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ABSTRACT

Molecular dynamics simulations were employed to study hydroxylated and functionalized SiOy nanoparticles (NPs) within a light crude oil under different tem-
peratures. The model oil comprised a combination of aromatics, alkanes, and cycloalkanes, while the hydroxylation, PEGlyation, and sulfonation of the NPs were
evaluated. The effects of functional size were considered for PEGlyated NPs. Interestingly, benzene clusters dispersed in the oil phase were formed for all systems
studied; clusters of 9 and 11 molecules were the most common. The benzene clusters adsorbed onto the NPs, forming a surrounding shell approximately 10 A in
width. The agglomeration of aromatic molecules was more evident for hydroxylation covering: the density of benzene molecules in the first shell of aromatic
molecules surrounding the NPs decreased in the order NP-H, NP-SA, NP-EG, and NP-PEG2 and reached a maximum for hydroxylated NPs, where the hydrocarbons
form a first shell of molecules ~25 A in width. The density of benzenes is 24% greater than in pristine oil. Compared to other coverings, this effect reduces the NP—oil
interfacial tension for the hydroxylated NPs by about 15%. Our results indicated that the adsorption of benzene on NPs and the NPs-oil interfacial tension could be
tuned by the NP covering. This degree of control is highly desirable for applications of NPs in enhanced oil recovery processes.

1. Introduction

Among nanostructured materials, silica nanoparticles have been
widely used in surface engineering, energy, and bio applications. In
particular, NPs are often used in the biomedical sector as a drug delivery
vehicle [1,2] for vaccines [3]. In surface design, they have been used to
develop surfaces with hydrophobic [4] and tribologic [5] properties,
and more recently as an agent to tune the interfacial properties of liquids
[6-11]. This kind of information is valuable to the oil industry, where
nanoparticles can potentially be used for enhanced oil recovery (EOR)
[10-12] and the mitigation of oil spills [13]. The broad applicability of
NPs is a function of their biocompatible properties, a controllable and
accessible surface chemistry, and their relatively low cost [14].

For most applications, NPs must be dispersed in a fluid medium. This
is the case for EOR and oil spill mitigation, where oil and brine are the
most common fluid media. Salt ions can accumulate on the surface of
NPs dispersed in brine, which alters their suspension stability [8,9,11,
12]. The adsorption of ions on the silica surface and the formation of
charged layers surrounding NPs have been the subject of many publi-
cations [8-10,15-17]. A literature review also demonstrated that the
accumulation of water molecules [18] and salt ions [9,10] occurs in NPs
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functionalized by hydrophobic and hydrophilic molecules [9-11,18],
where these surface groups aid the stabilization of the NP suspension
[19,20].

Although dispersions of NPs in water and brine are well-studied, the
properties of these nanoparticles when dispersed in oil have received
less attention, despite their importance to EOR applications [10-12].
The interaction of hydrocarbons with a silica surface has been studied
using molecular dynamics, and the results indicated that the aromatic
molecules were adsorbed on silica surfaces [21,22]. They also showed
that the molecule-surface interaction mechanism occurred through
weak van der Waals coupling between the molecular aromatic ring and
the hydroxyl groups on the silica surface. Through simulations [23] and
experiments [24], the interaction of alkane molecules and NPs was
studied using decane as a single oil component. In a more recent study
[10], we examined surface-modified NPs at the oil-brine interface,
where the light oil was modeled using a realistic combination of aro-
matic, alkane, and cycloalkane molecules, and found that benzenes
accumulated on the silica surface, even on the NPs in the brine phase.

Additionally, aromatic molecules can agglomerate within crude oil
even without chemical additives (molecules or nanoparticles) [25].
Benzene, in particular, is subject to agglomeration, which results in
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nanoclusters that have specific magic numbers of molecules [26-28]. Ab
initio and molecular dynamics simulations agree that benzene clusters
with 13 molecules are the most stable [26,28]. This value is consistent
with recent nuclear magnetic resonance (NMR) experiments performed
on fossil fuel samples [25]. From those results, the aromatic molecules
are expected to adsorb on NPs when dispersed in a crude oil emulsion.
Moreover, the interaction between NPs and benzene clusters and their
potential effects have never been properly examined.

For multicomponent oil systems, knowledge of the molecular
adsorption processes on NPs and how these processes affect the inter-
facial and diffusion properties of each oil component is essential.
Accordingly, the characterization and manipulation of these properties
are key points for potential applications in the oil industry. For example,
higher nanoparticle mobility and reduced oil-nanofluid interfacial
tension can improve oil recovery through the structural disjoining
pressure mechanism, as suggested by Wasan et al. [12,29]. This process
uses NPs suspended in a fluid (nanofluid) to detach oil drops from a
surface. In essence, the structure of NPs in the oil-brine surface contact
line generates an increase in the local pressure gradient, which increases
as the NP concentration increases, which results in a spreading force. In
this aspect, the knowledge of NP-oil interfacial tension is essential for
selecting nanofluids that provide a lower oil-nanofluid interfacial ten-
sion. Considering the importance of oil-dispersed NPs for technological
and scientific applications, more detailed knowledge of such systems is
highly desirable.

In this study, we used classical molecular dynamics to investigate the
interaction of NPs with the hydrocarbon molecules present in light crude
oil [30]. In addition to hydroxylated nanoparticles, NPs functionalized
with hydrophilic and hydrophobic groups were considered. The for-
mation and agglomeration of molecular clusters on NPs were monitored
by density profiles, while the interfacial, transport, and structural
properties were determined for the NP-oil interface.

2. Materials and methods

The computational model for crude light oil [30] incorporates a
combination of eight hydrocarbon molecules, including alkanes and
aromatics. The model for alkanes contains a total of 501 (0.14 wt), 458
(0.12 wt), 543 (0.15 wt), 537 (0.14 wt), 334 (0.09 wt), and 543 (0.15
wt) molecules of hexane, heptane, octane, nonane, cyclohexane, and
cycloheptane, respectively. The aromatics include 543 (0.15 wt) and
209 (0.06 wt) molecules of toluene and benzene, respectively. This
model is a standard way to study light oil (~ 0.89 g/cm?), and is widely
found in the literature [6,10,31].

The NPs are generated using a previously employed procedure [18].
Based on experiments [32,33] and theoretical considerations [18,33],
the hydroxylated NPs (NP-H) models have a diameter of 3 nm with
silanol and germinal surface sites. Taking hydrophilicity variation into
account, surface functionalization of NPs by polyethylene glycol and
sulphonic (NP-SA) groups are considered for hydrophilic to hydropho-
bic, respectively. The grafting process inserts Si(OH)3-(CH3)3-SO3H (SA)
and Si(OH)s3-(CH2-CH2-O)n-H (PEG) molecular groups onto the NP
surface, based on the optimized process described in Ref. [18]. For
PEGylated nanoparticles, chains with n = 1 and 2 ethylene glycol
monomers are evaluated (EG and PEG2).

Molecular dynamics simulations are conducted by using the
LAMMPS package [34]. The CHARMM-based force field is adopted to
describe the molecular interactions for oil [35] and silica NPs [36]. The
simulations are initially set in a cubic box with 10 nm inside, under
periodic boundary conditions. For long-range electrostatic interactions,
the reciprocal space Particle Particle Particle-Mesh (PPPM) method
[34-37] is adopted, and a cutoff of 10 A is used for van der Waals in-
teractions. For each NPs-oil system, the simulations equilibrate 1.0 ps in
NVE, 10.0 ps in NVT and 60.0 ns in NPT ensemble, with a time-step of
0.5 fs. The production is carried out in NVT, along 4.0 ns. Temperature
and pressure are controlled by the Nosé-Hoover thermostat [38,39] and
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the Andersen barostat [40], respectively.

To obtain information regarding the distribution of oil components
surrounding the NPs, radial density profiles d(r) are determined for each
oil component. The d(r) is determined by taking the average compo-
nents for infinitesimal shells around the center of NPs. For the interfacial
tension properties of spherical symmetry, the Gibbs formulation is
adopted to describe the interface tension in terms of the pressure tensor
[41-43]:

- 1/3

/rBdPN(r) dr 0
dr

0

2

_ (P’*Pg)
A

where P; and P, represent the internal and external pressures acting on
the NP, respectively, and Py(r) is the normal component of pressure

r
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where Py(7) is the tangential component of the pressure tensor. Pressure
tensor values are obtained during the production phase at intervals of
1.0 ps for all atoms yielding 4000 blocks of data used in the interfacial
tension calculation. In this case the error associated with all measures
were on the order of 10 N/m.

The self-diffusion coefficient is determined through the slope of the
mean square displacement (MSD(t) =  (|ri(®) — ri(0)|2)) in the Ein-
stein equation:

1. 1 MSD(t)
DoglnN 2 @

3. Results and discussion
3.1. Structural properties

Figure la and b show the radial density profile d(r) of the NP-H
surface at 300 and 350 K, respectively. As a general observation, aro-
matic molecules accumulate on the NP-H surface at both temperatures.
However, the adsorption of aromatic molecules on the NP-H surface at
350 K (Fig. 1b) is lower than at 300 K (Fig. 1a). Additionally, the peak
corresponding to the greatest density of cycloalkanes is further (27.5 A)
from the NP-H surface at 350 K compared to 300 K (19.0 10\). These re-
sults can be understood in terms of the greater thermal diffusion at 350
K. As both temperatures show similar results, the radial distribution
function g(r) is calculated for 300 and 350 K ( Supplementary Fig. S1).

—To access the preferential location and orientation of the molecules
surrounding the NP-H surface, radial pair distribution g(r) curves are
calculated between the carbon atoms in the hydrocarbon molecules and
the H-atoms on the NP-H surface. The results for all molecules show that
benzene and (a lesser amount of) cycloheptane agglomerate on the NP-H
surface. For other hydrocarbons, only heptane, hexane, and octane show
layered structures, albeit less developed than those of benzene. Their g
(r) are presented in Supplementary Figs. S2 to S4. These results are
consistent with those reported for a silica surface, where the adsorption
of aromatic molecules is more favorable than alkane molecules [21].
Fig. 1c shows the results for benzene, where the first g(r) peak between
the C-H pair of atoms indicates a benzene-surface distance of 2.34 A.
This distance is compatible with a planar configuration of molecules (the
aromatic ring is parallel to the NP-H surface), consistent with previous
results for these molecules surrounding the surface of a silica nanopore
[44]. Fig. 1d shows the g(r) for cycloheptane molecules and surface
H-atoms. The curve indicates that molecules form an ordered layer at
2.61 A around the NP-H surface. The g® shows a second peak at ~4.00
A, suggesting that the cycloheptanes form a second solvation shell sur-
rounding the NP-H.

Figure 2a and b show the d(r) results for NP-SA-oil interfaces at 300
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Fig. 1. Density profile of hydrocarbons surrounding the NP-H, as a function of
the radial distance from the NP-H center of mass in (a) and (b), at 300 K and
350 K, respectively, while (c) and (d) show the radial pair distribution between
surface H-atoms in nanoparticle and carbon atoms in benzene and cycloheptane
molecules, respectively, at 300 K.

and 350 K, respectively. These systems also show an accumulation of
aromatic molecules on the NP surface (similar to the NP-H-oil interfaces
in Fig. 1a and b). However, the degree of accumulation on the NP-SA
surface is reduced compared to that on the NP-H surface under the
same conditions. When compared to the NP-H (Fig. 1), the NP-SA
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Fig. 2. Density profiles of hydrocarbons surrounding the NP-SA, as a function
of the radial distance from the NP-H center of mass in graphs (a) and (b), at 300
K and 350 K, respectively. Graphs (c) and (d) give the radial pair distribution
between selected atoms in nanoparticle (see inset) and carbon atoms in benzene
and cycloheptane molecules, respectively, at 300 K.

(Fig. 2) has a larger radius due to the functional groups attached to
the surface. As a result, at 300 and 350 K, the NP-SA has average radii of
22.5 and 25.0 A, respectively. Fig. 2a and b also show that a greater
accumulation of aromatic molecules occurs at approximately 22.0 and
21.5 A for 300 and 350 K, respectively. This indicates that aromatic
molecules accumulate only on the NP surface and not on the sulfonic
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groups. As such, aromatic molecules accommodate themselves between
the functional groups.

Fig. 2c shows the g(r) between the carbon atoms in benzene and
selected atoms on the NP surface. The g(r) between the carbons and the
surface H-atoms for NP-SA is slightly broader than that of NP-H (Fig. 1c),
indicating the loss of the shell structure in NP-SA-oil. The g(r) between
carbon atoms and the sulfur (Ssp) and hydrogen (Hsa) atoms in the
functional group does not show a clear peak, suggesting there is no
preferential position for benzene rings with respect to the functional
groups. Similar behavior is seen with cycloheptane, as shown in Fig. 2d.
However, the solvation layers surrounding the surface H-atoms are still
present, although with lower intensity compared to the NP-H (Fig. 1d).
As the other hydrocarbons do not demonstrate a significant accumula-
tion on NP-SA, their g(r) are not shown.

Figure 3a-c show the d(r) and g(r) between NP-benzene and NP-
cycloheptane for NP-EG-oil at 300 K, while Figs. 3d-f show similar re-
sults for the NP-PEG2-oil interfaces. The intensity of the d(r) peak for
aromatic molecules on NP-EG (Fig. 3a) is slightly higher than that for
NP-PEG2 (Fig. 3d); however, the accumulation of such molecules on NP-
PEG2 is broader than that of NP-EG. Another interesting result is that the
peak in d(r) for cycloalkanes and aromatic molecules occurs between
functional groups for NP-PEG2. This indicates that cycloalkanes and
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aromatic molecules are also adsorbed on the surface sites. The findings
for 350 K show the same trend as that of the NP-H and NP-SA systems
(Supplementary Fig. S1).

The g(r) between the carbon atoms in benzene molecules and
selected atoms in NP-EG (Fig. 3b) and NP-PEG2 (Fig. 3e) show that the
first g(r) peak between benzene and the surface H-atoms of the NP oc-
curs at 2.31 A. The intensity of these g(r) peaks is lower than that for NP-
H (Fig. 1c¢) and NP-SA (Fig. 2c). For cycloheptane molecules on NP-EG,
Fig. 3c shows two solvation shells at 2.55 and 3.89 A, where the first
peak is less pronounced than the second. For NP-PEG2 (Fig. 3f), similar
peaks appear at 2.39 and 3.87 A, showing lower intensity than NP-EG.
This suggests that a larger number of CHs spacers in PEG2 reduces the
accumulation of such molecules on NP-PEG2 compared to NP-EG. The g
(r) for other hydrocarbons in the oil do not present significant results, so
they are not shown here.

To better describe and analyze the accumulation of aromatic mole-
cules on the surface of NPs, Fig. 4a, b, ¢, and d present the time-averaged
distributions of the benzene and toluene molecules in NP-H—oil, NP-
SA-oil, NP-EG-oil, and NP-PEG2-oil interfaces, respectively. The results
provide a visualization of the accumulation of aromatic molecules on
NPs. All samples show the accumulation of benzenes on the NP surface
and the formation of benzene clusters in solution. As expected from the d
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Fig. 3. (a) the density profile of hydrocarbons surrounding the NP, the radial pair distribution between selected atoms in the NP (see inset) and the carbon atoms in
(b) benzene and (c) cycloheptane molecules for NP-EG-oil interfaces. Graphs (d)-(f) give the same results for the NP-PEG2-oil interfaces. All results correspond to a
temperature of 300 K.
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(a) &

& e

Fig. 4. Time-averaged distribution of benzene molecules on (a) NP-H, (b) NP-
SA, (c¢) NP-EG, and (d) NP-PEG2 evaluated at 300 K and 1 atm. The positions
are averaged over 2 ns for each system. The isovalues correspond to 0.18 g/cm®.

(r) results, the accumulations of benzene molecules on NP-H (Fig. 4a)
and NP-SA (Fig. 4b) are larger than on NP-EG (Fig. 4c) and NP-PEG2
(Fig. 4d). The visual accumulation of aromatic molecules on NP-H
(Fig. 4a) and NP-SA (Fig. 4b) is almost equivalent for these two sys-
tems, primarily because both surface terminations are nonpolar [45].

An interesting result observed in Fig. 4a-d is that the benzene mol-
ecules accumulate non-homogeneously on NPs. These patchy aromatic
domains were first observed in a brine-NP-oil interface by Lara et al.
[10], where this effect can reduce the stability of NPs located at fluid-
—fluid interfaces [46]. From a qualitative comparison of the NPs evalu-
ated in Fig. 4a-d, the NP-H surface provides more intense nucleation of
aromatic molecules surrounding the nanoparticle surface.
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Table 1
Density of benzene molecules surrounding the nano-
particle systems up to 27 A from the nanoparticle center

of mass.

Nanoparticle Benzene (g/cm®)
300 K

NP-H 0.223
NP-SA 0.192
NP-EG 0.173
NP-PEG2 0.168
350 K

NP-H 0.203
NP-SA 0.172
NP-EG 0.156
NP-PEG2 0.149

To quantify the accumulation of aromatic molecules on NPs, the
density of benzene molecules surrounding each NP is presented in
Table 1. The results show that the total density of molecules increases
close to the NPs, compared to the partial density of benzene in the oil-
only model (0.18 g/cms). A more significant nucleation of benzene
molecules surrounds the NP-H surface. Compared to pristine oil, the
density of benzene surrounding the NP-H increases by approximately
24% and 13% at 300 and 350 K, respectively. The tendency of aromatic
molecules to accumulate decreases in the following order: NP-H, NP-SA,
NP-EG, and NP-PEG2.

As seen in Fig. 4a-d, benzene molecules also form dispersed clusters
in the oil phase. For benzene only, recent molecular simulations show
that clusters of 13, 16, 19, and 23 molecules are more stable [28].
Although the exact magic numbers differ in the literature [25-28], all
previous studies agree that the 13-molecule cluster is the most stable.
For a multicomponent crude oil, experimental NMR measurements for
three fossil fuel samples had an average value of 14, 15, and 20 aromatic
molecules per cluster [25]. Based on the results given here, this is the
first time that such clusters have been identified in a model multicom-
ponent light crude oil containing a variety of aromatic molecules, al-
kanes, and cycloalkanes in the presence of NPs. Fig. 5 shows the number
of clusters with a given number of benzene molecules (n) for all systems
evaluated. Clusters with n = 9 and 11 molecules are the most frequently
encountered during the simulations.

3.2. Transport and interfacial tension properties

The diffusion coefficients for the evaluated NPs-oil systems appear in
Fig. 6. The diffusion coefficient changes with the temperature (300 and
350 K). However, this dependence is different for each NP. For example,
the diffusion coefficients of NP-EG at 300 and 350 K differ by approxi-
mately 17%. The same result occurs for NP-PEG2. In contrast, the
diffusion coefficient for NP-H at 350 K is ~9% greater than at 300 K. For
NP-SA in oil, the diffusion changes by just ~4% between temperatures.
At 300 K, the NP-H NP shows the largest diffusion coefficient for NPs
within the oil. However, at 350 K, the NP-PEG2 shows the largest
diffusion coefficient among the systems tested.

Fig. 7 shows the nanoparticle—oil interfacial tension (y) for all sys-
tems. The temperature effects in y are almost systematic for every
sample. Notably, the NP-H-oil interfaces reduce interfacial tension by
~100 mN/m compared to other systems. The lower values of y for oil-
—nanoparticles (together with their higher mobility) in NP-H-oil can be
used in EOR through the structural disjoining pressure mechanism [12,
29]. With this technique, the NPs located at the intersection of the three
phases can interact with oil, and a low oil-nanofluid interfacial tension
is desirable. Additionally, the greater accumulation of benzene clusters
on NP-H results in lower NP-H-oil interfacial tensions.

The values of y for NP-H-oil at 300 and 350 K are approximately
0.913 N/m and 0.903 N/m, respectively. A similar result has been
observed for a silica NP in an aqueous solution [7], where the hydroxyls
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on the NP surface result in a greater affinity with water. In the same
study, the presence of salt (NaCl and CaCly) in aqueous solutions has
been shown to modify the surface properties of NPs, leading to changes
in the interfacial tension values as the salt concentration in the solution
increased. Earlier studies have also reported that the accumulation of
aromatic molecules at the oil-water interface decreased interfacial
tension [6,10,30]. This study found that the surface properties of NPs are
modified by the accumulation of benzenes, which results in lower
interfacial tension values for NP-H-oil interfaces compared to other
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systems studied here.

The interfacial tension data (y) for the NP-EG and NP-PEG2 systems
provide information regarding the effect of the PEG chain length. The
NP-PEG2 system shows a y that is 30 mN/m larger than NP-EG. This
suggests that the chain length (and the corresponding intermolecular
interactions between the hydrocarbons and the PEG spacers) leads to
variations in the interfacial tension.

Conclusions

Fully atomistic molecular dynamics simulations were applied to
evaluate silica nanoparticles covered by different functional groups
dispersed in a model multicomponent light crude oil at different tem-
peratures (300 and 350 K). The oil accumulations on the nanoparticles
were evaluated, and the density profiles, interfacial tension, and diffu-
sion coefficient were obtained.

i. Benzene molecules formed stable clusters dispersed in oil.
Consistent with previous studies, clusters with 9 and 11 molecules
appeared more frequently.

ii. The density profile analysis showed an accumulation of clusters of
benzene molecules on the NP surfaces.

iii. The agglomeration of benzene clusters was larger for the hy-
droxylated nanoparticles (NP-H), where the hydrocarbons form a first
shell of molecules ~25 A in width, with a benzene density 24% greater
than pristine oil.

iv. The density of benzene molecules in the first shell of aromatic
molecules surrounding the NPs decreased in the order NP-H, NP-SA, NP-
EG, and NP-PEG2.

v. Concerning the mobility of NPs, this study found that surface
covering and temperature did not strongly affect the diffusion
coefficient.

vi. The NP-oil interfacial tension values for NP-H show a significant
decrease (approximately 15%) compared to other coverings (NP-SA, NP-
EG, and NP-PEG2). This is consistent with the larger number of benzene
clusters on the NP-H surface, demonstrating a benzene cluster size effect
on the interfacial tension. Thus, controlling the affinity of nanoparticles
with benzene clusters becomes a possible mechanism for tuning the
NP-oil interfacial tension. The degree of this control is of central
importance to applications in enhanced oil recovery using
nanoparticles.
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