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Abstract: Itis well-known that the amphiphilic solutes are surface-active and can accumulate at the oil—water
interface. Here, we have investigated the water and a light-oil model interface by using molecular dynamic
simulations. It was found that aromatics concentrated in the interfacial region, whereas the other
hydrocarbons were uniformly distributed throughout the oil phase. Similar to previous studies, such
concentrations were not observed at pure aromatics—water interfaces. We show that the self-accumulation
of aromatics at the oil—water interface is driven by differences in the interfacial tension, which is lower for
aromatics—water than between the others. The weak hydrogen bonding between the aromatic rings and
the water protons provides the mechanism for lowering the interfacial tension.

Introduction

The interfaces between two immiscible liquids are ubiquitous
and play an important role in many natural and technological
processes.>® Unlike the bulk materials, the interface system is
a noncentrosymmetric environment about which we know very
little. Experimental measurements for liquid—liquid interfaces
are challenging® ** because of the rdatively small size—typicaly
only afew molecular diameters wide—and the buried nature of
the interface. Enhanced oil recovery (EOR) techniques to
increase the crude oil production from oil reservoirs are
increasingly important for the energy security, as the reserves
are limited. There are many EOR techniques including gas
injection and chemical injection, among others.® The main
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approach to EOR is to decrease the interfacial tension (IFT) or
the viscosity of the crude oil through molecular additives that
are adsorbed at the oil —water interface or migrate into the crude
oil through the interface. It is important, therefore, for the
phenomena pertaining to the crude oil and underground fluid
(usually agueous) interface to be understood.

In the past, much experimental work has been carried out to
understand the properties of water next to hydrophobic surfaces,”®
including the orientation of water and its hydrogen bonding.
However, there has been little exploration of the structura
properties of oil next to the interface. Although computational
approaches such as molecular dynamics and Monte Carlo
simulations can provide insights into the structural properties
of oil—water interfacial systems,™ 8 most studies have been
limited to the stable interfacial structure of a pure hydrocarbon—
water system™® 7 or that with surfactant.*® However, crude oil
is a highly complex material®? that consists mainly of hydro-
carbons but can hardly be described as a single hydrocarbon
phase. In particular, it is widely accepted that the percentage
contents of paraffinic (alkane), naphthenic (cycloalkane), and
aromatic components in reservoir fluids (often referred to as
the PNA distribution) are essential properties when describing
crude oil.*? Recent experimental studies have reported that trace
impurities can significantly modify the interfacial tension, by
up to 10—20 mN/m, over a period of afew hours.® Theoretical
investigations have also shown that even mixtures containing
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only n-alkanes exhibit exotic phenomena compared with a
single-component system.'® Here, we present a more realistic
light-oil model. The purpose of this work was to study the
molecular organization and the interfacia properties of a
complex oil—water system and to compare these results with
those of pure hydrocarbon—water systems. Three types of
system were used for the interfacial simulations. a light-oil
model —water system, pure hydrocarbon—water systems, and a
hep—tol (1:1 mixture of heptane and toluene, by volume)—water
system. In previous studies, a small number of hydrocarbons
were typically employed to investigate the oil —water interfaces,
which resulted in low statistical accuracy regarding the structura
properties (e.g., insufficient resolution on the density profile),
thereby obscuring the structural features.***° To overcomethis
difficulty, large-scale molecular dynamic simulations were
engaged in this work. A typica interface system contained
approximately 1000 hydrocarbon molecules and 7000—8000
H,O molecules, giving a total of about 50 000 atoms.

Computational Methods

The light-oil model we used in this study was a mixture of eight
hydrocarbons. hexane, heptane, octane, nonane, cyclohexane,
cycloheptane, benzene, and toluene, with 144, 132, 156, 180, 96,
156, 60, and 156 molecules, respectively. The composition has high
relevance to light crude ail in Japanese oil fields and is typical for
modeling gasoline. Molecular dynamics (MD) simulations were
performed using the GROMACS package.?° The water molecules
were modeled by SPC/E (single point charge/extended),?>?2 as it
can reproduce the surface tension of water and orthobaric densities
as well as other structural properties of liquid water.>®> A revised
version of the CHARMM?27 force field®® was used to model the
hydrocarbons, except for benzene, where different charges were
used (see below for an explanation). The pure hydrocarbons and
the water were calculated from isobaric—isothermal ensemble
(NPT) simulation, whereas the interface systems were performed
in the isobaric—isothermal —isointerface area ensemble (NPnAT).
In all calculations, the temperature was controlled by the
Nose—Hoover thermostat,?* and the pressure was controlled by the
Parrinello—Rahman method.?® The particle mesh Ewald summa-
tion?® was used for the electrostatic interactions, and a cutoff of
14 A was used for the van der Waals interactions. A 1.0 fs time
step was used and the coordinates output every 1.0 ps. The
accuracies of each hydrocarbon model were confirmed by com-
parison with experimental properties. The equilibrium densities of
these pure hydrocarbons from NPT simulation at ambient condition
were in excellent agreement with experimental values (Table 1).%”
More importantly, the hierarchy of the densities of the n-alkanes,
cycloalkanes, and aromatics was well-reproduced. The IFTs between
the hydrocarbons and the SPC/E water are presented in the Table
1. These values also agree with experimental data.*® 32 The IFTs
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Table 1. Densities of Pure Hydrocarbons and Interfacial Tensions
of Hydrocarbon—Water Interface Systems at 298 K and 0.1 MPa,
in Comparison with Available Experimental Data (Refs 27—32)

density (kg/m®) interfacial tension with SPC/E water (mN/m)

system MD experiment? MD experiment
n-hexane 654.27 65492 5073  50.5°,51.4° 49.7°
n-heptane 679.64 679.72 51.96 51.9° 50.2¢
n-octane 699.12  698.39 52.72 50.7°, 52.5°, 50.2¢
n-nonane 71570 714.21 52.77 50.9° 52.4°
cyclohexane 754.02  774.03 49.53 49.6°, 50.0¢

cycloheptane 791.37  811.00 53.48
benzene 874.74  873.83 34.42
toluene 867.45 862.38 37.69

34.4° 35.8% 33.7", 34.7¢
36.0% 36.4, 36.1¢

aRef 27. P Ref 28. © Ref 30. 9 Ref 32. ©Ref 29. f Ref 31.

of n-alkanes and cycloalkanes with the SPC/E water are around 50
mN/m, whereas those of aromatics with SPC/E water are around
35 mN/m, 15 mN/m lower than those of n-alkanes and cycloalkanes.
Therefore, each hydrocarbon model reasonably served as a com-
ponent in the light-oil model.

Results and Discussion

Light-Oil Model and Water Interface: Self-Accumulation
of the Aromatics. We studied the interface between the light-
oil model and water. A typical snapshot of a unit cell for the
MD calculation of the interface system under 298 K and 0.1
MPais shown in Figure 1la. The density profiles across the water
and light-oil model system interface after NPnAT equilibration
at 298 K and 0.1 MPa and at 400 K and 30 MPa are illustrated
in Figure 1, parts b and c, respectively. The accumulation of
aromatics (benzene and toluene) at the interface of water and
the light-oil model was observed at all the thermal conditions
we studied. The interface system was divided into three regions:
the water region, the interface region (that is, the aromatics-
rich region), and the bulk oil region. At 298 K and 0.1 MPa,
the maximum density of aromatics in the interface region is
3.5—4.0 times higher than their densities in the bulk oil region
(see the inset of Figure 1b). This value approaches 1.8 at a
typical reservoir condition of 400 K and 30 MPa. The calculated
IFT of the light-oil—water system at 298 K and 0.1 MPa is
47.49 mN/m or ~5 mN/m lower than that of a typical
n-akane—water interfacial system. It is noteworthy that such
an aromatic concentration is not observed at pure hydrocarbon—
water interfaces, including benzene—water and toluene—water
(Figure 2a). In summary, the aromatics (though not amphiphilic)
are“surface-active” at the oil —water interface but are “inactive’
at the pure aromatics—water interface. Thisisthe main finding
of this work. We hypothesize that the accumulation is driven
by theinherent interfacial tension difference between aromatics—
water and the other potential hydrocarbons—water interface
combinations. When aromatic molecules accumulate at the
interface, the configuration entropy, S, decreases, similar to
the case for the adsorption of surfactants and alkanols,® and
the Gibbs free energy increases within the interface system.
On the other hand, the IFTs of the aromatics are 10—15 mN/m
lower than those of n-alkanes and cycloalkanes (Table 1) so
the accumulation of aromatics causes a decrease in interfacial
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Figure 1. (& Snapshot of the light-oil model—water interface system at
298 K and 0.1 MPataken after 5.0 nsof NPnAT simulation (red, n-alkanes;
orange, cycloalkanes; green, aromatics; blue, water). (b) The density profiles
of thetotal interfacial system, n-akanes, cycloalkanes, aromatics, and water,
aong the z-axis averaged over 3.0—5.0 ns at 298 K and 0.1 MPa and (c)
at 400 K and 30 MPa. Insets: the normalized “individual” density profile,
namely, p(2)/pwuk, Which averages on the basis of two quasi-symmetric
interfaces.

tension, y, therefore decreasing the potential energy of the total
system. Consequently, the Gibbs free energy reaches aminimum
value with the accumulation of aromatics at equilibrium.
Hep—Tol—Water Interface: Interfacial Tension Difference
Is the Driving Force of the Accumulation. To corroborate our
hypothesis, a hep—tol —water system was prepared in an ad hoc
manner. Figure 2b shows the density profiles for the hep—tol —
water system after NPNAT equilibration. As anticipated, the
accumulation of toluene at the hep—tol—water interfaces was
observed. Similar to the light-oil—water system, the density
profiles can be divided into three regions: the water region, the
interface region (i.e.,, the toluene-rich region), and the bulk
hep—tol region. The density of the bulk hep—tol region (4 nm
< z< 8 nm) was 760 kg/m?, which is slightly lower than that of
the pure hep—tol system (773.19 kg/m®). This occurs simply
because the amount of toluene in the bulk hep—tol region is
reduced due to the accumulation of toluene at the interface so
that the hep—tol region is no longer a 1:1 mixture, by volume,
of heptane and toluene. The maximum concentration of toluene

p(kgim%)

z (nm)

Figure 2. (a) Averaged density profiles of the interface systems for pure
hydrocarbon—water interfacial systems along the z-axis at 298 K and 0.1
MPafor 1.5—2.0 ns (black, system; red, hydrocarbon; blue, water) and (b)
heptane—toluene—water system for 3.0—5.0 ns. Note the very different
density profile (i.e., a sharp density peak) of toluene inside the heptane—
toluene mixture—water interface and the one (i.e., no density peak) inside
the pure toluene—water interface. All pure hydrocarbon—water interfaces
present a clear interface. A longer simulation (~5 ns) is required for the
mixture—water interface (e.g., heptane—toluene—water interface) than the
pure hydrocarbon—water interface system (~2 ns) to obtain a converged
interfacial tension.

at the interface region is nearly 1.6 times larger than that in the
bulk hep—tol region. Note that the amount of accumulation of
toluene may differ when the ratio of the interface area over the
bulk hep—tol volume is varied. From the density profiles, the
surface excess of toluene was estimated to be 3.68 + 0.11 x
10~ mol/m? by taking the average for 3.0—5.0 ns, which isin
fairly good accordance with the one calculated by Gibbs
adsorption equation ~2.93 x 10~® mol/m? (see the Supporting
Information for computational details). The calculated IFT for
the hep—tol—water system is 42.27 mN/m, lower than the
agebraically averaged value (44.82 mN/m) for the heptane—water
(51.96 mN/m) and the toluene—water (37.69 mN/m) systems.
The lowered IFT should thus result from the accumulation of
toluene at the hep—tol—water interface. Interestingly, the
measured value is reported to be around 40 mN/m,%*3! which
is somewhat lower than our calculated value. This disparity is
not a failure of the force field we used but rather may be direct
proof that the interfacial tension of the hep—tol —water interface
is afunction of the ratio between the volume and the interface
area of the heptane—toluene phase. Recall that the ratio between
the volume and interface areain our MD calculation (~6.4 nm)
is extremely small compared with that of the experiment
(~167 000 nm).?° To confirm this, we performed two additional
simulations, one at a lower volume—area ratio of 3.3 nm and
the other at a higher ratio of 9.5 nm. The IFTs were increased
t0 43.64 or reduced to 42.08 mN/m, respectively. In other words,
the IFT of this system is not an intrinsic property of the interface
but shows clear evidence of surfactant-like behavior® (of
toluene). In summary, the results of the hep—tol —water system
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Figure 3. Tota (red), axial (green), and equatoria (blue) radial distribution functions between the center of hexane (b and c), cyclohexane (e and f),
benzene (h and i), and hydrogen (middle panels) or oxygen (right panels) in water molecules in each hydrocarbon—water interfacial system. Note: only those
of benzene with water present two apparent peaks. The molecular frames of hexane, cyclohexane, and benzene are shown in the left panels for comparison.
In particular, a schematic of the definition of the axial and equatorial RDFs for benzene and cyclohexane is shown, together with those of the molecular
frame. The axia and equatorial RDFs are related by following equation: gnoma(r) = Jaia(r)(1 — COS ¢) + Gequaoria(r) COS ¢, where ¢ (20°) is the dividing
angle between the axial and equatorial regions. The RDFs for the axial and equatorial regions were scaled by (1 — cos 20°) and cos 20°, respectively. The
first peaks of total RDFs of benzene and water are mainly from the axial region (see text for further details).

support our hypothesis that the accumulation is due to the mixing
effects of the aromatics and the other hydrocarbons, namely,
the IFT difference is the “driving force” of accumulation of
aromatics.

The “Weak Hydrogen Bonding” between Aromatics and
Water. In the following, we show that the reason the
aromatics—water interface has a lower IFT is that there is
attractive “weak hydrogen bonding” between aromatic molecules
and water molecules.® 38 Parts b, ¢, e, f, h, and i of Figure 3
show theradia distribution functions (RDFs) between the center
of hexane, cyclohexane, benzene, and the hydrogen or oxygen
atoms in water molecules in each hydrocarbon—water interface
system. In sharp contrast to the hexane—water and the
cyclohexane—water interface systems (which have only one
peak at around r = 0.5 nm, Figure 3, parts b, ¢, e, and f), the
total RDF, Qs iN the benzene—water interface system has two
peaks (Figure 3, parts h and i). To explain why these two peaks
appear, the total RDFsin the cyclohexane—water and benzene—
water interface system were divided into two regions: the axial
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and equatorial regions, gaia(r) and Qequaoia(r) (8s shown in
Figure 3, partsd and g), respectively. The RDFs are defined by
rotal(") = Gaxia(r)(1 — €OS ¢) + Gequatorial(I) COS ¢, Where ¢ is
the dividing angle between the axial and equatorial regions. In
the present case, ¢ was set to 20°. The first peaks of each gioa
in the benzene—water interface system are mainly contributed
by gaia(r) (Figure 3, parts h and i). In particular, the gpenzene—H
and Goenzene—o Show maximum values at z = 0.23 and 0.33 nm,
respectively. The differenceis exactly 1 A, avalue close to the
OH bond length in the water molecule. We therefore, confirm
the picture of “weak hydrogen bonding”, i.e., the nearest water
molecule in the axia region tends to point its proton toward
the benzene ring. To investigate and compare the details of this
local structure, one additional MD calculation of the solution
system (one benzene molecule and 2176 water molecules) was
performed at 298 K and 0.1 MPa. Figure 4 shows the angular-
dependent RDFs for this “artificial” solution and the benzene—
water interface system. In both systems, Qoenzene—H @Nd Goenzene—o
show maximum values at z = 0.21 and 0.31 nm, respectively,
at an angle of less than 20°. The nearest water molecule to
benzene locates well in the normal direction to the benzenering,
and its hydrogen is oriented toward the center of benzene. This
situation provides a strong basis for the dividing angle (20°)
used for Figure 3. In other words, the benzene molecules near
the interface display “weak hydrogen bonding” between the
aromatic rings and the proton of the water molecules in the in-
terface system. Although we have shown here only the analysis
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Figure 4. Angle-dependent RDFs from the center of benzene and the hydrogen or oxygen atoms in water molecules. The base direction was set normal to
the benzene ring plane: (a and b) the solution system; (c and d) the benzene—water interfacial system.

of the pure benzene—water interface, a similar finding holds
for the toluene—water interface. The attractive nature of this
“weak hydrogen bonding” is the reason aromatics have alower
interfacial tension with water than the other hydrocarbons.
Charge Dependence of the Benzene Model: A Further
Evidence of the Weak Hydrogen Bonding. To further confirm
the presence of weak hydrogen bonding, the charge dependence
was investigated. Although the default charge value for hydrogen
atomsin a benzene molecule in the CHARMM27 force field is
0.115, values of 0.120, 0.125, and 0.130 were also investigated
(the values for carbon atoms were the negative of each hydrogen
charge value) at 298 K and 0.1 MPa. The IFTs showed lower
values when the model had a higher charge set. Interestingly,
the model with a proper charge of ~0.130, which provides the
experimental interfacial tension, reproduced the density of the
pure benzene phase. Therefore, a charge set of 0.130 was used
for the benzene model in the light-oil model as well as the pure
benzene—water interface, as shown in Figures 2—4. Aromatic
molecules interact with each other through so-called “m—mx
stacking” in which the & systems form two parallel rings
overlapping in a “face-to-face” orientation. They also interact
in an “edge-to-face” orientation®®> where the dight positive
charges of substituents on the ring atoms of one molecule are
attracted to the slight negative charge of the aromatic system
on another molecule. The configuration with a higher “edge-
to-face” orientation is typicaly higher (as manifested by high-
pressure polymorphs of benzene®) and can explain the observed
behavior that the bulk densities show higher values with higher

(39) Raiteri, P.; Martonak, R.; Parrinello, M. Angew. Chem., Int. Ed. 2005,
44, 3769-3773.

absolute value of eectric charges. Although Lorentzian—Bertzian
rules were used throughout our study, we also tested different
Lennard-Jones potential parameters, as van Buuren et a. had
done for the decane—water interface.’® It is concluded that the
interfacial tension is mainly dominated by a Coulomb interaction
via weak hydrogen bonding, which differs from previous
findings based on the analysis of the hydration Gibbs free
energy.®

Conclusions

Finaly, it is remarkable that the accumulation of aromatics
is fundamentally different from the layering of alkanols at the
oil—water interface and those observed in case of surfactants,*®
which are well-known amphiphilic behaviors. Such accumula-
tion (or the weak hydrogen bonding) might be detected by
vibrational sum frequency spectroscopy,”® novel near-field or
fourth-order coherent Raman spectroscopy,®® or spatialy
resolved NMR spectroscopy.™ In particular, the NMR signals
of protons in the plane of an aromatic ring are shifted
substantially from those on nonaromatic hydrocarbons. Thisis
an important method to detect the accumulation of aromatics
at the oil —water interface. Although the amount of the aromatics
accumulation decreases under high-temperature and high-
pressure conditions, the phenomenon would generally occur
under reservoir conditions. These aromatics-rich layer forma-
tions may be a critical factor in determining the interfacial
behaviors in EOR technology. It might be straightforward to
generalize our findings to the notion that interfacial tension
difference is a driving force for the probable accumulation of
materials at other mixture interfaces, which are ubiquitous and
important to many natural and technological processes.
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