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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Oil water interfacial thickness increases 
significantly after adding surfactant. 

• Oil droplet contact angle increases with 
surfactant addition. 

• Oil droplet deformation and displace-
ment speed have a positive relation with 
the static contact angle. 

• Surfactant can significantly increase oil 
displacement velocity.  
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A B S T R A C T   

Molecular Dynamics (MD) simulations of oil droplet displacement have been performed using pressure driven 
surfactant flooding at a typical reservoir condition (T = 330 K and P = 20 MPa). The behavior of the micelli-
zation of surfactant molecules has been validated. A micelle with a radius of 22.85 Å is formed by 60 anionic 
sodium dodecyl benzenesulfonate (SDBS) surfactant molecules in aqueous solution. Surfactant additions result in 
significant reduction of interfacial tension (IFT) for oil/water system and such reduction is dependent on sur-
factant surface concentration. The microscopic mechanism of IFT reduction is described. Interfacial thickness 
increases from 3.5 Å to 22.5 Å at T = 300 K andP = 1 atm after surfactant molecules are adsorbed at oil/water 
interface, indicating high miscibility of two phases and thus results in interfacial tension reduction; the calcu-
lated interface formation energy of a single surfactant molecule is − 145.7 Kcal/mol, which means the additions 
of surfactant would lead to the decrease of system energy and thus a more steady system. For surfactant flooding 
simulation, oil droplet static contact angle increases with surfactant additions. The larger the static contact angle 
of oil droplet, the stronger the drop deformation and the higher the displacement speed. Limited deformation is 
observed as oil droplet detaches from the solid substrate. Compared with water flooding, surfactant additions can 
significantly increase oil displacement speed by up to 80 %.   
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1. Introduction 

From a macroscopic perspective, surfactant molecules adsorb on 
oil–water interface and form a monolayer [45]. This behavior enhances 
the interfacial interactions (surfactant hydrophilic headgroup–water 
interaction and surfactant hydrophobic tails–oil interaction) and 
significantly reduces the interfacial tension (IFT) between oil and water 
[12,17]. The reduction of IFT further results in change in wettability (as 
quantified by contact angle) at oil/water/rock interface, influencing 
capillary pressure and capillary number. These factors play an important 
role in the EOR process [2,46]. However, the microscopic mechanism, 
such as water/oil interfacial behavior, the oil droplets aggregation, 
displacement and transport in nanopores under surfactant flooding, is 
still lack of proper investigation. 

Surfactant flooding has shown promise as a potential enhanced hy-
drocarbon recovery technique in tight formations due to its efficiency in 
reducing the IFT between oil and water [20,22,34]. Experimental 
investigation on the displacement process of using surfactant to extract 
hydrocarbon in tight formation is very challenging due to its length 
scale, and recently Molecular Dynamics (MD) simulations have been 
proposed to study the microscopic absorption and transport mechanism 
of oil molecules in nanopores [10,35,36,38]. These authors have per-
formed prominent work that well complements experimentation. For 
MD work relating to surfactants, Gan et al. [11] studied the effect of 
ionic surfactants on the wettability of coal. The structure dynamics of 
surfactant micelles has been discussed in [26], and Xu et al. [39] has 
explained how the surfactant headgroups affects the oil/water interface. 
Tang et al. [36] studied the detachment of the crude oil aggregate in 
silica nanochannel under surfactant flooding using MD simulations and 
they pointed out that the detachment of oil molecules started from the 
rear bottom of the oil aggregate. However, the microscopic mechanism 
of IFT reduction with surfactant additions is still not clear and how its 
resulting wettability alteration controls oil transport behaviors in nano 
silica pores needs to be further investigated. 

In this work, MD simulations of interactions between oil/water/ 
surfactant molecules in a nano-silica pore at a typical oil reservoir 
condition (T = 330 K andP = 20 MPa) have been performed to inves-
tigate the microscopic mechanism of oil/water IFT reduction using 
surfactant molecules, and the effect of surfactant molecules on oil 
droplet transport in nanopore. This article is organized as follows: the 
model system, geometry and the simulation approach as well as the 
force field parameters are summarized first. Then results on surfactant 
micelles in aqueous solution and IFT for oil/water/surfactant system are 
presented. The deformation and transport of oil droplet under an 
external driving force – mimicking the constant pressure gradient – in a 
nano silica pore is discussed. The paper is closed with main conclusion 
and future work. For the field to which it is applied, the findings of the 
present work can help to design the molecular architecture of surfactant 
for the purpose of optimizing the oil/water performance, and to deter-
mine the surfactant usage dose and solution concentration in surfactant 
flooding. 

2. Molecular dynamics simulation setups 

2.1. Nanoscale slit pore and fluids 

First, the silica lattice of α-SiO2 is derived from the database of the 
Materials Studio software [1]. Then it was expanded into α-quartz silica 
supercell with orthorhombic dimensions (xyz) of 24.6 × 595 × 102 Å3. 
Given the size range of nanopores in reservoir [9], the middle part of the 
silica supercell is removed and thus a slit pore with a height of 86.6 Å 
along the y axis is constructed, see Fig. 1. The silica surface is further 
hydroxylated by –OH group with a density of 9.6 nm2, in line with 
previous MD work [41] and the result of crystal chemistry calculations 
[18]. 

Surfactant majorly includes cationic and anionic surfactants. Tang 

et al. [36] and Pan et al. [27] presented excellent work on the effect of 
anionic and cationic surfactant on IFT and contact angle numerically 
and experimentally, respectively. It is found that as compared to the 
headgroup (for example the –N(CH3)3

+) in cationic surfactant, the group 
(like –SO3

- ) in anionic surfactant has a stronger H bond interaction with 
surrounding water molecules. The stronger interaction induced a 
quicker surfactant on oil aggregate surface and hence accelerates the 
detachment of oil drop. Both cationic and anionic surfactant have 
distinct effects on decreasing IFT while the anionic has a higher 
oil-driven efficiency. 

In the present work, the surfactant molecule selected is anionic so-
dium dodecyl benzenesulfonate (SDBS, C18H29NaO3S), which is a 
common surfactant used in petroleum industry for oil recovery [24], and 
it has been widely applied in MD studies to investigate the surfactant 
interactions with the oil molecular aggregate [19,39]. The oil is repre-
sented by dodecane, C12H26 [3], and the three-stie water model (H2O) is 
used in this study. 

2.2. Molecular dynamics simulation 

Our simulation system consists of water, oil (C12H26), surfactant 
(SDBS, C18H29NaO3S) and silica nano slit pore. In all MD simulations, 
the water, oil, surfactant, and silica are all described by the full-atom 
force field – the polymer consistent force field (PCFF) [33]. It is 
known that the PCFF has been validated to accurately describe struc-
tural and thermodynamic properties of oil component and organic 
compounds [4,36,39,40]. For example, in the work of [39], they re-
ported a 7 % difference in their MD results on oil/water interfacial 
tension using PCFF with experimental data. 

The total potential energy of the system includes bonded terms and 
nonbonded interaction terms (Coulombic and Lennard–Jones func-
tions). The functional forms can be expressed as following: 

Etotal = Ebonds +Eangles +Etorsions +Enon− bonded (1)  
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the εijand σijrepresent the strength and the length scale of the LJ inter-
action respectively; qi and qj are the charges of sites i and j, and ε0 the 
dielectric permittivity of the vacuum. Each atom type α has been given 
its own size σα and strength εα. The cross interaction LJ – 9–6 parameters 
for unlike pair atoms (αand β) are calculated from a 6th order combi-
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9–6 interactions have a cut-off distance of 12 Å. The particle-particle 
particle-mesh (PPPM) algorithm [6] with a convergence parameter of 
10− 4 is used to treat the long-range (beyond 12 Å cut-off) electrostatic 
interactions. The complete set (of parameters) is given in supplementary 
document. The full chemical structure of water, oil and surfactant 
molecules used in this paper is presented in Fig. 2. 

Solid atoms are fixed at their initial positions due to a negligible 
thermal motion impact on the dynamics of the fluid molecules [30,32, 
42]. All MD simulations were performed using the open-source molec-
ular dynamic simulation code LAMMPS [28] with a periodic boundary 
condition. A time step of 1 fs [36] is used in this work. 

3. Results and discussion 

The structure of micelle formed by surfactant molecules in aqueous 
solution and the interfacial tenson of oil/water and oil/water/surfactant 
system were investigated first using MD simulations. 

3.1. Surfactant micelles in aqueous solution 

60 SDBS molecules are placed in the center of a cubic domain con-
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taining 14275 water molecules with 80 × 80 × 80 Å. The number of 60 
is a reasonable mean aggregation number (the number of micelle mol-
ecules that form an aggregate) for SDBS micelles after an experimental 
study [5] and also matches the number used in the recent simulations 
[26]. The system is first evolved in a 1 ns NVT ensemble at a fixed T =

300 K and then in a 4 ns NPT ensemble at T = 300 K andP = 1 atm. In 
the NPT evolution, the box length allows to get changed in all three 
Cartesian coordinate directions. In the last 1 ns, data are collected and 
processed to generate results under NPT. Finally, the equilibrium box 
size is 76 × 76 × 76 Å, and the water density of the system is 0.972 

± 0.03 g cm− 3, close to NIST webbook density of 0.997 g cm− 3 at T =

300 K andP = 1 atm [31]. 
A snapshot of the equilibrium water/surfactant system is shown in  

Fig. 3 (a). A SDBS micelle (an aggregate formed by 60 surfactant mol-
ecules) with a sphere shape is clearly seen in the bulk aqueous phase. 
The hydrocarbon chains of surfactant molecules present hydrophobic 
property and form the core of the aggregate. The head groups are hy-
drophilic and thus are in contact with surrounded water molecules. This 
qualitative behavior of the aggregate agrees well with the observations 
in the previous studies of micellization of SDBS surfactant molecules 
process in aqueous solution [26,36]. 

We now quantitatively analyze the SDBS micelle structure in terms of 
the probability distribution of the distance of selected atoms (sulfur S 
and carbon C) from the center of mass of the micelle, rcom. In Fig. 3 (b), 
our simulated results are in good agreement with MD work of Palazzesi 
et al. [26]: “the carbon atoms density (including all of the carbon atoms 

Fig. 1. Schematic illustration of the nano slit pore. The pore width equals to 
86.6 Å with dimensions x and y of 24.6 and 595 Å. 

Fig. 2. Full chemical structure and the atom types of (a) water, (b) dodecane 
and (c) SDBS. For SDBS molecule, the head group (SO3

- ) is marked as blue and 
the hydrocarbon chain is olive. 

Fig. 3. The structure of a SDBS micelle in aqueous phase. 60 SDBS molecules, T = 300 K andP = 1 atm. (a) A snapshot of the equilibrium shape of the SDBS 
micelle. (b) Probability distribution of the distance of atoms sulfur S (blue line) and atoms carbon C (olive line) from the center of mass of the micelle. Red and green 
line – MD simulations from [26]. (C) O (oxygen atoms in water molecules) radial distribution functions from S (sulfur atoms in surfactant molecules). 
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in SDBS molecules) rapidly decreases between 16 and 22 Å for SDBS 
micelle; the sulfur atoms density rapidly decreases between 21 and 
25 Å”. As shown in this figure, the paraffinic (alkanes) radius rC− com 
reads 16.5 Å, and the distance of sulfur atoms of the head group from the 
micelle center of mass, rS− com, is 20.5 Å. The simulated results agree with 
the experimental work by [15], where authors reported a paraffinic 
radius of 16.7 Å using the small angle X-ray scattering (SAXS) of sodium 
dodecyl sulfate (SDS) micelles. The SDS micelles have an almost iden-
tical (difference is within 5 %) carbon atoms and sulfur atoms distri-
bution with SDBS micelles [26]. 

The radius of SDBS micelle is further investigated. The radius of the 
micelle has been defined “as the average distance between the sulfur 
atoms of the head group from the micelle center of mass plus the dis-
tance between the first peak of the water oxygen radial distribution 
function from the sulfur atoms (rS− o(H2O)) minus the radius of water” 
[26]. Our results showrS− o(H2O), see Fig. 3 (c), is 3.75 Å, in line with 
Palazzesi et al.’s (2011) result of 3.43 Å. The final radius of SDBS mi-
celles is 22.85 Å, close to pervious MD result of 22.42 Å [26] and 
experimental result of 22.3 Å [15]. 

3.2. Interfacial tension between oil and water 

3.2.1. Oil/water system without surfactant 
A symmetric two-phase system with 32 × 32 Å in X and Y direction 

consisting of dodecane and water is constructed as in Fig. 4 (a). A 30 Å 
thick slab of liquid water (1024 water molecules based on 0.997 g cm− 3 

for water at T = 300 KP = 1 atm) is placed at the middle of the system. 
The system is under this T and P condition for comparison with available 
simulation and experimental data. At two sides of the water phase are 
two oil slabs, with each length of 22.3 Å containing 60 dodecane mol-
ecules (0.744 g cm− 3 for dodecane at T = 300 KP = 1 atm from NIST 
webbook data [31]). A 1 ns NVT simulation at 300 K as a pretreatment 
and an NPT simulation for 6 ns at T = 300 K and P = 1 atm are 
sequentially carried out. Fig. 4 (b) shows an equilibrium snapshot of 
oil/water system. Data in last 4 ns is collected and used in the calcula-
tions related to interfacial properties. 

The equilibrium average density profiles of water and oil along Z axis 
normal to the plane of the interface is shown in Fig. 4 (c). Then the 
average density is calculated over 200 independent realizations. This 
allows to determine the interfacial thickness of oil/water system. The 
interfacial thickness is an important parameter relating to the interfacial 
tension and has been defined as “the distance between two positions 
where the densities of oil and water are 90 % of their own bulk densities 
[16]”, i.e., the “90–90″ criterion. The vertical solid line and dash line are 
used to represent the “90 % water bulk density position” and the “90 % 
dodecane bulk density position” respectively, and the interfacial thick-
ness, ttotal, of the oil/water system is 3.5 ± 0.08 Å. The findings are well 
in agreement with the value (3.38 Å) calculated from capillary wave 
theory [23]. 

As a planar interface with its normal in the Z-direction was created in 
a fully periodic domain, see Fig. 4 (b), the interfacial tension γ was 
determined after equilibration according to [14]. 

γ =
Lz

2

[

pzz −
1
2
(
pxx + pyy

)
]

(3)  

where pxx , pyy and pzz are the diagonal components of the pressure tensor 
and Lz the domain length in the Z-direction. The pressure tensor pαβ is 
given by the virial expression [14]. 

pαβV =

〈
∑N

i=1
mivα,ivβ,i +

∑N− 1

i=1

∑N

j>1
rα,ijfβ,ij

〉

(4)  

with V the volume of the simulation domain, N the total number of 
atoms, vα,i the velocity component in the α direction of atom i and rα,ij 

Fig. 4. Configuration of oil/water system simulation at T = 300 K andP = 1 atm. A schematic of initial (a) and equilibrium (b) dodecane/water system. (c) The 
average density profiles of water and dodecane along Z axis normal to the plane of the interface. Error bars are less than the symbol size. Vertical solid and dash lines 
(defined by the “90–90″ criterion) are two distinctions between which is defined as oil/water interfacial thickness, ttotal. 

Fig. 5. Interfacial tension of the dodecane-water interface as a function of 
temperature at P = 1 atm. Our simulation data compared to experimental data 
from the literature as indicated. 
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and fα,ij the α component of vectors rij and fij respectively. The angled 
brackets stand for ensemble averaging. 

Our simulated interfacial tension γ = 50.5 ± 1.42 mN/m at T =
300 K and P = 1 atm matches well with experimental measurement of 
IFT of dodecane/water system (52.34 mN/m) at the same 
TandPcondition [44]. However, the simulated IFT is slightly lower than 
the reported 56.23 mN/m in the experimental work part in [39]. The 
uncertainty in interfacial tension is determined by calculating its stan-
dard deviation from 10 time intervals. 

The temperature sensitivity with respect to IFT is further investi-
gated by varying the T from 283 K to 360 K. We discuss about the liquid 
water in this paper and thus the T cannot exceed 373.15 K at 1 atm. In  
Fig. 5 the simulated results of IFT versus T are compared to experimental 
data. Our simulations follow the overall trend as found in previous 
studies: a decrease in interfacial tension with increasing temperature 
until the temperature reaches a value of the order of 360 K where 
interfacial tension has reduced by about 11 % as compared to the value 
of the order of 283 K. The simulated interfacial tension is systematically 
on the lower side compared to measured data (the difference is within 5 
%) [44]. Possible reasons for theses deviations could be (from the 
simulation perspective): the size effects and the effect of time step. For 
experimental factors: the difficulty in the measurement of IFT (including 
the difficulty in keeping the experimental setup clean and the fluids 
might get chemically modified after chemical interaction with the 
experimental setup) would also contribute to the experimental uncer-
tainty [14]. The results in Fig. 5 provide a baseline data set and starting 
point for studying the effects of surfactant on oil/water interfacial 
tension. 

3.2.2. Oil/water/surfactant system 
Based on the initial configuration of oil/water system as shown in 

Fig. 4 (a), two slabs of symmetric surfactant molecules are added in 
between the oil phase and water phase. Each surfactant slab contains 16 
SDBS molecules with their headgroups organized in a 4 × 4 square 
lattice in xy plane [39] and pointing at the middle water phase, see Fig. 6 
(a). This gives the surface area per molecule of 64 Å− 2, following with 
the experimentally observed value for adsorption at air/water interface 
at their critical micelle concentration (CMC) [29]. In this study, the 
surfactant surface concentration Γ is used to describe the interfacial 
properties. 

The same procedure (including the data post-processing for IFT) is 
repeated for oil/water/surfactant system as in oil/water system. The 
simulated γ for oil/water/surfactant equals to 8.35 ± 0.68 mN/m, that is 
an 83 % decrease from 50.5 ± 1.42 mN/m for oil/water at T = 300 K 
and P = 1 atm. In experimental work [39], they reported a value of 8.03 
mN/m for dodecane/water/SBDS system measured via the spinning 
drop technique. Fig. 6 (b) shows an equilibrium schematic of oil/-
water/surfactant system. With surfactant additions, the surfactants 
self-assemble into monolayer on the oil/water interface. The hydro-
phobic hydrocarbon chain inserts into oil phase and the hydrophilic 
headgroup is in contact with water phase. As described in the Intro-
duction section, the monolayer enhances the interfacial interactions 
(surfactant hydrophilic headgroup – water interaction and surfactant 
hydrophobic tails – oil interaction), and thus would decrease the surface 
energy of oil and water phase and thus IFT. 

IFT is closely related to interfacial thickness and interface formation 
energy (IFE) [7,16], which is investigated very limited by experimental 
studies. We now turn to the mechanism of these two factors on the IFT 
reduction from a microscopic perspective, via MD simulations. Fig. 6 (c) 
shows the density profiles of water and oil along Z axis normal to the 
plane of the interface for the equilibrium oil/water/surfactant system. It 
is seen that the calculated interfacial thickness (based on the “90–90″ 
criterion) is 22.5 ± 0.16 Å, that is a distinct increase from 3.5 Å for the 
oil/water system where surfactant is in absence. One reason for the in-
crease in oil/water interfacial thickness is: the hydrophilic headgroups 
and the hydrophobic tails in the surfactant monolayer insert into the 
water and oil phase after surfactant/water and surfactant/oil attrac-
tions; as a result, the permeation of water and oil in the self-assembly 
surfactant membrane leads to the increase of the water interfacial 
thickness and oil interfacial thickness, respectively, and thus the total 
oil/water interfacial thickness ttotal increases. Large interfacial thickness 
usually indicates high miscibility of oil/water phases [39], and the 
oil/water interfacial tension decreases after adding surfactant. 

The energetic stability influences interfacial property [16]. The 
interface formation energy of single surfactant molecule is expressed as 

IFE =
Etotal −

(
n × Esurfactant,single + Edodecane− water

)

n
(5)  

where Etotal, Esurfactant,single, and Edodecane− water denote the potential en-
ergies of whole system, the single surfactant molecule that is calculated 
from a separate MD simulation in vacuum at the same temperature, and 
a bare dodecane-water system. The variable n is the number of surfac-
tant molecules. The IFE is generally negative. It means the additions of 
surfactant would lead to the decrease of system energy and thus the 
system would be more stable [39]. IFE is also a measure of the average 
intermolecular interaction per surfactant molecule as the result of the 
addition of one surfactant molecule into the dodecane-water interface. 
The larger IFE means a stronger interaction between surfactant/dode-
cane and surfactant/water. The strong intermolecular interaction means 
high capability of decreasing interfacial tension [16]. The calculated IFE 
of a single surfactant molecule is − 145.7 Kcal/mol in this study, be-
tween the value of 73.9 and of 264.72 Kcal/mol reported by Xu et al. 
[39] and Jang et al. [16]. 

The number of surfactant molecules - that are placed on oil/water 
interface - is varied to study the effect of surfactant surface concentra-
tion (Γ) on IFT. The number of surfactant molecules has been adjusted 

Fig. 6. A schematic of initial (a) and equilibrium (b) dodecane/water/ 
SDBS system at T = 300 K andP = 1 atm. Sizes for dodecane and water 
molecules are adjusted for clarity. (c) The density profiles of water and 
dodecane along Z axis normal to the plane of the interface. Vertical solid and 
dash lines are two distinctions between which is defined as oil/water interfacial 
thickness, ttotal. 
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from 8 to 32 to generate four oil/water/surfactant systems with different 
surfactant surface concentration from 0.005 to 0.018/Å2. The corre-
sponding IFT with Γ is shown in Fig. 7. IFT has a significant reduction 
(about 77 %) from 36.8 ± 1.46 mN/m to 8.35 ± 0.68 mN/m at T =
300 K and P = 1 atm, which agrees well with the trend observed pre-
viously by Nguyen et al., [25]. Our simulated results provide a proper 
data support for surfactant related oil/water interface studies and also 
for experimental validation. 

3.3. Water flooding 

The initial configuration for water flooding is shown in Fig. 8. 120 
dodecane molecules are placed in the center of the bottom silica surface, 
and 37520 water molecules are added in pore to form a typical reservoir 
condition, T = 330 K andP = 20 MPa [41]. A 4 ns equilibrium MD 

(EMD) simulation is first conducted in a NVT ensemble at T = 330 K. 
Data in the latter 2 ns are collected for static contact angle estimation. 
The pressure after equilibrium is 18.5 ± 0.6 MPa. The equilibrated oil 
droplet is shown via the averaged density contour as in Fig. 9. The angle 
with which the red arc intersects with the top silica surface is estimate 
for static contact angle. The estimated contact angle is 132.39 ± 3.4◦. 
The uncertainty is a result of the standard deviation calculation for 
contact angle over 5 different time intervals. For contact angle estima-
tion, a detailed work on droplet size effect has been reported in our 
previous publication [42], in which the relations between contact angle 
and droplet size were well descripted by modified young’s equation with 
line tension. In this paper, 120 dodecane molecules are used as oil drop 
for contact angle simulation, of which the number of molecules is 
comparable to reported oil droplet contact angle simulation work 
[20–22]. Besides, it requires to generate larger domain to consider 
increasing the size of drop, and thus it is computational expensive to run 
MD simulations. As a result, the size effect is ignored herein. 

Then a 10 ns non-equilibrium MD (NEMD) simulation is followed. 
Temperature remains at T = 330 K. An external force F= 1.0 × 10− 4 

Kcal/mol-Å [13] is added to each water molecule to push water along 
the Y direction. For oil phase, 11.5 ×F is added on each dodecane 
molecule to form an identical force density with water phase. That 
approximately equals to 3 × 108 MPa/m. Such a large external force is 
necessary in MD simulation as previously discussed in our work [43]. By 
varying the factors of F, the relationship between water average super-
ficial velocities (volumetric flow rate divided by cross sectional area) 
and external force is studied. As shown in Fig. 10, water average su-
perficial velocity is proportional to the external force F. This linearity 
helps to extrapolate the practical water flow (velocity) in realistic oil 
reservoir rock. The slope vsuperficial

F ∝W2/μ, with W the width of pore and the 
μ the viscosity of the water. 

The oil displacement speeds (vs) by water flooding is presented by 
tracking the center of mass (COM) of oil droplet as a function of time, see  
Fig. 11. In left subfigure, these droplets center position exhibits linearity 
with time after external force is applied. The vs is the slope of least 
squares fit with a straight line, as shown in right subfigure, which in-
dicates that the oil displacement speed vs is proportional to the external 
force F, or the pressure gradient. 

3.4. Surfactant flooding 

Surfactant molecules are added into after-equilibrium oil/water 
system to study the effect of surfactant flooding on oil droplet 
displacement. The number (N) of surfactant molecules are varied from 

Fig. 7. Interfacial tension of the dodecane/water/surfactant system as a func-
tion of surfactant surface concentration (Γ) at T = 300 K and P = 1 atm. 

Fig. 8. The initial configuration for water flooding system. Water molecules 
sizes have been adjusted for clarity. T = 330 K and P = 20 MPa (a typical 
reservoir condition). The pore width equals to 86.6 Å. 

Fig. 9. Equilibrated oil droplet shape as a result of a time averaging over 
2 ns in EMD water flooding simulation.T = 330 K andP = 18.5 ± 0.6 MPa. 
The red curve is the best fit of a circular arc to the interface. The white line at 
the bottom is at the highest location of atoms constituting the silica surface. 

Fig. 10. Water average superficial velocities versus various F. T = 330 K 
andP = 18.5 ± 0.6 MPa. Error bars are less than symbol size. 
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0 to 60. At the beginning, surfactant molecules are distributed around 
the equilibrated oil droplet (the equilibrated oil droplet can be seen in 
Fig. 9). An example of N = 45 is shown in Fig. 12. Similar with the 
simulation process in water flooding system, a 6 ns EMD simulation is 

first conducted, and the equilibrated oil/surfactant aggregate is shown 
in Fig. 13. An upward movement of oil droplet has been observed with 
surfactant molecules placed at oil/water interface and eventually lifts off 
the silica surface at N = 60. The strong interactions between oil/sur-
factants and water/surfactants due to the surfactant monolayer formed 
on oil/water interface results in oil droplet detachment and displace-
ment (Sedghi 1998). The fitted contact angle for N = 0, 30, 45 and 60 
(with corresponding Γ equals to 0, 0.004, 0.006 and 0.008 1/Å2) are 
132.39 ± 3.4◦, 154 ± 3.7◦, 161.93 ± 3.9◦ and 180◦ respectively. The 
surface surfactant concentration is calculated using the surface area of 
the oil droplet (excluding the base area) at equilibrium as in Fig. 13 (a). 
In the fitting process, it is noted the oil/surfactant aggregate does not 
have a complete circular shape in Fig. 13 b and c, a section of circular fit 
through data near the interface is thus employed in the contact angle 

Fig. 11. Determining the displacement speeds (vs). Left: center mass position of oil droplet (yc) as a function of time for various F. The solid lines are best linear 
fits through the data points and the slope is the estimated average velocity vs. Right: displacement speeds for various F. The straight line is best fits through the 
data points. 

Fig. 12. The initial configuration for oil/water/surfactant system. Water mol-
ecules sizes have been adjusted for clarity. The width of pore is still 86.6 Å. The 
number of surfactant molecules N = 45. T = 330 K and P = 18.5 ± 0.6 MPa. 

Fig. 13. Equilibrated oil/surfactant aggregate shape as a result of a time average over 4 ns in EMD oil/water/surfactant simulation. From a to d: the number of 
surfactant molecules N = 0, 30, 45, 60, with corresponding Γ equals to 0, 0.004, 0.006 and 0.008 1/Å2, respectively.T = 330 K andP = 18.5 ± 0.6 MPa. ρ is the oil/ 
surfactant aggregate (oil and surfactant) density. The red curve is the best fit of a circular arc to the interface. 
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estimation. Besides, considering the layering effect [42], data located in 
13 Å < Z < 22 Å and 13 Å < Z < 35 Å is used for circle fits. The sur-
factant density contour is shown in Fig. 14, where the surfactants are 
coating over the oil surface. The surfactants have a symmetric distri-
bution around the centre of oil droplet. To further observe the surfactant 
molecules orientation at oil/water interface, a visual snapshot of the 
EMD simulation for oil/water/surfactant system after equilibrium is 
given, see Fig. 15. In this figure, surfactant molecules spread around oil 
phase and form a monolayer at oil/water interface with the hydrophobic 
alkyl chain (olive) inserting into oil phase and the hydrophilic head-
group (blue) immersing into water phase. 

Then a 10 ns NEMD simulation for surfactant flooding is performed. 
External force distribution follows the same way as in water flooding 
system. The F keeps unchanged to form an identical pressure gradient as 
in water flooding simulation and a steady oil droplet shape is eventually 
reached (Water had F, both dodecane and surfactants have 11.5 F).  
Fig. 16 shows time-averaged (over 5 ns) droplet shapes where in the 

Fig. 14. Equilibrated surfactant density contours as a result of a time average over 4 ns in EMD oil/water/surfactant simulation. From a to c: the number of sur-
factant molecules N = 30, 45, 60. 

Fig. 15. Impression of surfactant molecules orientation after equilibrium for 
oil/water /surfactant EMD simulation at N = 45. T = 330 K and P = 18.5 
± 0.6 MPa. Water molecule sizes are adjusted for clarity. Top: oil/surfactant 
aggregate configuration. bottom: surfactant molecules configuration. 

Fig. 16. Time-averaged oil/surfactant aggregate shape in NEMD simulation. Each panel is averaged over a time period of 5 ns. From a to d: the number of surfactant 
molecules: N = 0, 30, 45, 60. T = 330 K and P = 18.5 ± 0.6 MPa. 
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averaging process, we move with the sliding drop. It is shown that an 
increased number of surfactant molecules absorbed at oil/water inter-
face (surface concentration) leads to a strong oil droplet deformation. To 
characterize the deformation, an advancing (θa) and receding contact 
angle (θr) has been defined. They are determined by fitting two circular 
arcs to the time-averaged outline of the yz midplane of a droplet, one at 
the advancing side and one at the receding side of the drop, see our 
previous work [43]. It has to be noted that only in water flooding 
simulation, see Fig. 16 (a), both advancing and receding contact angle 
can be well estimated of the value of 124◦ ± 3.2◦ and 138◦ ± 2.8◦, 
compared to its static contact angle of 132.4◦ ± 3.4◦. However, for 
surfactant flooding where the advancing side of the droplet has a com-
plex shape with, for example in Fig. 16 (b) and (c), curvature changing 
sign, θa could not be determined, that is something earlier reported in 
Derksen’s work [8], and thus the contact angle is not discussed further. 
“Upon surfactant interactions, water molecules penetrate into the oil 
layer and propagate onto the rock surface” [36]. As a result, the rock 
surface occupied sites (previously by oil) are gradually replaced by 
water molecules after adding surfactant molecules. This finally leads to 
complete oil droplet detachment from the solid surface at N = 60, with 
corresponding Γ= 0.008 (1/Å2). Where droplet completely lifts off the 
solid surface in the EMD simulation (see Fig. 13 d), the oil/surfactant 
aggregate has relatively small deformation (Fig. 16 d). 

The effect of surfactant flooding on oil droplet displacement is rep-
resented again by tracking the centre of mass of the oil droplet as a 
function of time, see Fig. 17. Surfactant additions have a positive effect 
on the oil displacement, and the displacement speed is dependent on the 
surfactant surface concentration. Where the complete detachment oil 
(N = 60) under surfactant flooding sees the highest oil displacement 
speed, the speed is about 1.8 times higher than that in the identical 
pressure driven water flooding (slope of straight fits to green data and 
black data is 68 and 38 Å/ns respectively). The simulated results indi-
cate surfactant additions result in change in oil contact angle (rock 
surface wettability) as a result of strong interactions between water/ 
surfactant and oil/surfactant. The strong water wetting system further 
increases the oil displacement efficiency under surfactant flooding. The 
displacement speeds vs as a function of surface surfactant concentration 
Γ is shown in Fig. 18. 

4. Conclusion 

In this work, we have presented a full-atoms MD study to investigate 
the oil droplet displacement in the silica nano-slit under surfactant 

flooding. In the first place, the behavior of the micellization of surfactant 
molecules in aqueous solution has been validated. In the second place 
the surfactant impact on significant IFT reduction for oil/water system is 
studied and such reduction is dependent on surfactant surface concen-
tration. Finally, the oil droplet transport in nano slit under surfactant 
flooding is investigated. The main conclusions of our simulation are:  

• Close with literature results, a radius of 22.85 Å micelle is formed by 
60 SDBS surfactant molecules in aqueous solution at T = 300 K and 
P = 1 atm. 

• The fundamental mechanism of IFT reduction with surfactant addi-
tions is described from a microscopic perspective. Interfacial thick-
ness has a increase from 3.5 Å to 22.5 Å for the oil/water system at 
T = 300 K and P = 1 atm after surfactant molecules are absorbed at 
oil/water interface; the calculated interface formation energy of a 
single surfactant molecule is − 145.7 Kcal/mol, indicating a decrease 
of system energy with surfactant additions as a result of a strong 
interaction between surfactant/dodecane and surfactant/water.  

• For water flooding, the oil displacement speed is proportional to the 
external force F mimicking the pressure gradient. Compared to water 
flooding, surfactant additions would strongly change the rock sur-
face wettability – oil droplet contact angle increases with surfactant 
additions until it completely detaches from substrate at surfactant 
surface concentration equals to 0.008 1/Å2– and displace oil that was 
previously adsorbed at pore surface. 

• Under an identical pressure gradient driven, the oil droplet defor-
mation and displacement speed have a positive relation with its static 
contact angle (the larger the static contact angle, the stronger the 
droplet deformation and the higher the displacement speed). How-
ever, limited deformation is observed as oil droplet detaches from the 
solid substrate.  

• Compared with water flooding, adding surfactant can significantly 
increase (up to 80 %) oil displacement speed. Where it has the 
highest displacement speed, oil drop completely lifts off solid 
substrate. 

In the future we will be working on the effect of surfactant size, 
including molecule mass and its hydrocarbon chains lengths), and 
headgroups on interfacial properties to account for more complicated 
situations and investigate its effect on oil/water flow transport. 
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