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Abstract:

In this work, pendant drop techniques and molecular dynamics (MD) simulations were employed
to investigate the effect of asphaltene concentrations on the interfacial tension (IFT) of oil/water
interface. Here, oil and asphaltene were represented by, respectively, common organic solvents
and Violanthrone-79, and two types of concentration, i.e. bulk concentration and surface
concentration, were examined. Correlations between the IFTs from experiments and MD
simulations revealed that surface concentration, rather than the commonly used bulk
concentration, determines the reduction of oil/water IFTs. Through analyzing the hydrogen
bonding, the underlying mechanism for the IFT reduction was proposed. Our discussions here
not only enable the direct comparison between experiments and MD simulations on the IFTs but
also help with future interfacial studies using combined experimental and simulation approaches.
The methodologies used in this work can be extended to many other oil/water interfaces in the

presence of interfacially active compounds.



1. Introduction

During petroleum processing, the undesired water-in-oil emulsions are usually stabilized by
asphaltenes, and being prevented from coalescences."? These emulsified droplets possess serious
effects, such as fouling on and corroding the pipelines and plant equipment, intriguing safety
issues and generating additional costs for the water and oil separation.’ Significant efforts have
been devoted to investigating the stabilization effect of asphaltenes and emulsion drops as well

as the underlying mechanisms.

One experimentally measurable quantity that can help to understand the emulsion
stability is the interfacial tension (IFT) of oil/water interface.®’ With the presence of asphaltenes,
the IFT of oil/water interface decreases, which indicates the adsorption of asphaltenes onto the
interface and thus hindering the coalescences of water droplets.*® In addition, IFT can also be
correlated to other important quantities, such as interfacial excess through the Gibbs adsorption

1

isotherm®!! and critical micelle concentrations’. Therefore, IFT parameters have been widely

measured in experiments with the presence of asphaltene compounds under different

conditions.'> 13

Despite the great importance of IFT, very few computational works are available in
literature for oil/water interface in presence of asphaltene molecules. For instance, while
molecular dynamics (MD) simulations have been widely adopted to investigate the bulk
aggregation behaviors as well as interfacial structures of asphaltene compounds,'*?’ little MD
investigation has been performed to probe the effect of asphaltenes on the IFTs of oil/water
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interface. Only very recently, Mikami et al.* performed a series of MD simulations to investigate



the effect of their representative asphaltene compounds on the IFT of heptane/water interface.
Similar to experimental findings®***°, Mikami et al.”® reported that increasing the concentration
of asphaltene molecules decreased the IFT. However, large discrepancy exists on the
concentrations used in simulations and experiments. Specifically, in the simulation work of

Mikami et al.?®

, a dramatic reductions on the IFT were only observed when a complete thin film
of asphaltene molecules was formed between the heptane and water phases. That is, an extremely
high bulk concentration (42 wt %, 483 g/L) of asphaltenes in heptane is needed in order to
decrease the IFTs of the heptane/water interface. In contrast, experiments reported that IFT can
be decreased by asphaltenes at very low bulk concentrations. For instance, for heptol/water
interface, IFT reduction was reported by Gao et al.® (toluene-heptane volume ratio 4:1) at 0.1 wt %
of asphaltenes, and by Fan et al.** (toluene-heptane volume ratio 6:4) at 2~5 g/L of asphaltenes.
Apparently, even taking into consideration the difference in the type of solvents and solutes,
great discrepancies exist between experiments and simulations regarding the concentrations at
which an IFT reduction can be observed. Therefore, there is still lack of a clear understanding on
the effect of concentration in decreasing the IFT of oil/water interface. The answer to this
question will not only help with improving comparison on the IFT between experiments and
simulations but also provide important foundations for probing the interfacial properties of

asphaltenes using theoretical modeling, and thus further providing atomic information for the

emulsion problems encountered in petroleum processing.

In this work, adopting Violanthrone-79 (VO-79), a common surrogate for asphaltenes,"

32 we performed a series of experimental and theoretical studies to probe the role of

concentrations on reducing the IFTs of oil/water interface. The oil phase is represented using



common organic solvents, e.g. toluene and n-heptane, and two types of concentrations were
discussed, namely bulk concentration and surface concentration. Through direct comparison
between the results from MD simulations and experimental measurements, the governing factor
on the IFT reduction was clarified. The remainder of this article is organized as follows: the
experimental setup and simulated systems are introduced in section 2; section 3 presents detailed
analysis on the role of bulk concentration and surface concentration in reducing the IFT; and

final conclusions are given in section 4.

2. Methods

2.1. Experimental. Materials. The model asphaltene compound VO-79 (CsoHasO4, structure

shown in Figure 1) has one large polyaromatic core and two long aliphatic side chains, similar to
the island-type structure proposed for asphaltene molecules in literature.® Compared to
experimentally measured average weight percentage of oxygen in real asphaltenes, <1.50% as
reported by Sato et al.**, the oxygen content in VO-79 is relatively high (9.0%). On the other
hand, it is close to that of the asphaltene fractions stabilizing oil/water emulsions, 5.54% as
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reported by Yang et al.” The VO-79 compound was obtained from Alfa Aesar, and the solvents,
i.e. distilled water, n-heptane, and toluene, were purchased from Sigma-Aldrich. All reagents

were analytical grade and used as received without further modification.



C7H4s

Figure 1. Chemical Structure of VO-79 compound.

Two types of solutions were prepared, one having VO-79 in toluene and the other having
VO-79 in heptol. For VO-79 in toluene, three concentrations were employed, 50, 1000, and 5000
ppm; for VO-79 in heptol, the solvent (heptol of n-heptane/toluene mass ratio 1:1, corresponding
to volume ratio 56:44) was first obtained by mixing n-heptane and toluene. Then, appropriate

amount of VO-79 was added to achieve a concentration of 50 ppm.

IFT Measurements. For the IFT measurements, a two-step process was used. Firstly, pendant
droplets of organic solutions were formed in aqueous environments. To achieve so, the VO-79
solutions were loaded into a syringe connected to a U-shape needle. Then the needle was inserted
into a quartz cell containing distilled water (dispersion medium), and by moving the plunger
downward, a pendant droplet of volume 20-30 pL was formed at the tip of the needle. The so-

formed droplet was illuminated by means of a light source and a high speed CCD camera was



used to capture the droplet profile. All experiments were conducted using a rame-hart
tensiometer at room temperature and 1 atm pressure, and the droplet profiles were captured every

2 s for a total period of 4000 s.

From the droplet profiles, the IFT was then calculated by applying the following

equation’:

y = [4p.g-(Ro)*1/ B. (1)

where Ap is the mass density difference between the droplet phase (solution of VO-79 in organic
solvent) and the surrounding medium (water), g is the gravity constant, R, is the radius of
curvature at the droplet apex (approximating the local geometry as part of a sphere), and f is the

shape factor. The DROPimage software was used to obtain the size parameters (R, and ) for

the droplets, and further calculate the IFTs.

2.2. Simulation. Systems Simulated. The initial structure of VO-79 molecules was built using
Chem3D Ultra 10.0. Organic solvents, toluene and n-heptane, were equilibrated in our previous

simulations?* 2!

and directly adopted here; heptol of different n-hepatne/toluene volume ratios
(56:44 and 80:20, corresponding to, respectively, 50:50 and 75:25 mass ratios) were developed
using the procedures described in our earlier work.” A total of 16 simulations were designed to

probe the IFT trend with varying solvents as well as concentrations, and their information is

summarized in Table 1.



Table 1. Details of the Systems Simulated

Sim. | systems | no. of toluene | no. of n -|no. of VO- |bulk concn. | bulk
No. molecules heptane 79 (ppm) concen.
molecules molecules (g/L)

1 4-H 0 6347 4 4464 2.74
2 4-HT80 1721 5145 4 4212 2.74
3 4-HT56 3814 3664 4 3953 2.74
4 4-T 8900 4 3465 2.74
5 32-H 0 5970 32 36735 21.93
6 32-HT80 1640 4824 32 35321 21.93
7 32-HT56 3631 3439 32 33036 21.93
8 32-T 8416 0 32 28579 21.93
9 90-H 0 5536 90 103674 61.68
10 | 150-H 0 5528 150 161816 102.80
11 | 180-H 0 5421 180 191095 123.36
12 | 540-H 0 3417 540 529271 370.08
13 1 90-T 7772 0 90 82231 61.68
14 | 150-T 7797 0 150 129567 102.80
15 | 180-T 7613 0 180 154649 123.36
16 | 540-T 4883 0 540 461109 370.08

The first 4 systems in Table 1 involve 4 VO-79 molecules as the solutes. During
construction of the initial configuration for each system, a box of dimension 12x12x12 nm? was
first randomly filled with water molecules (see a schematic illustration in Figure 2a). The box
was then expanded in the z-driection to a length of 24 nm, and 4 VO-79 molecules were packed
into the empty space with their polyaromatic cores parallel with one another. The rest of the box
was filled with n-heptane in system 4-H, heptol of 80% (volume percentage) n-heptane in
system 4-HT80, heptol of 56% n-heptane in system 4-HT56, or toluene in system 4-T. While
only 4 solute molecules were employed here, the resultant systems had VO-79 mass

concentration of ~4000 ppm (0.4 wt %) in organic solvents, close to a bulk concentration of 5000



ppm employed in our experiments. To study the effect of concentration, the number of VO-79
molecules was then increased to 32, corresponding to simulations 5 to 8 in Table 1. These 4
simulations are of bulk concentrations > 28000 ppm (2.8 wt%), which is far above those in our

experimental studies as well as those usually employed in other experimental studies® *.
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Figure 2. Schematic representations for two ways of constructing the initial configurations: a)
simulations 1 to 8 where VO-79 are solvated in the organic solvent; and b) simulations 9-16

where VO-79 are packed on the interface between water and organic solvent.

To probe the role of surface concentration on IFT, 8 additional simulations were designed.
The initial configurations for these 8 systems were constructed using the scheme described in
Figure 2b. Briefly, we placed, between the water phase and the organic solvent phase, a single

layer of VO-79 molecules in simulations 9-11 and 13-15 listed in Table 1. For systems 90-H and



90-T (simulations 9 and 13), the layer contains 90 VO-79 molecules on the interface; the number
is increased to 150 in systems 150-H and 150-T, and to 180 in systems 180-H and 180-T. With
180 molecules, the interface is completely covered (100% surface coverage in the initial
configuration). We then introduced two additional layers of VO-79 molecules and formed a
three-layer interface in systems 540-H and 540-T (simulations 12 and 16 in Table 1). In each of
these 8 systems, the VO molecules were initially arranged to have their polyaromatic cores

parallel with one another.

Simulation Details. The VO-79 topology was obtained by first submitting its initial coordinates
to the GlycoBioChem PRODRG?2 server.”” The partial charges and charge groups in the default
topology from PRODRG was then manually adjusted to be compatible with the GROMOS96
force field parameter set 53A6.** The validation for this approach of creating topology has been
justified in our previous work." For solvent molecules, a simple-point-charge (SPC) model*® was
used for water, which has been extensively tested for interfacial studies®*’*®; the topology for

k20, 21

toluene and n-heptane were validated in our earlier wor and directly adopted here.

All the simulations were performed using the MD package GROMACS**. For each
system, static energy minimization was first performed to ensure that the maximum force is less
than 1000.0 kJ/(mol*nm). Then NPnormalAT ensemble simulations were performed for 40 ns for
simulations 1-8 in Table 1, and for 10 ns for simulations 9-16. Here, Pnormai and A represent,

respectively, iso-normal pressure perpendicular to the interface (z direction in Figure 1), and iso-

10



interfacial area. It should be mentioned here the capability of NPrormalAT ensemble for predicting

IFT in MD has been widely justified in literature**.

During the full dynamic simulation, Parrinello-Rahman barostat*

was used to keep the
average normal pressure at 1 bar, and a velocity rescaling thermostat,’”” based on correctly
producing the probability distribution of kinetic energy under constant temperature, was used to
keep the average temperature at 300 K. In all the simulations, periodic boundary conditions, full
electrostatics with particle-mesh Ewald method,* cutoff distance of 1.4 nm for van der Waals,

SETTLE algorithm® to constrain all bonds for water molecules, LINCS algorithm® to constrain

all bonds for solute as well as organic solvent molecules, and a time step of 2 fs were used.

Data Analysis. The IFT of each system is calculated using the following equation®':

1 bxt

vy =50, — =), ()

where py, py, and p, are the diagonal components of the pressure tensor, and L, is the box length
in z direction. As a benchmarking study, we first calculated IFTs of the organic solvents with
SPC water in absence of the VO-79 molecules and the results are given in Supporting
Information (section S1). While experimental value for heptol/water IFT is not available, the
comparison between simulation and experimental data on IFT of pure n-heptane and toluene
with water showed good agreements. Together with other reported work where IFT was

evaluated using Eq. (1), this justifies our approach to evaluate IFT from MD simulations.*>>"->
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In the result section below, appropriate post-processing tools available in GROMACS
were used for trajectory analysis and VMD?* used for visualization. Unless otherwise specified,
all analysis was based on the last 5 ns of the simulation for the first 8 system in Table 1 and the
last 2 ns for all the other systems in Table 1. Demonstration for the achievement of dynamic

equilibrium is available in the Supporting Information, section S2.

3. Results and Discussion

3.1. Correlation of IFT with Bulk Concentrations. The IFTs obtained in our experimental
studies were plotted as a function of time in Figure 3. Clearly, the final plateau values of IFTs
greatly depend on the solvents and the concentrations of VO-79 employed. For instance, with
increasing toluene ratio (Figure 3a), the IFT was decreased from ~38 mN/m to 33 mN/m; for
pure toluene solvent, while the reduction on IFT is small from 50ppm to 1000ppm, a dramatic
reduction on the IFT was observed when the bulk concentration of VO-79 reached 5000 ppm

(Figure 3b). Both observations are consistent with literature works® 2*-3

reported earlier, and thus
justifying our experimental methodology. Moreover, detailed inspection of Figure 3 shows that
IFT is decreasing with time, particularly at high bulk concentrations (5000 ppm in Figure 3b).

This indicates the continuing migration of VO-79 molecules from bulk solutions to the interface,

which introduce further reductions to the IFTs.
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Figure 3. IFT between the organic solution and water as a function of time a) for VO-79 in
HT56 (heptol of n-heptane-toluene volume ratio 56:44) and toluene at a bulk concentration of 50

ppm and b) for VO-79 in toluene at three different bulk concentrations: 50, 1000, and 5000 ppm.

Theoretical calculations were first carried out for systems with VO-79 molecules initially
dispersed in organic solvents, i.e. systems 1-8 in Table 1. The obtained IFTs are plotted in Figure
4, each solvent being represented by a certain color and lines drawn for a guide of eyes. As the
solvent is changed from 100% n-heptane to 100% toluene, the IFTs shows a monotonic decrease,
consistent with our experimental observation and the results reported by Hu et al.®’ on
asphaltenes at the heptol/brine interface. On the other hand, surprisingly, regardless of the
concentration, the calculated IFTs are close to the values in absence of the VO-79 molecules. For
instance, in system 32-T with a bulk concentration of 28579 ppm, an IFT value of 35 mN/m was
obtained using MD, similar to 35.3 mN/m for pure toluene. Contrarily, at a bulk concentration of
5000 ppm in toluene, the IFT was decreased to a plateau value of 24 mN/m in our experimental

study. Furthermore, evident reductions on IFT have also been reported for similar compounds at
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very low bulk concentrations in experiments. For instance, compared to the IFT value (36.5
mN/m) for pure toluene/water interface at pH 9>, Norgard et al.”® reported that the presence of
BisA, a model asphaltene compound for which ketone groups are the only explicit polar groups,
decreased the IFT value to 32 mN/m with a bulk BisA concentration of only 50 uM (~44 ppm).
Clearly, evident discrepancies exist between simulations and experiments regarding the effect of
concentrations. To understand these seemingly discrepancies, below we will take a detailed look

at our simulated systems.
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Figure 4. IFT values versus number of VO-79 molecules in each solvent. Lines are drawn for a

guide of eyes.

Compared to toluene, n-heptane is a “poor” solvent for the VO-79 molecules studied here.
It’s thus expected VO-79 molecules will prefer to migrate to the interface in n-heptane. Figure 5
shows the final configuration formed in systems 4-H and 32-H. As it can be seen, all VO-79

molecules indeed migrated to the interface, and the adsorbed molecules prefer an aggregated
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state with their polyaromatic cores being perpendicular to the interface. This is consistent with

1.5, where the same orientation was found for similar

the experimental study by Andrews et a
molecules (Violanthrone-78, VO-78) on the hydrophilic CaF:z surface. It’s worth pointing out
that the specific configuration of VO-79 obtained here can be dependent on the molecular
structure employed and might differ from that of real asphaltenes extracted from crude oils.”” For

example, Andrews et al.”

pointed out that unlike VO-78, certain real asphaltenes tend to possess
orientations with their polyaromatic cores parallel to the interface, and such difference can be

attributed to the oxygen functionality present in VO-78.

On the other hand, while all VO-79 molecules indeed migrated to the interface as shown
in Figure 5, majority of the interface is still dominant by the water-n-heptane contact, which can
be further verified by calculating the distribution of different types of molecules with respect to
the interface as shown in the Supporting Information (section S3). This is why no dramatic
changes were observed in the IFT with increasing the bulk concentration of VO-79 in our
simulations. Interestingly, through a series of IFT measurements, Yeung et al.’>** also reported
that the IFT of a given interface is not solely determined by the bulk concentration of solutes.
Specifically, different experiments were designed to create heptol/water interfaces with different
configurations: a centimeter-sized heptol layer on top of water, a millimeter-sized heptol droplet
in a water bath or a macroemulsion having a large number of micrometer-sized water droplets in
heptol. In all cases, there were surfactants in the heptol solution and the bulk concentration of the
surfactant was kept the same in all experiments. The different experiments, however, rendered
different IFT values. From the results, it was proposed that IFT is a function of the ratio between
the volume of the liquid phase (volumes of heptol and water in their experiments are of similar
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scales) and the interfacial area. That is, at the same bulk concentrations, the concentration of
surfactants at interface can be different. For our current work, the length scale used in the
simulations (~nm) is seven orders of magnitude smaller than that (~cm) in our experiments.
Therefore, it is possible that while much higher bulk concentrations were employed in MD
simulations compared to those in experiments, the surface concentration of solute molecules at
the interface in the simulations may still be much lower than the corresponding ones in the
experiments. To verify our hypothesis, in the following section, we first analyzed the surface

concentration of VO-79 molecules in details.

Figure 5. Final configurations formed in systems: a) 4-H, top pane, side view; bottom pane, axis
view; and b) 32-H, top pane, side view, bottom pane, axis view. Water molecules are shown in

red and VO-79 molecules in cyan. n-Heptane molecules are not shown for clarity.
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3.2. Correlation of IFT with Surface Concentrations. The surface excess in our experiments is

calculated using Gibbs adsorption isotherm®:

1 ay
o Rlenc’( )

where I" and c are the surface excess (mol/m?) and concentration (mol/L) of the solute (the initial
bulk concentrations of VO molecules in toluene shown in our experimental studies), R is the
universal gas constant (J/(Kxmol)), T is temperature (K) and y is the IFT (N/m). To calculate I',
the IFT data at 1000 ppm and 5000 ppm were employed. The reason for omitting the data point
at 50 ppm is that only when c is sufficiently high can the interface be considered saturated with
solute molecules, resulting in nearly constant surface excess.” For instance, in the case of

surfactant being the solutes, ¢ needs to be below but close to the critical micelle concentration.”

1 (24.8-33.6)x1073 mol
8.314%300 (In(6.08x1073)-In(1.22x1073)) m?2

Therefore, from our experimental results: I' = —

2.20 X 10~ mol/m?, and by taking the Avogadro constant into consideration, the corresponding

surface concentration is 1.32 molecule/nm?.

The surface concentration of VO-79 molecules in the MD simulations is estimated by
dividing the number of VO-79 molecules on the interface over the interfacial area. For instance,
in system 4-H, the interfacial area is 12 X 12 = 144 nm” and all of the 4 VO-79 molecules
migrated to the interface, resulting in a surface concentration 4/144 =0.03 molecule / nm?. This
represents the highest surface concentration among simulations 1 to 4, since not all VO-79
molecules migrate to the interface in presence of toluene solvent. On the other hand, in

experiments, at a bulk concentration of 5000 ppm (similar to that in the systems having 4 VO
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molecules) in toluene, the surface concentration is much higher (1.32 molecule/nm?) as shown in
the preceding paragraph. That is, at similar bulk concentration, surface concentrations in the
simulations can be very different from those in experiments, which can be the reason why there

is a discrepancy between the reduced IFT in experiments and the constant IFT in simulations.

To further probe the effect of surface concentration on the IFT, we introduced more VO-
79 molecules to the simulation systems (simulations 9-16 in Table 1). As it can be seen from
Figure 3, migration of the solute molecules onto the interface can take as long as 4000 s, which is
impossible to observe within the simulation time (hundreds of ns) affordable by current
computational techniques. Therefore for simulations 9-16 in Table 1, VO-79 molecules were
directly placed at the interface in the initial configuration (Figure 2b). Figure 6 summarizes the
IFT calculated for the systems simulated in n-heptane and toluene. Clearly, the IFT shows a
monotonic decrease as the number of VO-79 molecules is increased from 90 to 540, consistent

%2830 on the effect of concentration in

with our experimental study and other experimental works
literature. Furthermore, the most drastic decrease is observed when the number of VO-79
molecules reaches 180. While this number corresponds to extremely high bulk concentrations
(191095 ppm and 154649 ppm, respectively, in systems 180-H and 180-T), the corresponding
surface concentration is 18/144 =1.25 molecule / nm? close to the saturated surface
concentration (1.32 molecule / nm?) in our experimental studies. This suggests that the IFTs are
governed by the surface concentration of interfacially active molecules rather than their bulk
concentration. It is of great importance to point out here that similar conclusions have also been
validated in the field of surfactants. For instance, in the work of Hu et al.®, the IFT values

obtained from MD has been compared to those in the experimental work of Pradines et al.®' for
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surfactant sodium dodecyl sulfate. The results from these two works are in good agreement at
similar surface concentrations, while these surface concentrations correspond to distinct bulk
concentrations. For example, at surface concentration ~1 molecule/nm?, the bulk concentrations
are, respectively, 0.36 mol/L in the simulation work® and 0.001 mol/L in the experimental work

o1 which differ by two orders of magnitude.
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Figure 6. IFT obtained for systems simulated in n-heptane and toluene.

In literature, there has been a great barrier for comparisons between experiments and
simulations on the effect of concentrations. The reason is that to accommodate the bulk
concentrations in experiments, very few molecules can be put into a relatively small simulation
box. For instance, as shown in section 2, when only 4 VO-79 molecules are placed in a cubic box
of dimensions 12x12x12 nm?, the bulk concentration is already ~3000 ppm. However, as
revealed here, it is the surface concentration, instead of bulk concentration, that governs the

reduction of IFT. This provides justifications for MD simulations to employ high bulk
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concentrations in order to achieve the same surface concentration as that in experiments. It is of
great importance to emphasize that not only are our results applicable to model compounds
employed to mimic asphaletenes, they also have direct implications for real asphaltenes. For

376263 investigated the effect of real asphaltenes on the IFT of

instance, Banerjee and co-workers
water/model oil (mixtures of aliphatic base oil and toluene) interface under a variety of
experimental conditions (including different bulk concentrations of asphaltenes). A universal
relation was derived between the IFT and surface coverage (similar to surface excess calculated
in our work) of asphaltenes, where the IFT monotonically decreases with increasing surface
coverage, consistent with our findings here. However in their work, differences between bulk

and surface concentrations in affecting the IFT are not explicitly discussed. Therefore the results

reported here help to draw a comprehensive picture on the effect of asphaltene concentration.

3.3. Mechanisms of the IFT Reductions. In Figure 6, a larger decrease in IFT is observed for
the systems in n-heptane compared to those in toluene. For instance, while in absence of VO-79
molecules, the n-heptane-water interface is of a much higher IFT than that of toluene-water
interface, as VO-79 molecules are added and accumulate on the interface, the IFTs converge to
20 mN/m in both n-heptane and toluene. As oxygen functionality is presented in the molecular
structure of VO-79, it is expected that hydrogen bonds can be formed between VO-79 and water
molecules. Therefore we calculated the number of hydrogen bonds formed between VO-79 and
water molecules at the equilibrium stage in simulations 9-16 and the results were plotted in
Figure 7. Here, a geometric criterion of Donor — Acceptor distance 1, < 0.35 nm and Acceptor

— Donor — Hydrogen angle 6,p5 < 30° was used.
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Figure 7. Number of hydrogen bonds formed in simulations 9-16 in Table 1.

From Figure 7, generally, larger numbers of hydrogen bonds are formed in n-heptane
compared to toluene, consistent with the larger reductions on IFTs for the systems in n-heptane
as shown in Figure 6. The less hydrogen bonds formed in toluene indicates the slight migration
of VO-79 molecules from the interface to the bulk toluene phase, which resulted from the fact
that toluene is a “good” solvent for these polyaromatic molecules®”?' (for more discussion on
solvent effects, see Supporting Information, section S4). Detailed examination of Figure 7 also
reveals that in both n—heptane and toluene, the number of hydrogen bonds can be correlated to
the number of VO-79 molecules, and has the following order: 540-H (T) > 180-H(T) and 150-
H(T) > 90-H(T). That is, the number of hydrogen bonds shares the opposite trend to that of IFT.
Furthermore at sufficient high concentration of VO-79 molecules, i.e. 540 VO-79 molecules,
where the organic solvent is being separated from contacting with water phase, similar numbers

of hydrogen bonds were formed in n—heptane and toluene, corresponding to the similar
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converged IFT values observed in Figure 6. Therefore, as explicit hydrogen bonding cannot be
formed between organic solvents (toluene or n-heptane) and water, it can be concluded that the
hydrogen bonding formation between VO-79 (interfacially active compound) and water is at
least one of the mechanisms that reduces the IFT in the presence of VO-79 molecules. Moreover,
hydrogen bonding is originated from electrostatic forces, and hence other types of electrostatic
forces which can be enhanced by the presence of VO-79 molecules, such as induced dipole-
induced dipole interaction between VO-79 and water molecules, may also play an important role

in reducing the IFT.

4. Conclusions

In this work, we investigated the effects of model asphaltene concentration on the water/oil IFT.
Two types of concentration were considered here, namely, bulk concentration and surface
concentration. The experimental surface concentration of the model asphaltenes was calculated
using the Gibbs adsorption isotherm. Through detailed analysis on the IFT values obtained from
MD simulations and experimental pendant drop techniques, it was revealed that reductions of the
water/oil IFT are governed by the surface concentration of model asphaltenes, while the
corresponding bulk concentration can be dramatically different. That is, correlations of the IFT
should be made based on surface concentration of the solutes. Furthermore, with increasing the
surface concentration of model asphaltenes, number of hydrogen bonds formed between model
asphaltene and water molecules demonstrated an opposite pattern compared to that of the IFT,
which suggests that hydrogen bonding formation between VO-79 and water molecules is one of

the driving forces that reduces the oil/water IFT. The results reported here provide justifications
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for direct comparison between MD simulations and experiments on the interfacial behaviors of
asphaltenes, and the methodologies can be extended to many other oil/water interfaces in the

presence of interfacailly active compounds.
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