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ABSTRACT

The correct description of crude oil/water interfaces is a very complex and an important task,
particularly to the oil industry, whose main difficulty relies on understanding how the interfacial
properties (i.e., interfacial tension and interfacial accumulation) of the system are affected by a very
large number of components. To give some additional insight to the oil/water interfacial behavior,
eleven oil/water mixtures (i.e., six binary, four ternary and a quaternary mixture) have been modeled

through atomistic molecular dynamics simulations at laboratory conditions. All mixtures were built
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with a model oil based on dodecane, toluene, quinoline and a naphthenic acid, to represent the

saturated, aromatic, basic resin and acid resin fractions, respectively.

The results from this contribution show that interfacial tensions can be correlated to interfacial
accumulation, which can be used as good starting point in predicting interfacial properties of oil
mixtures. Additionally, the interfacial properties of mixtures behave similarly to the most polar pure
oil/water interface, while all other compounds stay in the oil bulk as spectators. This behavior raises
the question of whether using common n-alkane oils is a good enough approximation for modeling the

interfacial properties of crude oils.
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1. Introduction

The combustion of fossil fuels is still a major contributor to the worldwide energetic production
[1]. However, with primary and secondary oil recovery techniques only one third of the available crude
oil can be retrieved from reservoirs [2,3,4]. Different techniques are applied to remove the residual oil.
Some examples are the many developments in Enhanced Oil Recovery (EOR) currently available, that
encompass gas injection [5], steam flooding [6], fire flooding [7], polymer flooding [8] and surfactant
flooding [9], among others. Together with a greater awareness of environmental preservation, many
efforts are still carried out to increase our physicochemical knowledge of oil reservoirs, and ultimately

to develop better techniques to extract crude oil.

From the literature, it is concluded that oil recovery is improved by increasing the viscosity of the
injected water or reducing the viscosity of oil (i.e., in both cases improving the oil/water mobility ratio)
[10,11], solving the oil in miscible gases [12] or modifying the oil/rock and oil/water interaction
strength through adding different chemicals into the injection water [13,14]. We focus our interest on
this latter technique, whose objective is to reduce the oil/water interfacial tension (IFT) as much as
possible and detach the oil from the mineral rocks (i.e., modifying its oil/water/rock contact angle).
This has been a common practice in recent experimental studies, where the IFT was reduced by either
adding surfactants or nanoparticles [15,16,17,18,19,20,21] to the injection water, modifying its pH
[22,23], its salinity [22,24,25] or even combining some of them at once [26]. These techniques usually
promote a set of polar compounds to accumulate at the oil/water interface to strongly reduce the IFT,
sometimes even to ultra-low IFT values (i.e., 10° mN/m) [27,28], which create oil/water
microemulsions. Finally, some of those microemulsions could be stabilized by shielding the droplets

via electrostatic interactions and preventing droplet coalescence.

Even with such great advancements, there are three reasons that justify a lack of knowledge on the
oil/water interfacial behavior: First, the enormous amount of different crude oil compounds; second,
the significant variation in pressure, temperature and oil/mineral composition among different
reservoirs (or even in the same one) [29]; and third, the severe difficulty in the experimental
characterization of oil/water interfaces at a molecular scale. This scenario forced the application of
both modeling [30,31,32] and simulation [33,34,35] techniques, which have given some alternative
insights by analyzing the oil/water interface in presence of additives, such as surfactants [36,37,38],
salts [39,40] or nanoparticles [41]. However, since actual crude oils contain countless compounds,
these are carried out on very simplified n-alkane oil models [36,37,41], or rarely as mixtures of a

limited set of representative compounds [39,42].



68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87
88
89
90
91
92

93

94

95

With the help of those studies it was concluded that the IFT depends strongly on the oil interfacial
concentration, in particular on those species with larger interfacial affinity, who diffuse from the oil
bulk to adsorb at the oil interface [43,44,45,46]. In fact, many models were developed along the years
to relate interfacial properties to the interfacial concentration of species. An example is the one

proposed by Eberhart [44], which predicts the IFT of a binary mixture (y{y

EY as the average of the
pure components IFT (y;,y,) weighted by its interfacial molar fraction (x3, x3), as shown in Eq. (1).
This simple model only had an adjustable parameter related to the interfacial accumulation of the
component 2 when dissolved in a matrix of component 1 (i.e., component 2 is more interfacially active
than component 1). Then, this equation was refined by Laaksonen et al.,[47] (Eq. (2) by using

interfacial volume fractions (¢3, ¢3), instead of interfacial molar fractions, which allowed to include

the effect of molecular size in the interfacial properties.

szVE = x1y1 + X372 (D)
szVE = ¢iv1 + 372 ()

These simple ideas have contributed to describe the interfacial phenomena of binary mixtures and
can also be applied to understand the complex crude oil behavior. In fact, it is important to fully
understand and characterize the interfacial behavior of crude oil as a function of its composition prior
to apply any EOR technique. In that sense, molecular simulations can provide significant insight by
modeling a multicomponent crude oil and characterizing its interfacial behavior with atomic scale
resolution and relate the bulk/interfacial fractions to the IFT. Notice, that even though Egs. (1) or (2)
require fitting an empirical parameter to determine the surface affinity of each compound (i.e., to
determine ¢; from the bulk volume fraction), molecular simulations directly account it by modeling
the explicit interactions among all species into the simulation cell. So, in this contribution we have
employed molecular simulations at laboratory conditions (i.e., T =300 K and P = 1 atm) to characterize
the correlation among the different interfacial properties (i.e., interfacial tension and interfacial
accumulation) in simple and complex model oils as a function of their composition. This correlation
can be used as a reasonable starting point to predict the IFT of multicomponent mixtures and to better

understand the interfacial behavior of complex model oils.

2. Methods and computational details

2.1. Model oils
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All model oils in this work were built through combination of four species, each one of them from
different oil fractions according to the Saturates-Aromatics-Resins-Asphaltenes (SARA) fractionation
model. However, to further simplify the complex problem of modeling a crude oil, no compound was
chosen to reproduce the behavior of asphaltenes, and only the SAR fractions were considered. The
average properties of the saturate and aromatic fractions were reproduced with dodecane and toluene,
respectively. On the other hand, two molecules were used to model the resins fraction due to the large
chemical variety in this fraction. First, quinoline is used to capture the aromatic/basic behavior of some
resins, whereas 3(3-etylcyclopentyl)propanoic acid (i.e., or simply 3-naphthenic acid) represents the
aliphatic/acid part of the fraction. A summary of all the species used to model the simplified crude oil

in this work is collected in Fig. 1a.

(a)

e O OO O,

Dodecane Toluene Quinoline 3-Naphthenic acid

Fig. 1. (a) The four molecules used in this work to represent saturates (dodecane), aromatics (toluene) and resins
(quinoline and 3-naphthenic acid) in the modeled crude oils, and (b) a typical initial configuration for a Molecular
Dynamics oil/water simulation. Black, purple, green, red and blue are dodecane, toluene, quinoline, 3-naphthenic acid
and water, respectively

2.2. Molecular dynamics simulations

Force field-based Molecular Dynamics (MD) simulations were carried out using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code [48]. The simulation cell is built as
an orthorhombic box with cell parameters Ly = Ly = 45 A, L, = 200 A with periodic boundary
conditions imposed in all directions. A region with Ly = L, = 45 A, L, = 100 A located just in the
middle of the simulation cell (i.e., at 50 A <z <150 A) is filled with 600-1200 oil molecules depending
on its density (See Section S1 in the Supplementary Information for more details). Then, the rest of
the simulation cell is filled with 6000 water molecules (i.e., within the regions 0 A <z <50 A and 150

A <z <200 A). All molecules are initially inserted within their respective regions in random positions
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and orientations. The resulting setup yields a system with two sensibly long bulk phases of Ly = Ly =
45 A, L, =100 A initially connected through planar interfaces in the XY plane at z = 50 A and z =
150 A (Figure 1b).

All MD simulations in this work are conducted following the steps of our previous contribution:
[36] (i) energy minimization to eliminate molecular overlaps during the random creation of the system,
(i) NVT thermalization to drag the temperature to 300 K using the Langevin thermostat [49] during
50 ps, (ii1) NAP,T pressure equilibration with the Nosé-Hoover thermostat [50] and Berendsen barostat
[51] during 0.5 ns, and (iv) a 30 ns NAP,T run with the Nosé-Hoover thermostat and barostat [52] to
allow the system to achieve the equilibrium state and extract the average interfacial properties. Notice
that NAPzT barostats are only coupled to the z-direction to keep the interfacial area constant during
the entire simulation. All simulations are evolved using a timestep of 1 fs with pair interactions
calculated using a spherical cut-off of 14 A and long-range coulombic interactions obtained through

the Particle-Particle/Particle-Mesh (PPPM) method [53].

Some simulations (i.e., specially the simulations of mixtures containing very interfacial active
components) did not achieve the equilibrium state after 30 ns. The reason is that active species need
to diffuse to the interface to reach a real equilibrium state, but instead they formed a metastable
aggregate within the bulk phase. These aggregates have significantly long lifetimes that are detected
when the bulk density of any component is not constant along the z-direction. In these situations, two
extra steps were carried out to equilibrate the system faster: (i) a NVT stage where the working
temperature was initially doubled (i.e., from 300 K to 600 K), steadily ramping it down to 300 K during
10 ns, and (ii) a NAP,T run at the working temperature and pressure during 10 ns. The first stage
increases the kinetic energy of the system through the temperature increase, favoring diffusion
processes and the dissolution of metastable aggregates. Finally, the second stage is used to obtain the

equilibrium average properties of the system.

2.3. Interfacial properties calculation

The interfacial tension of the oil/water systems with N = 2 interfaces was calculated through the
integral shown in Eq. (3), also known as Kirkwood and Buff formulation [54]. The three diagonal
components of the pressure tensor (i.e., P, = P, and P, = (P, + P,,)/2) were monitored during the
simulation and the resulting IFT values were averaged in time blocks of 0.5 ns. Finally, the equilibrium

IFT was obtained by averaging the last 10 ns of the production run.
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However, it is widely known that the interfacial properties, and specially the IFT is very sensitive
to the short-range truncation of the potential [55,56,57,58,59]. For this reason, the inhomogeneous
long-range corrections (LRCs) for a planar geometry were calculated using as input the equilibrium
MD density profiles, as described by Janecek [60]. These density profiles were built dividing the
simulation cell along the z-direction in bins of 1 A width. Then, the number of molecules in each bin
is averaged in time blocks of 5 ns, using the last block as the equilibrium density profile. The resulting

LRC was then summed to the value obtained in Eq. (3) (i.e, as yRC = yXB

+ correction).
Uncertainties in the determination of IFTs were obtained by running three replicas of each simulation
randomly rotating each molecule to generate different initial states. Then, the uncertainty estimates

were taken as the IFT standard deviation in the three replicas.

The molar bulk fraction (x?) and the molar interfacial fraction (x7) of oil species were also
calculated from the equilibrium density profiles. Specifically, those magnitudes are obtained by
averaging the density of each compound in the respective bulk and interfacial regions. The oil bulk
was defined as the region with dimensions Ly = Ly = 45 A, L, = 60 A in the center of the oil phase
where the total density remains constant with an average value {p,). On the other hand, the interfaces
were delimited in the regions where the oil density (p,(2)) is larger than zero but lower than 0.9-(p, ).
These regions are schematically shown in Fig. 2 for clarity and were labelled as z;, and z;, which
refers to the water and oil side limits of the region, respectively. To select z;;, and z; more accurately,
the total oil density (p,) was fit to Eq. (4), which uses the common hyperbolic tangent function widely
used for interfacial inactive oils (e.g., the profile in Fig. 2a) but also includes a gaussian function per

interface to reproduce the interfacial accumulation when needed (e.g., the profile in Fig. 2b).

Interface Interface Interface Interface
- 14 Q@O T—— — @ @ 00— @ 9 =
£ a [ (b 1 c P .
S 10 @ 110 8 3 Fitting function
§ S N L 7 8 v Total oil density
Sor Oil Bulk i . e g o Zu
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:> 8 Water _-Water Oil Bulk Water__5 % ® 2
@ 6l = 14 ~
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Fig. 2. Graphical representation of the defined bulk (vellow) and interfacial (green) regions where the average oil
density is calculated. The limits z;, and z; are represented by blue and red dots, respectively. (a) and (b) show the
density profile of interfacial inactive and active oils, respectively.
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From Eq. (4), (p,) refers to the previously defined average density of the oil bulk phase; a, b and z,
are adjustable parameters to capture the shape and position of the left (L) and right (R) gaussian
functions; and ¢ and z; are the fitting parameters to describe the position and stiffness of the left (L)
and right (R) hyperbolic tangents. The molar fractions (x” and x}) obtained from the densities in Eq.

(4) are converted to volumetric fractions (¢? and ¢7) assuming ideal mixture behavior.

2.4. Force fields

Intermolecular and intramolecular interactions of oil molecules were calculated using the TraPPE-
UA force field [61], where bonds were fixed at their equilibrium bond lengths, angles were constrained
by a quadratic potential and dihedrals followed a Fourier series expression. To allow the fixed bonds
to move, we used the equilibrium spring constants of Amber force field [62] according to the
recommendation of TraPPE-UA developers. The TraPPE-EH force field [63] was used, instead of
TraPPE-UA, to properly reproduce the quadrupolar moment of aromatic molecules (i.e., toluene and
quinoline). This force field was selected because it was explicitly fitted to reproduce the phase
equilibrium properties of organic fluids (i.e., densities and cohesive energies), which are critical in the
correct description of their interfacial properties. To be completely sure, we have made a preliminary
validation step to determine the accuracy of TraPPE force field in reproducing the four components
oil/water IFTs at laboratory conditions (i.e., T =300 K and P = 1 atm). In that validation, we have also
tested some of the most popular non-polarizable water force fields (i.e., SPC [64], SPC/E [65], TIP3P
[66], TIP4P [67] and TIP4P/2005 [68], with geometries constrained with the SHAKE algorithm [69]).
Finally, standard Lorentz-Berthelot combining rules were used to determine the parameters for unlike

Lennard-Jones intermolecular interactions (&;;, 0;;).

The results of this validation are compiled in Table 1, where it is seen that all TraPPE/water model
combinations provide a similar equilibrium IFT value. This fact shows that the TraPPE force field is
capable of capturing the fundamental cohesive energy of the organic species, regardless of the water
model. In general, all water models give reasonable results (i.e., deviations of less than 5 mN/m) for
the dodecane/water and quinoline/water IFTs [70,71,72], being TIP3P and TIP4P the force fields that
exhibit the larger average deviations and SPC, SPC/E and TIP4P/2005 the better agreement. However,

all force fields overestimate the toluene/water and 3-naphthenic acid/water IFTs, according to the

8



198
199
200
201
202
203
204
205
206

207

208
209
210
211
212

available experimental results [73,74,72]. In these systems, SPC and TIP4P give the best agreement,
followed by TIP4P/2005, SPC/E and finally, TIP3P. To conclude, TIP3P is the water force field that
exhibits larger deviations with experimental data for the oil components tested in this work. TIP4P,
TIP4P/2005 and SPC/E give good results for some oils but a worse interfacial representation in others.
Finally, SPC seems to be the most adequate water force field to reproduce liquid/liquid interfacial
properties of the selected compounds because it exhibits the lowest deviation with respect to the
reported experiments. Additionally, as a three-point model, SPC is also one of the best computationally
efficient models available in atomistic molecular representations to model oil/water interfaces. For this

reason, SPC is the water model finally selected to develop this work.

Table 1
Single component oil/water IFT values calculated with five different water models at T = 300 K and P = 1 atm for
validation. yXE, y}R¢ and v refer to the uncorrected, longe-range corrected and reference experimental values,

respectively. The Ref. column details the original works, where experimental values were obtained.

System Water Model ~ yXB/mN'-m"  y!R¢/mN'-m! y”" mN-m! Ref.
SPC 48.1 £ 0.7 4821+ 0.7
SPC/E 543 +0.5 543105 51.0 70
Dodecane/H,O TIP3P 56.0+ 04 56.0+ 04 52.3 71
TIP4P 48.6 + 0.7 48.6 + 0.7
TIP4P/2005 522 +0.5 51.9£0.5
SPC 41.7+£ 0.3 420+0.3
SPC/E 473+ 04 494104 36.0 73
Toluene/H,O TIP3P 489+ 0.4 51.0+04 36.1 74
TIP4P 422+ 0.3 444+ 0.3
TIP4P/2005 477104 4931+04
SPC 31.1+ 1.6 320+ 1.6
SPC/E 335+ 1.5 343+ 1.5
Quinoline/H,O TIP3P 356+ 1.5 364+ 1.5 33.0 72
TIP4P 287+ 1.7 295+ 1.7
TIP4P/2005 295+ 1.7 300+ 1.7
SPC 16.5+ 04 17.1 £ 0.4
SPC/E 204 £ 1.1 210+ 1.1
3-Napht. acid/H,O  TIP3P 25.0+2.0 25.6 £2.0 11.0-13.0 72
TIP4P 201+ 1.1 207+ 1.1
TIP4P/2005 206+ 1.2 209 +1.2

Notice that regardless of the water force field selected, the toluene/water IFT is overestimated by
TraPPE-EH by at least 6.0 mN/m, and TraPPE-UA overestimates the 3-naphthenic acid/water IFT by
4.1 mN/m. These differences are not very large, but their deviations as pure compounds can be
magnified in their interfacial mixture behavior. Some authors have dealt with this issue by adding an

oil/water interaction parameter (k;;) in their simulations to fit the obtained properties to experimental
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results [75,76]. However, the aim of this work is to predict interfacial properties of oils and their

mixtures, so this practice was not considered.

3. Results and discussion
3.1 Oil binary mixtures

First, we have studied the variation of oil/water IFT with the composition of the six possible binary
combinations at laboratory conditions (i.e., T =300 K and P = 1 atm). We define the species 1 and 2
as the least and most interfacial active species at the oil/water interface, respectively. The results are
shown in Fig. 3a-f, where it can be seen a decrease of the IFT when increasing the volume fraction of
component 2 in the mixture. This decrease follows a negative deviation from ideality because polar
components migrate preferentially to the interface reducing the IFT below the ideal average. This
deviation is larger for binary mixtures with high maximum interfacial pressure (1,4, ), which is known
as the IFT difference between the two pure oil/water interfaces conforming the mixture (7,4, =
|yERC — yLRC|) For example, in Fig. 3a the dodecane (y£R¢ = 48.2 mN/m) is mixed with 3-naphthenic
acid (y+R¢ = 17.1 mN/m), which has a m,,,4,, = 31.1 mN/m and a very sharp slope. However, in Fig.
3c the same dodecane is mixed with toluene (y4R¢ = 42.0 mN/m), which has a 1,4, = 6.2 mN/m and
a less pronounced pattern. It is important to consider that if active species migrate from bulk to
interfaces, all bulk volume fractions will change at equilibrium. For this reason, all calculations in Fig.
3a-f already show the IFT values vs. the equilibrium bulk volume fraction instead. Finally, all the
calculated IFTs were fitted to the empirical equation of Kim ef al.,[77] to provide the interpolated and

smoothed IFT pattern from the MD simulations.

10
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Fig. 3. (a-f) Calculated oil/water IFT of the six binary mixtures plotted against its equilibrium bulk volume fraction
(h2). The a value corresponds to the adjustable parameter in the IFT correlation for binary mixtures of Kim et al.[77]:

b
Y12 = (11 — v2)e Pz — Y2

(g-1) Oil-centered equilibrium z-distributions of the six binary mixtures containing an initial molar fraction of
x? = 025 Solid black, purple, green and red lines correspond to dodecane, toluene, quinoline and
3-naphthenic acid, respectively. Dotted lines indicate the total oil distribution. MD conditions: T = 300 K, P = 1 atm.

From this information one can start to infer the interfacial affinity of each species to the water
interface. Essentially, two groups can be distinguished: (i) the less polar block formed by dodecane
and toluene and (ii) the polar block with quinoline and 3-naphthenic acid. Dodecane and toluene both
exhibit a similar and low interfacial activity (i.e., toluene is slightly more active than dodecane), so in
their mixture, the IFT decreases almost linearly with toluene volume fraction. This is also the case
when mixing quinoline with 3-naphthenic acid, where both exhibit a high, but similar, interfacial
activity and the IFT again decreases almost linearly. However, when a molecule of group (i) is mixed
with another one of group (ii) the difference in interfacial activity makes the polar compounds to
migrate significantly to the interface, relegating the other components to the bulk. In this situation the

LRC

IFT of the mixture decreases sharply from the pure y;"* value. To conclude, the interfacial activity of

the four compounds according to Fig. 3a-f is 3-naphthenic acid > quinoline > toluene > dodecane.

11
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To illustrate this phenomenon, Fig. 3g-1 compiles the density profiles for each compound in each
binary mixture (i.e., a single profile for each mixture is shown, with initial bulk molar fraction
x? ~ 0.25, which is not the equilibrium ¢2). The profiles containing dodecane (Fig. 3g-i) are related
to the second point in the IFT plots of Fig. 3a-c, whereas the rest (Fig. 3j-1) corresponds to the third
point in the IFT plots of Fig. 3d-f. These density profiles have been normalized with the average
density of the bulk phase so that (p)2,, = 1. In Fig. 3g-h one can see that either the 3-naphthenic acid
and quinoline have abandoned significantly the bulk phase to accumulate very strongly into the
oil/water interface (i.e., their bulk density is very small at equilibrium). In those examples, the acid has
saturated the interface and started to form some aggregates into the oil bulk due to their surfactant-like
structure (i.e., a polar COOH head and a non-polar C2-CP-C2 tail). Notice that these aggregates could
not be removed through a thermal cycle to break meta-stable aggregates (i.e., 300 K — 600 K = 300
K; see Section 2.2. Molecular dynamics simulations), which ensures that the systems are correctly
equilibrated. Otherwise, quinoline still have not saturated the interface completely. This is inferred
from Fig. 3a-b where the dodecane + acid mixture achieved an IFT plateau, whereas the dodecane +
quinoline mixture did not. The interfacial density in all other mixtures (Fig. 3i-1) is relatively similar

to their bulk density, so the IFT deviates less from the ideal linear behavior.

Those density profiles have also been used to quantify the interfacial volume fraction of each
component in the mixtures. As seen in Fig. 3g-1, when a species accumulates at the oil/water interface,
it migrates from the bulk to the interface (i.e., and thus ¢5 > ¢2), while displacing the other species
from the bulk to the interface (i.e., and thus ¢? > ¢$). According to that definition, Fig. 4 shows the
interfacial volume fraction of component 2 as a function of its bulk volume fraction for each binary
mixture. The results quantify that 3-naphthenic acid has the strongest interfacial accumulation at low
volume fractions when dissolved into low polarity oils such as dodecane or toluene. This behavior is
expected, considering that 3-naphthenic acid contains a polar COOH group that can interact favorably
with water via electrostatic, dipole and hydrogen-bond interactions, while neither toluene nor dodecane
have strong attractive interactions with water. Also, when dissolved into a polar oil such as quinoline,
3-naphthenic acid is still exhibiting a mild interfacial accumulation. This might be due to its surfactant-
like structure, which also contributes to its strong interfacial affinity. On the other hand, quinoline
migrates less than 3-naphthenic acid to interfaces because it is only attracted to water through the
aforementioned molecular interactions, but it does not have a surfactant-like structure. Finally, toluene
only accumulates slightly at the interface when mixed with dodecane because it can interact with water
through the aromatic quadrupolar interactions. To conclude, the interfacial activity of the four species

is definitely ranked as 3-naphthenic acid > quinoline > toluene > dodecane.
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Fig. 4. Interfacial vs bulk volume fractions of polar components in oil binary mixtures. Dots correspond to MD results
and solid lines are just a guide to the eye. The dashed line corresponds to an equal interfacial and bulk volume fractions.
MD conditions: T = 300K, P = 1 atm.

This ranking inversely follows the pure oil/water IFT values seen in Table 1, which is also related
to the strength of oil/water adhesive interactions. Additionally, the ¢35 vs ¢2 slopes at low volume
fraction shown in Fig. 4 can be correlated to the maximum interfacial pressure of the binary mixture
(i.e., Tmax)- To quantify this correlation, we have assumed that at low volume fractions
(i.e., approximately at ¢p2 < 0.35) the interfacial adsorption of component 2 (¢3) can be approximated
by a Langmuir expression [78] (Eq. (5)), as shown by other authors [79,80]. Notice that Eq. (5) holds
over the whole concentration range in such a way that ¢7 —» 1 when ¢? — 1 and ¢ > 0 when
¢? - 0. Also, the Langmuir-like behavior is reproduced only at diluted solutions, whereas it changes
to a linear pattern at higher component 2 content. Then, we have fitted these low volume fraction
results of Fig. 4 to Eq. (5) to obtain the Langmuir equilibrium constant (f;). Finally, we have shown

in Fig. 5 a linear trend between the m,,,, and (n(f;) in the studied binary mixtures.
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After describing the binary interfacial behavior for all mixtures, we have also obtained their IFT
with the assumption of Laaksonen et al. [47] (i.e., by averaging their single component oil/water y/R¢
weighted by the MD calculated interfacial volume fraction ¢; as described in Eq. (2)). Then, we have
compared those values with the yXR¢ | calculated by the pressure tensor method, obtaining a good
agreement among both methods in the range of 0.1 mN/m < |Ay| < 4.5 mN/m, as it can be seen in
Fig. 6. This corresponds to an average deviation of |Ay| = 1.6 mN/m (i.e., 5.6 %), which further

validates the assumption made by Laaksonen ef al. [47] for these kinds of mixtures.
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Fig. 6. Deviation between the MD calculated interfacial tension values (YR

obtained from the z-distributions. MD conditions: T = 300 K, P = I atm.
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3.2 Higher order oil mixtures

After the thorough analysis of the oil binary mixtures, the insight gained has been applied to
describe the five higher order mixtures (four ternary and one quaternary). A similar process has been
employed in which the IFT of mixtures with different composition was analysed through MD
simulations. Then, the z-distributions of each component within each mixture was obtained to calculate
each bulk and interfacial equilibrium volume fractions. Finally, we have compared the yXR¢ with the
yAVE values. Note that y4"E is calculated with the extension of Eq. (2) to three and four components.

Moreover, from Fig. 5 we have inferred that the interfacial accumulation of species can be correlated

to the IFT of the pure components involved in the mixture. For this reason, we have also predicted the

S,PRE

interfacial volume fractions (¢;

) of ternary and quaternary mixtures by applying the
multicomponent Langmuir isotherm (Eq. (6)). Similarly, to Eq. (5), this expression can only be ideally
applied at a low interfacial active component volume fractions. Once all ¢; PRE values are calculated,
the IFT is predicted through Eq. (2), equivalently to y4"EZ. However, since those values were obtained

by predicted interfacial volume fractions, we have defined it as y?RE.

with B; = e01214 (1"~

¢)-S’PRE — ﬁzd’tb
l 1+3,Bi¢] = ¢7

LRC
i)

(6)

The MD calculated IFTs and the bulk and interfacial volume fractions are compiled in Table 2.
From the ratio between the ¢ and ¢7 we can infer the interfacial activity of each species within the
mixtures. Following a similar trend than in the binary systems, mixtures containing dodecane + toluene
+ a polar compound (i.e., either quinoline or 3-naphthenic acid) exhibit an interfacial depletion (¢? >
@?) of both non-polar species and a polar compound accumulation (¢p7 > ¢?). The acid is again
showing a higher interfacial affinity than quinoline in ternary mixtures, as revealed by its large ¢; >
0.85 values even at ¢p? < 0.10. On the other hand, ternary mixtures containing only one non-polar
compound (i.e., either dodecane or toluene) and both quinoline + 3-naphthenic acid show only
interfacial depletion of the non-polar compound. Both polar species compete for the interface, so the
activity of 3-naphthenic acid is slightly reduced to allow some quinoline to occupy the interfacial
region, who exhibits a ¢? ~ ¢7. This behavior can also be seen in Fig. 7 for some of the mixtures. In
particular, Fig. 7a-b show very large interfacial density peaks denoting total accumulation of quinoline
and 3-naphthenic acid, while from Fig. 7c-e those peaks are smaller due to competition of both polar

components.
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Table 2
MD IFT results (y*R€) and volumetric bulk/interfacial volume fractions of all species for the higher order mixtures
studied at T = 300 K and P = I atm. The y4VE column refers to the direct interfacial volume average using the MD ¢?

values and the yPRE column corresponds to the same average with the ¢;"*F predicted via Eq. (6).

Dodecane Toluene Quinoline 3-Napht. acid IFT / mN-m’!
A O 1 yrRe o yAE L yPRE
0.64 025 024 020 012 055 ] ~ 1 348+02 381 39.9
0.75 0.36 0.16 0.14 0.09 0.50 - - 377+ 0.8 39.2 41.0
0.57 0.02 0.23 0.05 - - 0.20 093 | 205+ 1.1 18.9 20.1
0.76 0.09 0.16 0.05 - - 0.08 086 | 228+ 14 21.3 23.8
0.58 0.09 - - 0.25 0.26 0.17 0.65 | 232+ 1.6 23.8 21.8
0.77 0.09 - - 0.14 0.22 0.09 0.69 | 21.9+0.9 23.1 24.0

- - 0.30 0.12 0.31 0.27 0.39 0.61 239405 24.1 19.6

- - 0.70 0.31 0.15 0.16 0.15 053  287#1.1 27.2 22.9
0.41 0.02 0.18 0.04 0.21 0.19 0.20 075  238%1.6 21.6 21.1
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Fig. 7. (a-d) Oil-centered equilibrium z-distributions of the four ternary mixtures containing an initial molar fraction
of x2 = 0.50 and x£ = x2 = 0.25 and (e) z-distributions of the quaternary mixture with an initial molar fraction of
x? =x2 =x2 =xb = 0.25. Dotted lines indicate the total oil distribution. MD conditions: T = 300 K, P = 1 atm.
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Table 2 also includes the interfacial averaged y“** and predicted y*™* values. The results show a
good agreement between the two IFT values in almost all of the simulated mixtures, extending the
validity of the correlation deduced from binary to ternary and even quaternary mixtures. From this
information we can infer that a good first approximation of the interfacial accumulation and interfacial
tension of any diluted higher order mixture can be deduced from the correlated Langmuir constants of

binary mixtures. After this validation, we have plotted the predicted y?RE

values for each ternary
mixture as a function of their composition in a heatmap (Fig. 8). This information provides an estimate
of the oil/water interfacial behavior of all possible ternary mixtures that can be built with the four

studied components.

Tol
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Fig. 8. Predicted oil/water IFT vs. bulk volume fraction ternary diagrams built with the combination of Eq. (2) and Eq.
(6). Valid for laboratory conditions: T = 300 K, P = I atm.

4. Conclusions

We have successfully determined the interfacial properties (i.e., [FT and interfacial accumulation)

of oil binary, ternary and quaternary mixtures with pure water by using molecular dynamics
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simulations. Specifically, dodecane, toluene, quinoline and 3-naphthenic acid were used as a simple

model for saturates, aromatics and resins of standard model crude oils.

The main results indicate that there is a correlation between the interfacial accumulation and the
pure oil/water IFT of each component in a mixture. This correlation occurs because there is a
competition among all molecules to occupy the interface, where the most polar components (i.e., with
stronger water affinity and lower pure oil/water IFT) will accumulate more than the others (i.e., with
weaker water affinity and higher pure oil/water IFT). Then, since the interfacial occupation is a
competitive process, it depends on the polarity and the IFT of all components in the mixture. This
framework allowed us to describe a correlation, that coupled to a Langmuir isotherm, gives a good
predictive estimate of both the interfacial volume fraction and the interfacial tension of binary and

higher order mixtures by only using the four pure oil/water IFT values.

Finally, the interfacial properties in all of the studied mixtures were dominated by 3-naphthenic
acid and quinoline, species that diffuse to the interface and exhibit the strongest interfacial
contribution. This fact implies that saturates and aromatic components should play a spectator role in
determining the physicochemical properties of oil/water interfaces. For this reason, chemical EOR
efforts should be focused on the interactions of water with these polar compounds. The obtained results
also question the adequacy of using non-polar oils such as n-alkanes as a model crude oil when
evaluating its interfacial properties for chemical EOR, instead of a possibly more realistic organic

acid/water interface.
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