicity have bigger displacement with longer
simulation time.
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Figure 4. The nanofluid displacement as a function of time in the capillary: (a) for water and
hydrophobic nanoparticles; and (b) for hydrophilic nanoparticles.

3.2. Wettability of Capillary Alterting by Nanofluids

The wettability of fluids in the capillary is one of the dominating factors in the imbibition process
of fluids. Herein, the “wettability” shows an interaction between the ideal solid and fluids (either water
or nanofluid). It is generally measured by the contact angle of fluids in the capillary [51]. According to
the Lucas–Washburn equation in Equation (1) and previous studies [53], the contact angle is inversely
proportional to the displacement of fluids, meaning that the higher contact angle of fluids may lead to
less fluids entering into the capillary. Therefore, the dynamic contact angle of nanofluids against the
simulation time is quantitatively analyzed in this section to explain the change of the displacement
curve of nanofluids in the capillary.

To determine the contact angle, liquid divided into cylindrical shells is first subdivided by arbitrary
thickness (Figure 5a). The number of shells should be constrained to ensure that each shell contains
enough molecules to give a uniform density. The density of fluids in each shell as a function of the
distance l into the pore is analyzed. The advancing end of each shell is located where the density is
below a cutoff value of half the liquid density. The contact angle is then obtained from the tangent to a
circular fit to the profile (Figure 5a). This method has been widely used in previous studies [42,54], and
is proven to correctly show the wetting properties. Different shell thicknesses and density cutoff values
are also used in this method to check the consistency of this method, which yields converged results.

The detailed schematic of obtaining the contact angle and dynamic contact angles as a function of
simulation time for different nanofluids in the cylindrical capillary is shown in Figure 5. The simulation
time point when fluids start to imbibe into the capillary is chosen as the initial time. As depicted in
Figure 5b, the contact angle θ of nanoparticle-free fluid decreases rapidly at the initial stage of the
spontaneous imbibition process and then decreases slowly to a dynamic balanced value at ~3.0 ns.
The equilibrium contact angle for water is about 64.60◦, showing the water-wet property. When
nanoparticles are added into the capillary, all the equilibrium contact angles are found to be bigger
than those of nanoparticle-free fluids, which indicates that the addition of nanoparticles alters the
wettability of fluids in the solid capillary, and thus affects the imbibition of nanofluids.

For hydrophobic nanoparticles in Figure 5b, the contact angle θ decreases rapidly at the initial
stage, and the curve can be divided into two parts. Within the simulation time of 4.0 ns, it can be seen
that the contact angle for nanofluids with εno = 0.1 kcal/mol decreases markedly during this stage and
has a relatively smaller value compared with the other two cases, thus leading to a quicker imbibition
process. However, the dynamic contact angle for nanofluids with εno = 0.1 and 0.15 kcal/mol is almost
identical with longer simulation time. The similar value of the contact angle is responsible for the
similar displacement tendency during Stage II in Figure 4a. When the characteristic energy increases
to 0.2 kcal/mol, the equilibrium contact angle is slightly higher than the others, showing smaller
displacement. Comparing the equilibrium contact angle for fluids with hydrophobic nanoparticles, it
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can be summarized that the addition of hydrophobic nanoparticles could alter the wettability of the
solid capillary, making it less hydrophilic, thus resulting in less fluids entering into the capillary.
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of different nanofluids in the cylindrical pore from (b) to (d): (b) water and hydrophobic nanoparticles;
(c) water and mix-wettability nanoparticles; and (d) hydrophilic nanoparticles, where the smoothed
lines are the running average of the scattered data points.

When the characteristic energy εno for nanoparticles increases to 0.3 kcal/mol, the dynamic
contact angle shows a similar trend to that of water. From Figure 5c, the equilibrium contact angle
for 0.3 kcal/mol is about 72.23◦, higher than that for water but smaller than that for fluids with
hydrophobic nanoparticles. This indicates that fluids with mix-wettability nanoparticles can enter
into the capillary relatively easier than fluids with hydrophobic nanoparticles, but more difficult than
fluids with water.

Figure 5d displays the dynamic contact angle as a function of simulation time with hydrophilic
nanoparticles, with increased characteristic energy (0.4 and 0.5 kcal/mol). It is interesting to note
again that the dynamic contact angle has a turning point at the simulation time of about 3.0 ns,
which shows a similar trend to the displacement curves of fluids with hydrophilic nanoparticles
in Figure 4b. Before the turning point, the dynamic contact angle for 0.5 kcal/mol is higher than
that of 0.4 kcal/mol, contributing to the slow movement of fluid in the capillary. Meanwhile, at the
transition region of the contact angle, fluids with two types of hydrophilic nanoparticles have a smaller
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contact angle, suggesting a faster displacement than that with 0.3 kcal/mol in this region, in agreement
with Figure 4b.

Based on the above analysis, the addition of nanoparticles into fluids alters the wettability of
the capillary and the dynamic contact angle can be used to explain the imbibition phenomena of
nanofluids quantitatively. For hydrophobic nanoparticles, with the increasing characteristic energy,
the capillary becomes more hydrophobic, which results in less fluid entering into the capillary. In the
case of hydrophilic nanoparticles, the wettability of the capillary has a turning point with time elapse,
and the fluids tend to become more hydrophilic in the capillary with longer simulation time.

3.3. The Microscale Imbibition Mechanism

3.3.1. The Micro Behavior of Nanoparticles in Water-Wet Capillary

The migration dynamics of nanoparticles in the course of the simulation is analyzed to explore
its dominating effects in the imbibition mechanism, the dynamic contact angle and the displacement
curves observed. In order to obtain detailed information about nanoparticle motion behaviors, the
system snapshots of nanofluids containing water molecules and hydrophobic (0.2 kcal/mol) and
hydrophilic (0.4 kcal/mol) nanoparticles at simulation times 2.0 ns and 4.0 ns are shown in Figure 6a.
The three representative configurations of hydrophilic nanoparticles in the nanofluids are given in
Figure 6b. In Figure 6a, for hydrophobic nanoparticles, three main motion behaviors are observed:
(i) the nanoparticles dispersed in fluids, (ii) the nanoparticles adsorbed on the capillary, and (iii) the
nanoparticles escaped from fluids. The first two motions are the same as Type I and III for hydrophilic
nanoparticles in Figure 6b. In the following part, these motion behaviors are discussed separately to
study their influence on the imbibition mechanism.
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Figure 6. (a) The configuration of fluids containing water molecules and hydrophobic and hydrophilic
nanoparticles in imbibition simulation systems at 2.0 ns and 4.0 ns; and (b) Three types of behaviors of
hydrophilic nanoparticles in fluids.

Firstly, the nanoparticles dispersed in fluids are studied, as depicted in Type I in Figure 6b.
The density distribution profiles and radial distribution function are calculated and plotted in
Figure 7a,b to study the water molecules around the nanoparticles, both of which indicate that
water molecules can be absorbed onto nanoparticles, forming a structured layer with a distance
of ~5.5 Å to the central mass of nanoparticles. The number of water molecules in the first layer
increases with the increasing characteristic energy for hydrophobic nanoparticles. The dynamics in
the configuration of the first water layer (certain tracking area radius of about 5.5 Å to the center
of nanoparticles) at simulation times 1.9 and 2.0 ns are shown in Figure 7c to show the stability of
this water layer. It can be seen that in the next 100,000 simulation time steps, the first layer of water
molecules for εno = 0.1 kcal/mol diffuses rapidly, indicating that the water molecules adsorbed on
hydrophobic nanoparticles are not stable and exchanged frequently with surroundings. While for
higher εno, the water molecules move together with nanoparticles due to the stronger interaction
energy between them despite the Brownian motion of the nanoparticles.
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Figure 7. (a) The density distribution profiles and (b) the radial distribution function for water
molecules around nanoparticles; and (c) tracked movement configuration of the selected first water
layer (black dashed line shows a certain tracking area radius of about 5.5 Å to the center of nanoparticles
except for ε = 0.4) around nanoparticles at 1.9 ns and 2.0 ns. For ε = 0.4, the black circle is only shown
for guidance as two nanoparticles are included.

Meanwhile, it can be seen that some hydrophobic nanoparticles with 0.1 and 0.15 kcal/mol escape
from the liquid phase and diffuse into the vacuum phase in the capillary at the initial stage, owing
to the weak interaction between these nanoparticles and the water molecules. This mitigates the
effect of nanoparticles on the imbibition process. With longer imbibition time, the nanoparticles in
fluids will reach a quasi-equilibrium state. That is the reason for the similar displacements for 0.1 and
0.15 kcal/mol nanoparticles in Stage II in Figure 4a.

One important behavior of hydrophilic nanoparticles is that two or three nanoparticles aggregate
into bigger clusters and move together owing to the strong attraction capacity at the same concentration,
as depicted in Type II in Figure 6b. The aggregated nanoparticles significantly influence the properties
of nanofluids, especially interfacial tension. Generally, an increase in the hydrophilicity of nanoparticles
at a given concentration results in a corresponding increase in the interfacial tension until a saturation
status is reached.

All the nanoparticles of different hydrophobicity are found to adsorb onto the wall of the capillary
during our simulation, as depicted in Type III in Figure 6c. While the adsorption of hydrophilic
nanoparticles on the capillary is very strong and they are almost retained on the solid capillary,
the adsorbed hydrophobic nanoparticles are not stable and often move quickly along the axial
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direction of the capillary. The mean square displacements of nanoparticles in the capillary along
the radial and axial direction are calculated to qualitatively study the motion of nanoparticles in the
capillary, as shown in Figure 8. Similarly, only two typical nanoparticles are considered to illustrate the
phenomena. Figure 8a,b suggest that compared with hydrophilic nanoparticles which are almost stuck
onto the surface, hydrophobic nanoparticles move faster along both the axial and the radial directions.
These two motions can be called “sticking phenomenon” and “slipping phenomenon”, respectively.
The “sticking phenomenon” formed by adsorption onto the solid surface is expected to generate
the strong disjoining force, and can result in increasing wettability of the surface and the decreasing
contact angle, as proposed by Wasan and Nikolov [26] and validated by other scientists [48,55].
According to our simulation results in Section 3.1, the fluid displacement in the case of more hydrophilic
nanoparticles (εno = 0.4 kcal/mol) has a turning point at about 3.0 ns. Such a result can be attributed
to more nanoparticles entering into the capillary with time. With the influx of nanoparticles, more
nanoparticles are observed to be stuck on the capillary, which leads to a smaller contact angle, and thus
higher displacement. Therefore, the “sticking phenomenon” reduces the contact angle and promotes
the displacement of fluids, and hence causes the turnover of the displacement in Figure 4b and the
turning point of the dynamic contact angle in Figure 5c.
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3.3.2. The Micro Imbibition Mechanism of Nanofluids in Water-Wet Capillary

The imbibition mechanism of nanofluids is highly linked to nanoparticles’ behavior from the
microscopic perspective. The dispersed, escaped and aggregated nanoparticles greatly influence the
properties of nanofluids, including viscosity and interfacial tension, and the adsorbed nanoparticles
have the potential to alter the wettability of the capillary.

Combining all the dynamic behaviors of the nanoparticles observed in our simulation, an
imbibition mechanism consisting of a competitive nanoparticle effect and fluid properties is proposed.
For hydrophobic nanoparticles, the properties of nanofluids, such as viscous force and surface tension
force, control the imbibition process; while for hydrophilic nanoparticles, apart from the influence
of nanofluids’ properties, disjoining force induced by the “sticking phenomenon” dominates the
imbibition process. For the mixed wettability of nanoparticles, the force balance between the properties
of nanofluids and disjoining pressure contribute to the relatively high displacement during the
imbibition process.

4. Conclusions

In this paper, MD simulation is adopted to investigate the imbibition process of nanofluids
into the capillary influenced by the surface wettability of nanoparticles. Based on the analysis
of the density distribution profiles, the addition of different types of nanoparticles is found to
decrease the displacement of fluids into the capillary. The relationship between the displacement
l of fluid into the capillary and time can be described by l(t) ~t1/2. For hydrophobic nanoparticles,
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the displacement reduces with the decrease of hydrophobicity. The displacement of nanoparticles
with mixed wettability is relatively higher compared with other hydrophobic nanoparticles in the
initial stage. The displacement of fluids containing hydrophilic nanoparticles is slightly higher than
hydrophobic nanofluids, and the increasing hydrophilicity of nanoparticles results in the even higher
displacement with longer simulation time. The dynamic contact angle of fluids in the capillary suggests
that the addition of nanoparticles can alter the wettability of the capillary. Furthermore, based on
the motion behavior of nanoparticles, a competitive mechanism is proposed for the spontaneous
imbibition of nanofluids in the capillary. For hydrophobic nanoparticles, the properties of nanofluids,
such as viscous force and surface tension, are responsible for the imbibition process. For hydrophilic
nanofluids, apart from the influence of nanofluids’ properties, disjoining force induced by the “sticking
phenomenon” dominates the imbibition process. For the mixed wettability nanofluids, the relative
high displacement in the imbibition process is attributed to the force balance between the properties
of nanofluids and disjoining pressure. Our findings provide new physical insights into the roles of
nanoparticles in fluid imbibition, which is the core process in a number of technologies, including
enhanced oil recovery.
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