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Abstract8

Fluid transport involving brine-oil interfaces plays an important role in applications including9

enhanced oil recovery and oil-brine separation and can be affected markedly by the slippage at10

these interfaces. The slippage at brine-oil interfaces, however, is not well understood, especially11

in the presence of surfactants, which are ubiquitous in natural and engineering systems. Here,12

we report molecular dynamics studies of the slippage at brine-decane interfaces in the presence of13

two surfactants, nonylphenol and phenol. They share essentially the same head but nonylphenol14

has a nine-carbon alkyl tail and phenol has no clear tail. At zero surfactant density, a slip length15

of 1.2 nm exists at the brine-decane interface. As either surfactant is introduced to brine-decane16

interfaces, the slip length initially decreases linearly, with nonylphenol being more effective in17

reducing the slip length. As more surfactants are introduced, the decrease of slip length slows18

down and eventually, the slip length plateaus at -1.4 nm and -0.5 nm for interfaces populated19

with nonylphenol and phenol, respectively. The mechanisms of the observed slip length vs.20

surfactant density relations and the effects of tail length on the interfacial slippage are elucidated21

by analyzing the molecular structure and transport of interfacial fluids and surfactants.22

∗To whom correspondence should be addressed. Email: ruiqiao@vt.edu.
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1 Introduction23

Multiphase flows involving fluid-fluid interfaces play an important role in numerous applica-24

tions such as oil recovery, materials processing, and thermal management. Fundamental under-25

standing and effective modeling of the fluid behavior at fluid-fluid interfaces is essential for the26

accurate prediction of the macroscale behavior of multiphase flows. Conventionally, the no-slip27

condition is often assumed at fluid-fluid interfaces. However, molecular simulations and experi-28

mental studies have revealed that velocity jump can occur across fluid-fluid interfaces, and the29

slippage is often characterized using the slip length. The slip length at fluid-fluid interfaces is often30

comparable to the size of fluid molecules,1,2 which is in contrast to that at fluid-solid interfaces,31

where slip lengths of tens to hundreds of molecular diameter can be engineered by manipulating32

the roughness of solid surfaces.3,433

The slippage at fluid-fluid interfaces greatly affects the overall behavior of a multiphase flow if34

the slip length is comparable to the flow’s characteristic length3,5,6 (this is in contrast to the slippage35

at fluid-solid interfaces, which is often important even in macroscale multiphase flows, e.g., slip at36

contact lines).7 Consider, for example, oil and brine flows in oil reservoirs. Oil reservoirs often have37

pores ranging from nanometers to millimeters. In large pores, brine-oil slippage does not notably38

affects oil transport. In small pores, the effects of brine-oil slippage can become important. For39

example, during oil recovery, oil slugs with micrometer dimension often must move through narrow40

pore necks formed by rocks to be recovered. When the rock is strongly water-wet, a brine film exists41

between the oil slug and pore neck’s walls.8 Therefore, the transport of oil slugs through pore necks42

feature two characteristic length scales: the pore diameter and the thickness of the brine film. If the43

slip length is comparable to any of these scales, brine-oil slippage cannot be neglected. In practice,44

brine films are often molecularly thin and thus slippage at brine-oil interfaces can greatly facilitate45

the transport of oil slugs through pore necks.9,1046

Because of its technical importance, the slippage at fluid-fluid interfaces has been investigated47

by many researchers, even though less intensively as fluid-solid slippages.3,11,12 Most prior works48

focused on interfaces between two neat liquids.1,2,9,13–16 For interfaces between molecular liquids,49

the slippage is found to reduce as the miscibility between the two liquids improves. For interfaces50

between polymeric liquids, incomplete entanglement of molecular chains of the different species51

enhances interfacial slippage. While impurities often accumulate preferentially at fluid-fluid inter-52

faces, how they affect interfacial slippage has received little attention thus far. A notable exception53
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is the seminal work by Hu and colleagues.16 They investigated how surfactants affect slippage at54

liquid-liquid interfaces by modeling two immiscible liquids as Lennard-Jones (LJ) particles and55

surfactants as chains of LJ particles. They found that surfactants reduce the slippage, especially at56

high densities. A nonlinear relation between slippage and surfactant density was observed, although57

the underlying mechanisms were not the focus of their work.58

The previous works improved our understanding of the slippage at fluid-fluid interfaces, but59

many issues remain open. For example, fluids are modeled as LJ particles in the majority of60

available computational studies. While such simple models can capture some essential aspects of61

interfacial fluid transport, they do not capture molecular details of fluids well and thus do not62

offer data for specific fluid-fluid interfaces relevant to engineering practice. In particular, brine-63

oil interfaces are ubiquitous in multiphase flows in petroleum applications including enhanced oil64

recovery and oil-brine separations, but the slippage at these interfaces is not well understood yet.65

Furthermore, impurities, either naturally presented or intentionally introduced, are ubiquitous at66

fluid-fluid interfaces. For example, crude oil generally contains amphilic impurities and surfactants67

are sometimes injected into reservoirs to enhance oil production. These impurities can reach brine-68

oil interfaces through diffusion, but the effects of interfacial impurities on slippage at brine-oil69

interfaces are only begun to be studied and many questions remain open. For example, to what70

extent the slip length reduction observed in simple LJ fluids and surfactants can be observed in71

more realistic fluid-surfactant-fluid systems? How do the physicochemical details of surfactants72

(e.g., the length of their tails) affect the slippage?73

In this work, we study the slippage at model brine-oil interfaces in the presence of surfactants74

using molecular dynamics (MD) simulations. We determine how the slip length is affected by75

the density and tail length of the surfactants and clarify the underlying molecular mechanisms76

by quantifying the structure and movement of interfacial fluids and surfactants. The rest of the77

manuscript is organized as follows. Section 2 introduces the simulation system and methods.78

Section 3 presents the simulation results and molecular analysis of the slippage at brine-oil interfaces79

populated with two surfactants at different densities. Finally, conclusions are drawn in Section 4.80

2 Simulation Systems and Methods81

Simulation system. To study how surfactants at brine-oil interfaces affect interfacial slip, we82

adopt the simulation system shown in Fig. 1. The system consists of five components: a substrate,83
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a brine layer, an oil layer, surfactant molecules at the brine-oil interface, and a plate above the oil84

layer. The substrate is fixed. The plate is pulled at constant speed in the x−direction to generate85

a Couette flow in the brine and oil layers. Two classes of systems with different surfactants are86

studied. In each class of system, a series of simulation systems with different densities of surfactant87

molecules at brine-oil interfaces are studied.

Figure 1: Snapshots of the two types of simulation systems with nonylphenol (a) and phenol

surfactants (b) at brine-oil interfaces. The insets are the molecular models of the nonylphenol

and phenol molecules. Atoms are represented using spheres with the following color coding: cyan-

carbon, red-oxygen, white-hydrogen, blue-sodium, green-chloride, yellow-silicon. The plate made

of a carbon sheet is colored as gray.

88

The substrate is a quartz slab of ∼ 3 nm thick, and its surface facing the brine has a net charge89

density of −0.12 C/m2, as typical for quartz in contact with aqueous electrolytes. The top plate90

is made of a carbon sheet. The brine layer is an aqueous NaCl solution with a bulk concentration91

of 0.8 M and the number of Na+ and Cl− ions are adjusted to balance the substrate’s charge.92

The oil layer is a n-decane slab. Both the brine and oil layers are ∼ 8nm thick so that bulk-like93

behavior is recovered in their middle portion. Two kinds of surfactants, nonylphenol and phenol94

(see Fig. 1’s insets), are studied. These surfactants are common impurities in crude oil.17 Both95

surfactants feature a hydroxyl group bonded to an aromatic ring, while nonylphenol additionally has96

a hydrophobic tail that includes nine carbon atoms. The structural similarity of these surfactants’97

head groups allows us to investigate how the length of their hydrophobic tails affects the interfacial98

slip behavior.99
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All systems are periodic in all three directions, and their projected area is 5.50×3.93 nm2 in100

the xy−plane. The distance between the top plate and the substrate varies between 11.85 and101

12.88 nm in different systems. A vacuum space of 16 nm in height is included above the top plate.102

Molecular Models. The quartz substrate is cleaved from an α−quartz block through the103

(101) plane and its surface silanol groups are selectively deprotonated using the approach developed104

by Kroutil et al. to obtain the desired surface charge density.18 Quartz is described using the105

CLAYFF force fields.18,19 The top plate is modeled as a sheet of carbon atoms. Water is described106

using the SPC/E model. Force field parameters for Na+ and Cl− ions are obtained from Ref. 20.107

n-decane and surfactant molecules are built using the Automated Topology Builder (ATB 3.0), and108

their bonded parameters and Lennard-Jones (LJ) parameters are based on the GROMOS 54A7 force109

field.21,22 Using these force fields, the densities of bulk brine and decane in our simulation systems110

are found to deviate from the experimental values less than 0.33% and 0.38%, respectively.23 The111

radius of gyration of bulk decane molecules in our simulation system is found to be 0.33 nm, in112

excellent agreement with literature data.24 The force fields of surfactants have been shown to enable113

accurate prediction of the thermodynamic properties of water-decane interfaces.25114

Simulation methods and protocol. All simulations are performed using the Gromacs code115

(version 4.5.6).26 Each simulation consists of four steps. First, the Packmol package27 is used to116

build each system by packing the water molecules, Na+ ions, Cl− ions, decane molecules, and sur-117

factant molecules between the substrate and the top plate. Next, energy minimization is performed118

using the steepest descent algorithm until the maximal force is less than 1000 kJ mol−1nm−1. Then,119

an equilibration run of 5 ns is performed in the NVT ensemble with a temperature of 350 K. During120

this equilibrium run, a constant force is applied on the top plate to produce a downward pressure121

of 20 MPa in the system. The temperature and pressure adopted here are selected to be relevant122

to the oil-brine-rock systems in oil reservoirs. During this equilibrium run, the temperature and123

position of the top plate are monitored to ensure that an equilibrium is achieved. Finally, the124

z−position of all atoms of the top plate is fixed, and the plate is pulled to move in the x−direction125

at a constant speed V . This non-equilibrium production run lasts for 200 − 400 ns, and statistics126

of the density and velocity of molecules in the system are gathered on-the-fly.127

The SETTLE algorithm is used to constrain the bond lengths and angles of water molecules.28128

The LINCS algorithm is used to fix the bond length in other molecules.29 The system temperature129

is controlled by a velocity rescaling thermostat with a relaxation time of 1 ps.30 A cutoff of 1.2 nm130

is used to compute the LJ potentials. Electrostatic interactions are computed using the particle131
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mesh Ewald (PME) method with an FFT spacing of 0.12 nm and a real-space cutoff of 1.2 nm. The132

slab-correction is applied to effectively remove the periodicity of the system in the z−direction.31133

The leap-frog algorithm is used to integrate the equations of motion with a time step of 1 fs.134

3 Results and Discussion135

3.1 Quantification of interfacial slip136

Before investigating the effects of surfactant on the slippage at brine-decane interfaces, we first137

briefly examine the structure and slippage behavior of brine-decane interfaces free of surfactants.138

Figure 2a shows the density profiles of water and decane across the simulation system. Within139

about 2 nm from the surfaces of the quartz and plate walls, the density profiles of water and decane140

oscillate, as is common for liquids near solid surfaces. As we move further from solid surfaces, bulk141

liquid behavior is recovered in regions 4 nm < z < 7 nm (water) and 10 nm < z < 13 nm (decane).142

As we move from z = 7 nm to 10 nm, the water density decreases smoothly to zero while that of143

decane increases toward bulk density. The region in which the densities of water and decane (and144

thus their molecular packing) differ markedly from their bulk values has a thickness of about 1 nm145

and can be identified as the interfacial region.146

Figure 2b shows the velocity profiles of water and decane across the system. Because shear147

stress is applied through pulling the plate in the x−direction, and linear momentum in x− direc-148

tion is transported via viscous forces in the z−direction, leading to a Couette flow. Linear velocity149

profiles are obtained in the bulk liquid regions. In the interfacial region, our molecular simulations150

show that the velocities of water and decane differ from each other. Such differences, however, are151

generally not resolved explicitly in continuum fluid dynamics. Indeed, in the continuum descrip-152

tion of a fluid-fluid interface, the nanometer-thick interfacial region between immiscible liquids is153

typically treated as a plane with zero thickness and the fluids on either side of the interface are154

taken as bulk fluids (see Fig. 2c), although it is also possible to take a more general approach by155

introducing interfacial viscosity as additional parameters.6156

With these treatments, the differences between the velocity of two fluids in the interfacial157

region are lumped into a single effect, i.e., slippage at the fluid-fluid interface.15 The fluid-fluid158

slippage is quantified using a slip length defined by159

λ = µr
uslip
τ

(1)
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Figure 2: The density (a) and the velocity (b) profiles of water and decane across the simulation

system that is free of surfactants (Γ = 0). In (a), the vertical dashed line denotes the position

of the water-decane interface defined as the position where the water density is half of its bulk

density. In (b), the black solid lines are obtained from linear regression of the velocity profiles in

the bulk region (water: z = 4− 7 nm; decane: z = 10-13 nm). (c) The schematic of the continuum

description of a Couette flow near a fluid-fluid interface.

where µr is a reference viscosity, τ is the shear stress, and uslip is the slip between two fluids at160

their interface.161

In this work, we adopt the above continuum approach to describe the slippage at brine-oil162

interfaces. Following the concept of Gibbs dividing surface, the brine-decane interface is defined as163

the position where the interfacial excess of water is zero. Using this definition and the water density164

profile shown in Fig. 2, the brine-oil interface is assigned to z = 8.05 nm (see the vertical dashed165

line in Fig. 2b). To obtain the slip velocity of the Couette flow at the brine-decane interface, we166

first fit the velocity profiles of water and decane in the bulk regions to a linear equation and use167

it to extrapolate the water and decane velocity at the brine-decane interface. Next, the velocity168

difference between water and decane at the interface is taken as the slip velocity uslip. We note169

that uslip in general can vary with the definition of the brine-decane interface (see Supplementary170

Material and Fig. S1). However, as long as the interface is defined consistently among different171

cases, the computed slip velocity allows the slip length in difference cases to be compared.172

Without losing generality, we take the reference viscosity to be that of bulk decane, µo. By173

dividing the shear stress in the fluids using the velocity gradient in bulk decane, we obtain µo = 0.41174

mPa·s. µo is lower than the experimental value (0.58 mPa·s)32 because the united atom force fields175
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adopted here for decane generally underestimate hydrocarbon’s viscosity.33 The slip length λ is176

then calculated using Eq. 1. Using the method described here, a slip velocity of 2.0 m/s was177

obtained at the water-decane interface , which leads to a slip length of 1.20±0.26 nm.178

The continuum model of fluid-fluid slippage is essentially a coarse-grained description of flows179

near interfaces. The slip length λ is parameterized so that the momentum transfer across fluid-fluid180

interface and fluid velocity at macroscopic distance from fluid-fluid interfaces can be predicted. The181

slip length λ therefore encodes molecular physics in the interfacial region that are not explicitly182

resolved in the continuum model. The positive slip length computed above originates from the183

hydrophobic nature of decane molecules. Because apolar decane molecules are hydrophobic, the184

water molecules near the water-decane interface interact weakly with decane molecules at and above185

the interface. Furthermore, decane and water molecules are poorly mixed in the interfacial zone186

around the water-decane interface. Therefore, the transfer of momentum and transmission of shear187

stress across the water-decane interface are not facile. For a given shear stress, a relatively large188

jump of the velocity of water and decane across their interface occurs, resulting in a positive slip189

length. Furthermore, because water and decane in the interfacial zone have density far lower than190

their bulk densities and are not well-mixed, the viscosity of interfacial water and decane is lower191

than their bulk value (this can be seen in Fig. 2b, where the slope of water and decane velocity192

profiles near the brine-decane interface is not constant as assumed in the continuum model but193

increases as we approach the interface within a distance of about 0.3 nm). These molecular scale194

effects are absent from the continuum models of interfacial slip, but their effects are lumped into195

to interfacial slip model using the slip length λ.196

3.2 Modulation of interfacial slippage by nonylphenol197

We now study how the interfacial slip at brine-decane interfaces is modified by nonylphenol198

surfactants with a relatively long hydrophobic tail. Figure 3 shows the variation of slip length (λ)199

as a function of the area density (Γ) of nonylphenol at brine-decane interfaces (the slippage data200

for interfaces populated with phenol are discussed in Section 3.3). The λ−Γ relation shows two key201

features. First, as Γ increases from 0 to ∼ 0.5 nm−2, λ decreases rather linearly and even becomes202

negative. Second, as Γ increases further, λ decreases, but its change becomes smaller and smaller;203

eventually, λ plateaus.204

To gain the insight into slip length at brine-decane interfaces revealed above, we first examine205

the structure and flow around these interfaces at three representative nonylphenol densities. Figure206
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Figure 3: The variation of slip length at brine-decane interfaces as a function of the surfactant

number density Γ at the interfaces.

4 shows the density and velocity at Γ = 0.23, 0.46, and 1.85 nm−2, which correspond to low,207

medium, and high surfactant densities, respectively. The upper panel of Fig. 4a shows that,208

at Γ = 0.23 nm−2, the heads of nonylphenol are in contact with the brine phase as expected.209

As can be inferred, for low but nonzero surfactant density near the vertical dashed line, some210

nonylphenol molecules’ tail lie at the brine-decane interface. Nevertheless, a significant fraction of211

the nonylphenol tails protrudes deep into the decane phase. These distributions of surfactant heads212

and tails are consistent with the orientation of surfactant molecules shown in Fig. 5a, where the213

distribution of nonylphenol’s head-to-tail vector with respect to the normal direction of the brine-214

decane interface is shown. Specifically, while nonylphenol molecules predominately point their215

hydrophobic tail normal to the brine-decane interface, a notable fraction of nonylphenol molecules216

orients their tail nearly parallel to the brine-decane interface. The distribution and orientation of217

hydrophobic tails observed here are attributed to the low density of surfactants at the brine-decane218

interface. As shown in Fig. 6a, at Γ = 0.23 nm−2, the brine-decane interface is only sparsely219

populated by surfactant molecules. Under this condition, when a nonylphenol molecule positions220

its hydrophobic tail at brine-decane interface, it simply displaces interfacial decane molecules into221

the bulk. Therefore, a surfactant molecule can lie flat at the brine-decane interface easily: it does222
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not increase the total interfacial area between hydrophobic motifs and water molecules in the system223

but increases the configuration entropy of surfactant molecules.

Figure 4: The density and velocity profiles of water, decane, and surfactant near brine-decane

interfaces featuring nonylphenol with an area density of Γ = 0.23 nm−2 (a), 0.46 nm−2 (b), and

1.85 nm−2 (c). The vertical dashed lines denote the position of brine-decane interfaces.

224

Given the distribution and configurations of nonylphenol revealed above, the surfactants’ hy-225

drophilic heads become associated with some of the interfacial water molecules while some of their226

hydrophobic tails mix with the interfacial decane well. Therefore, surfactants at the brine-decane227

interface bridge the brine and decane phases, which causes the velocity slip between the brine and228

decane phases to decrease (see the bottom panel of Fig. 4a). Nevertheless, the velocity profiles in229

Fig. 4a reveal that the velocity of surfactant heads (tails) is notably higher (lower) than the aver-230

age velocity of water at the same position, i.e., the velocity of surfactants is not fully in-sync with231

the average velocity of local water molecules. This is reasonable because, given the low surfactant232

density, a large fraction of interfacial water is still in contact with decane (see Fig. 6a); it also233

explains why the slip length remains positive at Γ = 0.23 nm−2.234

As Γ increases to 0.46 nm−2, the density and velocity profiles of interfacial fluids and surfactants235

are modified further. Comparison of the upper panels of Fig.4a and Fig.4b shows that, at more236

nonylphenols are introduced, their hydrophobic tails displace decane originally at the brine-decane237

interface while distribution of interfacial water and nonylphenol’s head group resemble those at238

Γ = 0.23 nm−2. Figure 5a shows that the orientation of nonylphenol’s tail is little changed from239

that at Γ = 0.23 nm−2. This is not surprising because, as shown in Fig. 6b, even at Γ = 0.46240

nm−2, the spacing between nonylphenol molecules at the brine-decane interface is large enough241

10



Figure 5: Orientation of surfactant molecules at brine-decane interfaces. (a) The distribution of

the angle θ formed by the head-to-tail vector of nonylphenol and the normal vector of the brine-

decane interface at different surfactant area density Γ. (b) The variation of the order parameter

P2(cosθ) of nonylphenol and phenol as a function of their density Γ. A nonylphenol’s head-to-tail

vector is defined as the vector pointing from the oxygen atom of its head to the last carbon atom of

its tail. For phenol, a pseudo head-to-tail vector is defined as the vector pointing from the oxygen

atom of its hydroxyl group to the carbon atom across the benzene ring (see inset of panel a).

that they don’t interact with each other and each nonylphenol ”sees” mainly decane and water242

molecules just as when Γ =0.23 nm−2. Nevertheless, the increased population of nonylphenol243

at the brine-decane interface means that more interfacial water molecules become associated with244

nonylphenol’s hydrophilic heads and more interfacial decane molecules become intercalated between245

nonylphenol’s hydrophobic tails. Therefore, as shown in the bottom panel of Fig. 4b, the velocity246

of nonylphenol’s head (tail) is essentially equal to that of the water (decane) at the same position.247

Consequently, the velocity jump at the brine-decane jump disappears and the slip length is reduced248

to essentially zero. It is interesting to note that, although the interface is not fully occupied by249

nonylphenol molecules, the slippage between the brine and decane phases is already dominated by250

surfactant-water and surfactant-decane interactions.251

As Γ increases further to 1.85 nm−2, more decane is displaced from the brine-decane interface252

by nonylphenol’s hydrophobic tails, even though a significant amount of decane molecules penetrate253

the tail layer (see Fig. 4c). The latter leads to excellent mixing between the surfactants’ tails and254

interfacial decane as evident in Fig. 6c. The orientation of nonylphenol’s tails differ from that255

at lower Γ. Specifically, tails of nonylphenol become highly oriented normal to the brine-decane256
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Figure 6: Top and side views of the interfacial zone in brine-nonylphenol-decane systems with a

nonylphenol density of Γ = 0.23 nm−2 (a), 0.46 nm−2 (b), and 1.85 nm−2 (c). Atoms are represented

using spheres with the following color coding: green-decane, golden-surfactant, red-water in contact

with the highly polar atoms in surfactant’s hydrophilic head, cyan-interfacial water in contact with

hydrophobic tail or decane, and blue-water in contact only with water. If a water molecule is in

contact with surfactant head and decane (or surfactant tail), it is colored red. In the top views,

decane molecules are not shown for clarity. Methods for determining the contact between water

molecules and interfacial species are detailed in the Supplementary Material.
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interface (see Fig. 5a) and more stretched compared to that at lower Γ, mostly due to the crowding257

of nonylphenol at the interface.258

The strong alignment of nonylphenol’s tail in the z−direction and the excellent mixing between259

interfacial decane and nonylphenol at Γ = 1.85 nm−2 should make it difficult to shear the fluids in260

the interfacial zone in the xy−plane, or equivalently, increase the effective viscosity of these fluids261

greatly. This is indeed observed in Fig. 4c, where the velocity profiles of interfacial decane and262

surfactant tails completely overlap and show a very small slope. In the Couette flow studied here,263

the greatly enhanced viscosity of interfacial fluids decreases the difference between the velocity264

in bulk decane and bulk brine. This decrease of velocity difference, when described using the265

continuum theory outlined in Section 3.1, leads to a negative slip length as shown in Fig. 3.266

Having gained insight into the slip length at representative surfactant densities, we now return267

to the two key features of λ− Γ relation at brine-decane interfaces: at Γ . 0.5 nm−2, λ decreases268

linearly with Γ; as Γ increases further, λ decreases more slowly and nonlinearly, eventually plateaus.269

As explained above, in the presence of surfactants, the interfacial slip is reduced by three factors270

reflecting surfactant-water and surfactant-decane interactions: the interactions between interfacial271

water molecules with surfactants’ highly polar atoms (e.g., those in their heads), the alignment of272

surfactants’ tail normal to the brine-decane interface, and the mixing between surfactants’ tails with273

interfacial decane molecules. The above features of the λ−Γ relation originates from the evolution274

of these factors with increasing Γ, which can be further traced to the evolution of the structure of275

interfacial water, nonylphenol, and decane as more nonylphenol molecules are introduced.276

To appreciate the evolution of the interactions between interfacial water and nonylphenol’s277

hydrophilic heads with increasing Γ and its molecular origins, we quantify the fraction of interfacial278

water molecules in contact with nonylphenol’s hydrophilic head (α = Nh
iw/N

tot
iw ) as a function of279

Γ. N tot
iw is the total number of interfacial water molecules and Nh

iw is the number of interfacial280

water molecules in contact with nonylphenol’s hydrophilic head. A water molecule is considered281

an interfacial molecule if it is in contact with either nonylphenol (head or tail) or decane molecule.282

A water molecule is in contact with a molecule/motif X (e.g., a decane molecule or nonylphenol’s283

head/tail) if its distance to any atom i of molecule/motif X is shorter than position of the first284

valley of the radial distribution function of Xi-water pair (see Supplementary Material).285

Figure 7a shows the variation of α as a function of Γ. At Γ . 0.5 nm−2, α increases linearly286

with Γ. This is consistent with the fact that, at low Γ, the separation between surfactants’ head287

at brine-decane interface is large (see Fig. 6a) and each newly introduced nonylphenol increases288
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the number of water molecules associated with nonylphenol’s head by a similar amount. As Γ289

increases to 0.46 nm−2, almost 30% of interfacial water molecules are in contact with nonylphenol’s290

head (see Fig. 7a) and the distance between nonylphenol’s head becomes relatively small so that291

a water molecule can come into contact with the heads of two neighboring nonylphenol molecules292

(see Fig. 6b). This trend is strengthened at higher Γ (see Fig. 6c) and thus the increase of α with Γ293

becomes smaller and smaller as Γ increases (see Fig. 7a). Because water molecules in contact with294

nonylphenol’s hydrophilic head interact much more strongly than with interfacial decane molecules295

or nonylphenol’s hydrophobic tail, as Γ increases, the increase of water-surfactant interactions and296

the association between surfactant and interfacial water (and thus the decrease of the slip length)297

are expected to follow the same trend of α.298

Figure 7: Statistics of brine-decane interfaces populated with surfactant molecules. (a) The fraction

of interfacial water molecules in contact with the highly polar atoms in surfactants as a function of

their density Γ. (b) The accessible area of surfactant tails (or apolar atoms for phenol) by decane

Aso normalized by the projected area of the brine-decane interface Aprj as a function of Γ.

To appreciate the evolution of the alignment of nonylphenol’s tails and the mixing between299

these apolar tails with the interfacial decane, we compute, as a function of Γ, the orientation300

ordering parameter P2(cos θ) of nonylphenol’s tails and the net accessible area of nonylphenol’s301

apolar atoms (i.e., atoms in its tail) by decane molecules (Aso). P2(cos θ) =
〈
3 cos2 θ − 1

〉
/2, and θ302

is the angle formed by a surfactant molecule’s head-to-tail vector and the normal vector of the brine-303

decane interface (see Fig. 5). Aso is computed in a way analogous to the calculation of the accessible304

area of a biomolecule by solvent water34–37 (we used the “gmx sasa” tool in Gromacs,26 which was305

based on the double cubic lattice method).38 A complete random orientation of nonylphenol tails306
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corresponds to P2(cos θ) = 0, while perfect alignment of nonylphenol tails normal to the brine-307

decane interface corresponds to P2(cos θ) = 1 (see inset of Fig. 5a for the definition of θ). Figure308

5b shows that P2(cos θ) of nonylphenol increases from 0.1 to 0.47 as Γ increases from 0.05 to 2.59309

nm−2. Figure 7b shows that the contact area between nonylphenol tails and decane increases rapidly310

at low Γ but plateaus at high Γ, the latter caused by the crowding of nonylphenol tails at high Γ311

(see Fig. 4c and Fig. 6c). Together, these results indicate that, as Γ increases, nonylphenol’s tails312

become increasingly aligned and their interpenetration (mixing) with the decane phase is enhanced313

but at increasingly lower rate. Because the increased alignment of nonylphenol’s tails enhances the314

effective viscosity of interfacial fluids made of well-mixed nonylphenol tail and decane, λ decreases315

as Γ increases. Furthermore, because the effective viscosity already becomes much higher than that316

of bulk water and decane when Γ reaches 1.85 nm−2 (see the flat velocity profile in the interfacial317

zone in Fig. 4c), λ decreases only marginally as Γ increases beyond 1.85 nm−2.318

3.3 Modulation of interfacial slippage by phenol319

Here we study the slippage behavior at brine-decane interfaces featuring phenol. As shown in320

Fig. 1, phenol has the same benzene ring with an attached hydroxyl (−OH) group as nonylphenol321

but lacks a tail. Nevertheless, phenol is a surfactant because part of its benzene ring is less polar322

than water molecules. Figure 3 shows the variation of slip length of brine-decane interfaces as a323

function of phenol density Γ. We observe that λ decreases rather linearly with Γ till Γ reaches about324

0.5 nm−2, decreases more and more slowly as Γ increases, and eventually saturates at λ ∼ −0.5325

nm. To understand these results, we examine the molecular structure and fluid flow near the326

brine-decane interface at three representative phenol densities.327

At Γ = 0.46 nm−2, Fig. 8a shows that the density profile of interfacial water is very similar328

to that shown in Fig. 4b because the highly polar portion of phenol, which interact strongly with329

interfacial water, is identical to that of nonylphenol. The density of decane approaches that of bulk330

decane at a smaller distance from the brine-decane interface compared to that shown in 4b, which331

is expected because the partial displacement of decane by tails of nonylphenol does not occur here332

due to the lack of clear tails by phenol molecules. Despite the lack of a hydrophobic tail, phenol333

molecules exhibit orientation ordering at brine-decane interfaces. To quantify the orientation of a334

phenol molecule, we define a pseudo head-to-tail vector that points from its most polar atom (the335

oxygen atom of its hydroxyl group) to the much less polar carbon atom located across the benzene336

ring. Figure 9 shows that, at brine-decane interfaces, phenol molecules preferentially point their337
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pseudo head-to-tail vector to the decane phase, i.e., align their more (less) polar atoms toward the338

water (decane) phase.339

Overall, at Γ = 0.46 nm−2, the brine-decane interface is moderately populated by phenol340

molecules with modest orientation ordering. Therefore, while many interfacial water molecules341

become associated with the highly polar atoms of phenol, other interfacial water molecules remain342

in direct contact with decane molecules (see Fig. 10a). When the interfacial region is sheared, the343

phenol atoms’ velocity near water molecules is in sync with water molecules’ (see Fig. 8a), similar344

to that observed for brine-nonylphenol-decane interface with the same Γ (see Fig. 4b); the phenol345

velocity near decane molecules, however, is slower than decane’s because phenol’s less polar atoms346

neither protrude deep into the decane phase nor interact strongly with decane molecules. As such,347

although the slippage between the water and decane phase is suppressed by the surfactant-water348

and surfactant-decane interactions, a positive slip length of λ ∼ 0.5 nm still exists.349

Figure 8: The density and velocity profiles of water, decane, and surfactant near brine-decane

interfaces featuring phenol with an area density of Γ = 0.46 nm−2 (a), 1.34 nm−2 (b), and 2.95

nm−2 (c). The vertical dashed lines denote the position of brine-decane interfaces.

As Γ increases to 1.34 nm−2, Fig. 8b shows that the density profiles of interfacial water350

and decane remain similar to those at Γ = 0.46 nm−2 except that decane is displaced marginally351

away from the water phase by the newly introduced phenol. The preferential alignment of phenol352

molecules with their more (less) polar atoms pointing toward the water (decane) phase is only353

slightly enhanced (see Fig. 5b and 9). The brine-decane interface is now densely populated with354

phenol so that most of the interfacial water molecules are in contact with phenol and more interfacial355

decane appear in the space between the less polar portion of phenol molecules (see Fig. 10b). The356
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Figure 9: The distribution of the angle θ formed by the pseudo head-to-tail vector of phenol and

the normal vector of the brine-decane interface at different phenol density Γ.

latter enhances the interactions between surfactant and the interfacial decane, which facilitate the357

transmission of shear stress from bulk decane to the surfactants. Therefore, when the interfacial358

zone is sheared, the velocity of phenol is in sync well with the velocity of both interfacial water and359

decane (see Fig. 8b). Consequently, the slippage between the water and decane phase disappears360

and the slip length becomes essentially zero.361

As Γ increases further to 2.95nm−2, more decane molecules are displaced from the brine-decane362

interface by phenol molecules, while the density profile of interfacial water changes relatively little363

(see Fig. 8c). Figure 10c shows that the brine-decane interface is now crowded with phenol364

molecules. The phenol molecules mix well with the interfacial decane and some even protrude deep365

into the decane phase. The phenol molecules are slightly more aligned with the normal direction366

of the brine-decane interface compared to that at Γ = 1.43 nm−2 (see Fig. 5b and 9). Because of367

the high density and notable orientation ordering of phenol in the interfacial region and their good368

mixing with the interfacial decane, the effective viscosity of the fluids in the interfacial region is369

enhanced and the velocity gradient near the brine-decane interface is reduced. Consequently, the370

slip length becomes negative.371

Overall, as phenol is introduced to brine-decane interfaces, the slip length first decreases lin-372

early. The decrease slows down as Γ increases and eventually the slip length plateaus. Such an373
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Figure 10: Top and side views of the interfacial zone in brine-phenol-decane systems with a phenol

density of Γ = 0.46 nm−2 (a), 1.34 nm−2 (b), and 2.95 nm−2 (c). Atoms are represented using

spheres with the following color coding: green-decane, golden-surfactant, red-water in contact with

the phenol’s highly polar atoms, cyan-water in contact with phenol’s apolar atoms or decane, and

blue-water in contact only with water. If a water molecule is contacted with both phenol’s highly

polar atoms and decane, it is colored red. In the top views, decane molecules are not shown for

clarity.
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λ−Γ relation is similar to that for brine-decane interface with nonylphenol as surfactants, but also374

shows several differences. First, in the linear regime, the suppression of slip length by phenol is375

weaker than by nonylphenol. Second, the asymptotic value of λ at large Γ is higher for phenol than376

for nonylphenol.377

The above differences can be attributed to the absence of a clear tail in phenol. As ex-378

plained above, the slippage at brine-decane interfaces is governed by surfactant-water interaction,379

surfactant-decane interaction, and the alignment of surfactant to the brine-decane interface. At low380

Γ, slippage is dominated by the weak water-decane interactions, resulting in a positive slip length.381

As Γ increases, the surfactant-water and surfactant-decane interactions become stronger. The382

phenol-water interactions are slightly stronger than with nonylphenol-water interactions, although383

they share the same benzene ring attached with a hydroxyl group. This can be inferred from Fig.384

7a, where the fraction of interfacial water molecule in contact with surfactants’ polar atoms, α, is385

shown. At the same Γ, α for interfaces with phenol is slightly higher than with nonylphenol and the386

difference of α becomes distinct as Γ increases. This distinction originates from the absence of tail387

of phenol: because phenol does not have a tail, more atoms of phenol are polar, promoting interac-388

tions with more water. In addition, Fig. 5a and Fig. 9, where the variation of the order parameter389

P2(cos θ) and orientation distribution as a function of its density are shown, indicate that at high390

Γ, less restriction on orientation is applied to phenol than nonylphenol, due to the absence of a391

tail. Therefore, phenol can freely interact with more water than nonylphenol. Nonetheless, α for392

interfaces with nonylphenol and phenol are comparable (for Γ = 2.56 nm−2, α of nonylphenol and393

phenol system are 0.82 and 0.92, respectively), suggesting that the surfactant-water interactions394

are also comparable.395

The surfactant-decane interactions, however, are much weaker for systems with phenol than396

with nonylphenol. Specifically, because phenol molecules have no clear tail, their orientation or-397

dering at brine-decane interfaces is much weaker than nonylphenol molecules (see Fig. 5b) and the398

mixing between phenol and interfacial decane molecules is limited. The latter is evident in Fig. 7b,399

where we observe that the contact area between phenol and interfacial decane is much smaller than400

that between nonylphenol and interfacial decane. The weaker surfactant-decane interactions imply401

that the transmission of shear stress across brine-decane interfaces is less effective if phenol is the402

surfactant. Therefore, at the same Γ, the slippage between brine and decane phases is larger when403

phenol is used as the surfactant. For sufficiently high Γ, when the brine-decane interface is densely404

populated by nonylphenol aligned normal to the interface and mixed well with interfacial decane,405
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shearing of the region occupied by these molecules incurs significant resistance, which manifests as406

a strongly negative slip length when described using the continuum model. The similar effect also407

exists for interfaces with phenol molecules. However, because of the absence of tail, such an effect408

is much weaker and the corresponding slip length is less negative as shown in Fig. 3.409

4 Conclusions410

In this work, we investigate the slippage at brine-decane interfaces as a function of their411

surfactant density using molecular dynamics simulations. Two surfactants, nonylphenol and phenol,412

one with a nine carbon-tail and one without a clear tail, are selected to probe how the length of413

hydrophobic tail affects the interfacial slippage. The slippage is quantified within the framework of414

continuum interfacial flows and as a slip length.415

Our simulations show that, as nonylphenol and phenol are introduced to brine-decane inter-416

faces, the slip length initially decreases linearly, due to the strong interactions between their polar417

atoms and the interfacial water as well as their partial mixing with interfacial decane. As the418

surfactant density increases further, the tails of nonylphenol molecules becomes increasingly more419

aligned with the normal direction of the brine-decane interface but remain well mixed with inter-420

facial decane. These phenomena enhance the effective viscosity of interfacial fluids and reduces421

the slip length eventually to a negative value. Similar phenomena occur for brine-decane interfaces422

with phenol, albeit to a lesser degree because phenol does not have a clear tail.423

Our work shows that surfactants, even presented at density as low as 0.5 nm−2, can eliminate424

the positive slippage at brine-oil interfaces. The sign of slippage can be flipped at modest surfactant425

densities, especially if the surfactant features a long hydrophobic tail. Because the magnitude of426

the slip length is comparable to the characteristic dimension of fluid and surfactant molecules (for427

surfactants, the dimension can be the length of their stretched tail if their interfacial density is428

high), the effects of the phenomena revealed here are expected to be important for multiphase fluid429

transport in nanopores. For example, in oil and gas recovery from unconventional reservoirs domi-430

nated by nanopores or brine-oil separation through nanoporous membranes, a stronger interfacial431

slip often has a positive impact on the oil extraction rate and should be explored in the future.432

In this study, we focused on the effects of surfactants’ tail on the interfacial slip. Surfactants’433

head group should also affects the interfacial slip. For example, with the same tail group, as434

surfactant heads’ polarity increases, the slip length likely will decrease and reach a plateau. Other435

20



aspects such as the size and compactness of the head group could also affect the slip length.436

Furthermore, in this study, the interfacial molecules (surfactants) interact strongly with both brine437

and oil. There also exist interfacial molecules such as CO2 that interact relatively weakly with438

both phases, which likely will amplify interfacial slippage. Exploring how these molecules affect439

interfacial slippage and nanoscale multiphase transport can be an exciting research direction.440

Supplementary Material441

The supplementary material available with this article contains discussion of how slip length442

can depend on the choice of fluid-fluid interfaces and the quantification of contacts between water443

and interfacial species.444
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