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recovery (EOR) processes. Previous computational studies, at the atomistic scale, addressed interactions between
surfactants and oil over diverse surfaces. Even though simulations provided significant information involved
throughout different stages of oil extraction from surfaces, atomistic scale simulations fail when approaching the
time and size scale required to address the surfactant phase behaviour that can also impact the oil detachment.
Our coarse-grained model aims to overcome the lack of computer approaches that can tackle the surfactant self-
assembly and the formation of ordered structures in the removal of oil from silica substrates. A new MARTINI 3.0
coarse-grain framework to model silica surfaces and aqueous solutions of C;E; and C16TAB surfactants is pre-
sented. Coarse-grained simulations entailing a silica surface, covered by dodecane or eicosane were brought in
contact with aqueous solutions of C;¢TAB and four nonionic CiE; (CgEe, CgE12, C12Es, Ci16E12) surfactants to
resemble EOR processes with a size/time scale several orders of magnitude larger than previous simulations. The
impact of concentration and hydrophilic-lipophilic balance (HLB) of surfactants on the detachment of dodecane
and eicosane from the silica surface was evaluated by visual inspection of the simulation snapshots and the
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evolution of the solvent accessible surface areas (SASA). In contrast with previous atomistic simulations,
nonionic surfactants seem the best candidates for an optimal oil removal from silica-based surfaces whereas the
presence of charged moieties hinders the process. Diluted nonionic CE aqueous solutions were shown to be the
most effective solutions, unlike more concentrated ones. When compared with dodecane, eicosane was less prone
to be removed from the silica surface due to the increased alkyl chain length. Our study demonstrates that not
only the surfactant nature but also the phase behaviour, clearly impact the detachment of oil from silica surfaces.
This is an important aspect to consider for a proper choice of surfactants in EOR processes, that is only attainable
through a coarse-grained framework.

1. Introduction

Despite the depletion of natural reservoirs, oil and gas remain our
predominant source for energy and raw materials [1]. Oil extraction
processes commonly encompass two phases: in a first stage, the oil is
recovered through a natural flow, or an artificial lift process, followed by
a second step consisting of gas injection and/or waterflooding. However,
two-thirds of the initial oil remain in the reservoir. This oil can be
retrieved by specialized chemical processes known as Enhanced Oil
Recovery (EOR) [2-4]. EOR processes use different techniques [5,6]
usually divided into three main types: thermal, chemical and gas in-
jection [7]. In chemical EOR, aqueous solutions of surfactants [8] are
injected into the reservoir to reduce the water-oil interfacial tension
(IFT), [9] aiding the oil detachment from reservoir rock surfaces.
Depending on the conditions, the surfactants can self-assemble into
different structures that may promote or prevent the solubility of the oil
towards the aqueous phase [10]. Many experimental studies addressed
important aspects of chemical EOR aiming the phase behaviour, [11]
water/oil interfacial tensions (IFT), [12] substrate wettability, [13] or
foaming ability, [14] demonstrating the role of surfactants on
decreasing the water/oil IFT to separate the oil from the surface of
reservoir rocks [15]. However, the diversity of components of crude oil
and macroscale structural factors complicate the understanding of the
molecular mechanisms behind detachment of oil. Theoretical studies are
vital to unveil molecule scale interactions between surfactants, oil, and
surfaces. All-atom molecular dynamics (AA-MD) simulations can pro-
vide significant insight in the oil/water and oil/water/surfactant inter-
facial interactions. [15-26], AA-MD studies argued that the oil
detachment from silica surfaces can be summarised in three main stages;
an initial formation of water channels, as observed in experiments, [20]
perpendicular to the oil-silica substrate upon surfactant addition. Af-
terwards, the first layer of oil attached to the surface is disrupted due to
the strong electrostatic interactions between water and silica. In the final
stage, the oil form droplets that detach the silica surface through
buoyancy forces [15,17]. Bearing this in mind, Tang et al. [15] devel-
oped a detailed AA-MD study to analyse these stages by attempting
different polarities for the silica surface and using diverse nature ionic
and nonionic surfactants. The aim was to unveil the mechanisms behind
the formation of water channels and the final disruption of the oil layer
attached to the silica surface. They demonstrated that surfactant-oil
interactions, its flow speed, and the polarity of the silica surface drive
the formation of water channels throughout the oil layer. However, their
AA-MD simulations were limited to small samples (~ 6 x 6 x 6 10\) with
few surfactants (20) and simulated by a relatively short period of
simulation time (40 ns). At this scale, the impact of surfactant
self-assembly such as the formation of micelles or long-range ordered
phases, that can impact the oil detachment, cannot be naturally
captured.

CG-MD models can bridge the gap between AA-MD simulations and
the real conditions that can be found in natural oil reservoirs whilst
reconciling conflicting observations [21,22]. In fact, Tang et al. [15]
argued that AA-MD models cannot tackle mesoscale structural features
of silica surfaces such as pores and defects and their influence in oil
detachment. Unfortunately, few CG-MD simulation studies addressed
interactions between aqueous solutions of surfactants and oil attached to

surfaces. Katiyar et al. [23] analysed the interactions between silica
nanoparticles and nonionic surfactants at the water-oil interface using
CG-MD MARTINI 2.2 simulations. In this work, the authors showed that
the interfacial tension, at the silica nanoparticle-oil interface, depends
on the tendency of the nonionic surfactants to be adsorbed besides the
concentration of both, silica nanoparticles, and surfactants. The study
stated that the formation of hydrogen bonds drives the adsorption where
the pH has an important impact as shown in experiments. However, this
scenario is not representative of EOR processes, as the geometry of the
silica nanoparticles does not resemble a silica surface, which can have
significant impact on the attachment/detachment mechanism of oil.
Thereby, a CG-MD simulation platform to tackle the impact of surfactant
self-assembly and phase behaviour in the detachment of oil from silica
surfaces is still missing. For this purpose, we aimed the development of a
CG-MD simulation framework to analyse, at the proper time and size
scale, the interactions of aqueous solutions of surfactants in oil-silica
substrates. Two surfactants were selected, the cationic C16TAB and
nonionic polyether-based surfactants since they are of special interest in
chemical EOR due to their high boiling point, hygroscopicity,
non-corrosiveness, freezing point depression and lubrication properties,
as well as their ability to act as freezing point depressants and hydrate
inhibitors.[24] Poly(oxyethylene) alkyl ethers are a particular case of
nonionic surfactants with the general chemical formula H
(CH>);(OCH2CH>);OH, also denoted as C;E;, where i corresponds to the
number of carbons in the hydrophobic tail and j is the number of
ethylene oxide groups (EO). The relatively low environmental impact
due to their biodegradability, ease of synthesis, stability in high salinity
media, and the favourable cost/efficiency ratio of GE; surfactants make
them one of the best choices for EOR processes [25-27]. Moreover, with
the possibility of tailoring the length of the hydrophobic and hydrophilic
chains, it is possible to tune their hydrophilic-lipophilic balance (HLB)
[16-18], [28] A good understanding on how the surfactant concentra-
tion impacts the oil detachment is crucial to design and prepare solu-
tions for EOR processes [29]. Thus, a reliable computer model that can
capture the entire phase behaviour, at different concentrations, for
selected aqueous solutions of surfactants is vital to construct a proper
CG-MD simulation framework to tackle EOR processes. Upon
self-assembly, CiE; can display diverse morphologies, ranging from
spherical or worm-like micelles under diluted conditions to more com-
plex hexagonal, gyroid or bilayer phases at higher concentrations
[30-32]. When considering the type of surfactant, the formation of
highly viscous liquid crystal (LC) or gel-like phases must be considered
[33]. Different experimental techniques such as Small-Angle X-Ray
scattering (SAXS), Small-Angle Neutron Scattering (SANS), and Polar-
izing Optical Microscopy (POM) have been used to characterize micellar
regimes [34,35] and diverse mesophases found at higher concentrations
[36,37]. However, some approximations and/or limitations inherent to
the experimental techniques have yielded conflicting results. For
instance, the phase diagram of C;¢Es/H20 reported by Nibu and Inoue
[38] shows the existence of a bi-continuous cubic phase (V;) in the
concentration range between the lamellar (L,) and hexagonal (H;)
phases whereas Lang and Morgan, [39] using a different experimental
technique, reported only L, and H; phases. Similar conflicting results
depending on the experimental setup can be found in the literature for
C10E6, [38,40,41] C12E2, [42,43] C12E6 [36,44] and C12E8 [36,45747].
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AA-MD simulation tackling diverse GiE; aqueous solutions tried to shed
light into this issue but they were limited to the initial stages of
self-assembly [29,48-54]. CG-MD models reduce the computational
demand by grouping atoms with similar physico-chemical characteris-
tics as single interaction centres, reducing the computational cost, and
opening the door to access the entire phase behaviour.[21,55] The first
CG-MD attempt to model CE; surfactants was reported by Shinoda et al.
[56] where the non-bonded parameters were developed using experi-
mental density, surface tension and hydration free energies data
whereas bonded parameters were fitted to match AA-MD simulations.
The lack of hydration free energies to fit the EO-water interaction pa-
rameters was circumvented with values of lamellar spacing and mo-
lecular area from the L, phase of an aqueous solution of Cy5E,. Later, the
same authors [57] developed a CG-MD model for aqueous solutions of
C12E¢ where the predicted hexagonal, Hi, and lamellar, L,, phases were
in good agreement with experiments [36,44]. Even though other CG-MD
approaches can be found in the literature tackling GiE; surfactants,
[58-62] most of them rely on MARTINI 2.2 [55]. Initially developed for
phospholipid biomolecular systems, it promptly was extended to a wide
variety of organic and inorganic compounds [63,64]. MARTINI 2.2 has
been widely adopted due to its simplicity since the non-bonded in-
teractions are included as pre-defined bead types, whose interactions are
summarized in a very simple energy matrix of interactions (four main
bead types). Throughout this matrix of interactions, which was param-
eterized to match densities, self-diffusion constants, and partitioning
free-energies of representative organic compounds, [55] a wide number
of molecules can be CG-mapped. However, the pre-defined MARTINI 2.2
beads for EO groups seem too hydrophilic, [61,63] yielding erroneous
results for CiE; surfactants in non-polar media. Grunewald et al. [65]
developed an ad hoc MARTINI 2.2 bead for EO groups which success-
fully reproduced the experimental density of PEO and captured the
structure of lipid bilayers as well as the phase behaviour of some GiE;
surfactants. Recently, this model was benchmarked to a wide number of
CiE; surfactants by Crespo et al. [30] since previous attempts [61] only
addressed a restricted concentration range of Cy2Ep, Ci2E4, and Ci2Ee.
Crespo et al. [30] evaluated the impact of the hydrophobic and hydro-
philic tail lengths over a wide range of HLB and surfactant concentra-
tions to reproduce the entire phase behaviour of aqueous solutions of
CiE; surfactants, an important aspect when using them as surfactants in
chemical EOR. The C;cTAB was widely studied through different com-
puter scales, successfully exploring the phase behaviour, and the CG-MD
model was taken from the literature [21,22,66].

Our work aims to cope the lack of CG-MD models that can resemble
EOR processes at the time/size scale necessary to evaluate the impact of
the surfactant phase behaviour in the detachment of oil from silica
surfaces. Throughout the development of our CG-MD framework, we
revealed some limitations of MARTINI 2.2 to model silica-water in-
terfaces and the necessity of the improved MARTINI 3.0 [67] to model
silica surfaces, CiE; and C16TAB surfactants in aqueous solutions. A
careful validation process, detailed in the supplementary material sec-
tion, was followed based on experimental and theoretical micellar size
distributions of CiEj and C16TAB surfactants. Remarkably, the results
overcome some of the limitations noticed in the phase behaviour char-
acterisation of CiE; aqueous solutions reported by Crespo et al. [30]
based on MARTINI 2.2. With the new CG-MD MARTINI 3.0 framework,
the impact of concentration and HLB of the above surfactants in the
detachment of dodecane and eicosane from a silica surface was evalu-
ated. Our CG-MD framework increases the size and time scale of pre-
vious AA-MD simulations by several orders of magnitude, closing the
gap between the atomistic scenario and the macroscopic scale involved
in EOR processes, allowing the natural surfactant self-assembly above
oil-silica substrates.
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2. Methodology
2.1. Simulation details

Classical MD simulations were performed with GROMACS 2021 [68]
and the leapfrog algorithm [69] to integrate the equations of motion
with a 10 fs of time step. Non-bonded interactions included the
Lennard-Jones (LJ) potential and the Coulombic term with the
potential-shift-verlet modifier in both and a cut-off radius of 1.1 nm. The
long-range electrostatic interactions were calculated with the
Particle-Mesh-Ewald (PME) [70]. The temperature was fixed to 298 K
using the velocity-rescaling thermostat [71] with a coupling time con-
stant of Tt = 1.0 ps. Initially, the MARTINI 2.2 based topology for CiE;
surfactants was taken from Grunewald et al. [65] where bonded in-
teractions included bond stretching and angle bending. The harmonic
potential of the bond stretching was constrained with the LINear
Constraint Solver (LINCS) [72]. The angle bending included a restricted
potential developed by Bulacu and co-workers [73] to stabilize the bond
angle when approaches 180° and dihedrals were also included as
described in Grunewald et al. [65] The CG models for C;¢TAB surfactant,
water and the oil samples were taken from MARTINI 2.2 [55]. The
MARTINI 2.2 CG model for silanol developed by Perrin et al. [74] was
selected to build our rigid silica-based surface. The CG mapping scheme
for the above systems is described in Appendix A1 of the supplementary
material section.

Packmol [75] was used to build the initial rectangular shape of the
simulation boxes with periodic boundary conditions in all directions.
Each compound, (oil, surfactant, and water) was arranged as layers in
the normal direction to the plane delimited by the silica surface. Simu-
lations were visualized using the Visual Molecular Dynamics (VMD)
software package, [76] and the micellar distributions were investigated
using an in-house code [21] which implements the Hoshen-Kopelman
cluster-counting algorithm [77]. This algorithm considers that two
surfactants belong to the same aggregate when neighbour surfactants
end tails are separated by less than 1.6 nm, which corresponds to the
first minimum of the respective radial distribution functions. Number
density profiles and solvent accessible surface areas (SASA) were ob-
tained with the gmx density and the gmx sasa GROMACS tools,
respectively.

2.2. Molecular modelling and coarse-grained model validation

MARTINI 3.0 [67] brought a larger parameter set and additional
interaction modifiers which should yield higher flexibility. The release
of a more realistic water model, including three mapping options; W,
SW, and TW for 4, 3 and 2 implicit water molecules, respectively, aims to
address the shortcomings of the previous model (details in Appendix A2
of the supplementary material section). In addition to the previous polar
(P), intermediately polar (N), apolar (C) and charged (Q) bead types, a
new D bead was included for divalent ions besides a X bead to reproduce
halogen-based groups. New interactions modifiers (still denoted as
subscripts) for all bead types were included such as the g subscript to
incorporate partial charges (only whole charges were possible in
MARTINI 2.2), the h and r self-interaction modifiers to capture the
impact of dispersive interactions, mimic dipole moments or reduc-
e/increase miscibility with other particles. Furthermore, chemically
specific modifiers for P an N bead types are still available such as d and a
for donor or acceptor hydrogen-bonding capabilities, respectively. The v
and e subscripts denote electron rich or poor, respectively, to emulate
electron polarizabilities. Furthermore, p or n subscripts denoting elec-
tron donor and acceptor, respectively, were developed to replicate the
Hofmeister series of monovalent and divalent ions. Additionally, MAR-
TINI 3.0 now includes cross interaction terms that were missing in the
previous MARTINI 2.2. The favourable perspectives of MARTINI 3.0
suggest that the issues found in MARTINI 2.2 with the unrealistic
freezing of water could be surpassed (Figure A2.2b in Appendix A2 of
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the supplementary material section). This encouraged us to extend the
MARTINI 2.2 parameters for the silica surface as well as the surfactants
to the new MARTINI 3.0. The model for dodecane and eicosane in
MARTINI 3.0 remains the same as in MARTINI 2.2, involving C; apolar
beads. For the silica surface, the Ng bead (MARTINI 2.2) was replaced by
the SN14q bead since it encompasses similar interactions energies. A
validation process was carried out by reproducing the dodecane layer of
1664 molecules arranged over the silica surface. Under the new
parameterisation, the density profile of the dodecane was in very good
agreement with the previous MARTINI 2.2 results and the literature data
[15], as illustrated in Appendix A2 (Figure A2.1a) in the supplementary
material section.

The parameterisation of CiEj and C1¢TAB surfactants consisted of
finding analogous interaction energies (used in MARTINI 2.2) to the new
MARTINI 3.0. Our choice for the water model was the TW (2:1 mapping)
since it guarantees a much better energy landscape [67]. The validation
process focused on diluted solutions to compare their micelle size dis-
tributions with the previous MARTINI 2.2 results and experimental data.
Four surfactants CgEg, C12Es, C16E12 and C16TAB, encompassing three
nonionic and one ionic surfactant with diverse amphiphilic characters,
were selected. The equivalent MARTINI 3.0 beads for C;E; were SN3q
(ethylene oxide groups), SPg (terminal CoOH group) and SCip beads
(alkyl tail), were chosen to substitute EO, SPy, and C; beads, respec-
tively. In the new model a 3:1 mapping was selected since it reproduces
the diverse EO and alkyl tail lengths of the CE; family. The q subscript in
SN3q represents an increase in self-interactions besides with water when
compared with the MARTINI 2.2 SN3 bead. The subscript h in SCyy, in-
troduces small differences in dispersive interactions and reduces misci-
bility with non-labelled beads [67]. The parameters for the C16TAB
surfactant were taken from Souza et al.[67] suggesting a Q2 bead for
tetra butyl ammonium groups whereas C; beads map the alkyl tail as in
the previous model. In MARTINI 3.0 bromide counterions are repre-
sented by SQ4 bead type.

A set of CG-MD simulations with surfactant concentrations above
their critical micelle concentrations, 13% wt. for the nonionic CgEg the
C12Eg and Ci4Eq2 surfactants and 6%wt. for the cationic C;¢TAB, were
run along 1000 ns of simulation time. The micelle size distributions
obtained in the simulations are displayed in Table 1.

Table 1 reveals a good match between the selected MARTINI 3.0
parameterisation and experimental data, improving the previous
MARTINI 2.2 results. Thus, MARTINI 3.0 parameterisation used for GiE;
and C;4TAB surfactants besides the silanol groups, dodecane, eicosane
and the TW water molecules are summarised in Fig. 1.

3. Results and discussion
3.1. CG-MD simulation snapshots analysis

Four nonionic CE; surfactants entailing different alkyl tail lengths
and EO groups were selected to assess the impact of the hydrophilic-
lipophilic balances in the detachment of model oils (dodecane or eico-
sane) from a silica surface. Details about the simulation box sizes and
number of components used in the simulation runs are summarised in
Table S1. Overall, three alkyl chain lengths (i = 8, 12, and 16) and two

Table 1

Micelle aggregation numbers for aqueous solutions of CgEg, C12Ee, C16E12 and
C16TAB surfactants obtained with MARTINI 2.2, MARTINI 3.0, and experimental
data.

System MARTINI 2.2 MARTINI 3.0 Experiments

CsgEg 62" 53 32 (78], 51 [79]

Ci2E¢ 91° 111 110 [80], 144-180 [81]
Ci6E12 67" 83 152 [81]

C16TAB 90 [21] 70 70-120 [82]

2 Results obtained in Crespo et al. [30]
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Fig. 1. MARTINI 3.0 mapping scheme for the systems used in this study. The
C12E6 surfactant is shown as an example of how the CiE; moieties are con-
figurated. “S” labelled beads involve three no-hydrogen atoms (3:1 mapping)
whereas regular beads include four (4:1 mapping). The coarse-grained beads
are represented by coloured circles with green and red colour symbolising
apolar and polar characters, yellow and orange different strengths of non-polar
beads (intermediate character between polar and apolar). The ammonium
charged bead is denoted in purple, bromide counterions in black and the TW
water (2:1 mapping) in blue. An illustration of the silica surface is shown on the
bottom right.

sets of EO units (j =6 and 12) were combined. Table 2 displays the
hydrophilic-lipophilic balance (HLB) [83] of these compounds calcu-
lated with Eq. 3.1:

M,
HLB =20+ —- (3.1)
M

where M}, is the molar mass of the hydrophilic segment and M is the
molar mass of the surfactant covered in this study (values between 10
and 20 characterize water-soluble surfactants). Furthermore, the
C16TAB surfactant was chosen to compare with the nonionic C1¢E;2 and
evaluate the impact of the charge in the detachment of hydrocarbons
from silica-based surfaces.

Four 8%wt., 13%wt., 30%wt. and 60%wt. GE; concentrations in
aqueous solution were brought into contact with a silica surface covered
by a layer of dodecane. All systems were built with Packmol and
equilibrated prior the production runs along 2000 ns of simulation time
at a temperature of 298 K. The final simulation snapshots are shown in
Fig. 2, illustrating the diverse phases obtained and the extent of

Table 2
Hydrophilic-lipophilic balance of the surfactants
studied.
Surfactant HLB
Ci2E6 13.0
CsEe 14.9
Ci6E12 14.5
CgE12 17.0
C16TAB 21.4 [84]
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el

60%wt.

Concentration

HLB

Fig. 2. CG-MD simulation snapshots obtained after 2000 ns of simulation time for 8%wt., 13%wt., 30%wt. and 60%wt. GE; concentrations in aqueous solution with
dodecane arranged over the silica surface. Green and purple colours represent the alkyl tail beads and EO units of G;E;, respectively. Dodecane is coloured grey and
the silica surface in yellow. Some simulation boxes were split for the ease of visualisation and the size of some simulation boxes was scaled for a clearer comparison.

Water molecules were removed for clarity.

dodecane detachment from the silica surface as a function of concen-
tration and HLB.

The C;2Ee, with the lowest HLB, yielded rod-like micelles, partially
removing dodecane from the surface in the 8%wt. solution, but the oil
remained completely attached to the surface when the concentration
was increased to 13%wt. However, further concentration increases to
30%wt. and 60%wt. resulted in a dodecane partial detachment, being
wrapped inside prolate-shaped clusters, as can be seen in Fig. 2. When
the HLB is increased with the CgE¢ surfactant, a complete detachment
was observed but only at relatively low concentrations, 8%wt. and 13%

wt., as the dodecane was absorbed by spherical clusters homogeneously
distributed in the water phase. At 30%wt. and 60%wt., the formation of
relatively big clusters somehow hindered the extraction of dodecane
that remained partially attached to the silica surface. Despite CgEg and
C12E¢ entail similar HLB, the later yielded elongated structures at 8%wt.
and 13%wt. in contrast with the spherical aggregates formed by CgEg.
Similar behaviour was found when the alkyl chain and number of EO
groups are duplicated, with the Cj¢E;2 surfactant, forming mainly
spherical micelles at 8%wt. and 13%wt. and relatively big clusters at
30%wt. partially absorbing the dodecane. The hexagonal phase
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obtained at 60%wt. somehow hindered the detachment of dodecane and
remained completely attached and covered by a thin layer of CjgEi2
surfactant. Finally, by increasing the hydrophilic character of CgE¢g with
the addition of six EO groups, in CgE;5 (HLB ~ 17), the 8%wt. solution
yielded spherical micelles with no trace of dodecane in the bulk phase
but clusters partial wrapped dodecane, while attached to the silica
surface. The clusters increased their size when the concentration was
raised to 30%wt. but still linked to the silica surface with the partially
absorbed dodecane as illustrated in Fig. 2. The 60%wt. solution yielded
the same structure as in the C1¢E12 at this concentration, with the for-
mation of a hexagonal phase in the water phase above the layered sur-
factant and dodecane structure attached to the surface. It seems that
surfactants with relatively high HLB, such as the CgE15, yields the lowest
efficiency at removing oil when compared with lower HLB solutions.
Thus, there is an optimal HLB index (HLB ~ 15) for which oil recovery is
optimal and any HLB increase or decrease results in reduced
detachment.

The impact of the oil chain length was also analysed considering an
eicosane layer above the silica surface. Fig. S1 shows the simulation
snapshots after 2000 ns of simulation time for all the systems and con-
centrations displayed in Fig. 2. The hydrophobic C;sE¢ surfactant
formed rod-like micelles in the water phase overall concentrations but
the eicosane remained completely attached to the surface except for the
60% wt. solution where it was partially wrapped inside the gyroid like
phase (Fig. S1). Contrary to was observed for dodecane (except for the
13%wt. solution), the eicosane remained as a layer covering the entire

Colloids and Surfaces A: Physicochemical and Engineering Aspects 670 (2023) 131583

silica surface with a thin layer of surfactant in 8%wt., 13%wt. and 30%
wt. solutions. In the presence of eicosane, the CgEg surfactant could not
completely dissociate it from the surface in the diluted 8%wt. and 13%
wt solutions. Instead, spherical clusters, partially wrapping eicosane
from the surface but still attached, were found in equilibrium with small
micelles in the water phase. Some of them absorbed eicosane as can be
noticed in Figs. S1 and S2 (highlighted with red circles for 8%wt. and
13%wt. systems). The 60%wt. solution was not able to detach eicosane
from the surface but formed a undulated CgEq layer involving the
eicosane, suggesting that a partial detachment could occur if the simu-
lation time is extended. Notably, the C;¢E;5 resembled the results found
with the more hydrophobic Ci3E¢ surfactant, exhibiting rod-like mi-
celles with no trace of eicosane detachment overall concentrations as
can be seen in Fig. S1. Only the 60%wt. solution yielded a hexagonal
phase as the solution with dodecane (Fig. 2). Finally, the CgE;, surfac-
tant generated spherical clusters, partially separating the eicosane from
the surface in the 8%wt., 13%wt. and 30%wt. solutions whereas the
60%wt. solution resembled the hexagonal structure formed in the so-
lution with dodecane. From the above results, it seems that when the
length of the hydrocarbon chain is increased, the detachment process
becomes more difficult, perhaps affected by the difficulty of breaking
stronger hydrophobic-hydrophobic interactions between packed eico-
sane molecules. This assumption relies on the fact that the observed
surfactant phase behaviour of the analysed GiE; surfactants was analo-
gous to the solutions with dodecane but with eicosane, the detachment
process seems to take longer.

a)  13%wt. b)

30%wt.

0  60%wt.

d)  13%wt. e)

30%wt.

H  60%wt.

Fig. 3. CG-MD simulation snapshots obtained after 2000 ns of simulation time for 13%wt., 30%wt. and 60%wt. C;,TAB aqueous solutions with dodecane (a-c) and
eicosane (d-f). The colour code is the same as in Fig. 2 where the alkyl tails and the ammonium charged centre of C;,TAB are coloured in green and purple,

respectively. Water molecules and bromide counterions were removed for clarity.
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The impact of the surfactant charge was investigated with the
C16TAB, which contains the same alkyl tail length as in the C;gE;5 sur-
factant, but the hydrophilic moiety is an ammonium charged centre.
Three concentrations, 13%wt., 30%wt., and 60%wt., were studied and
the final structures after 2000 ns are displayed in Fig. 3. This figure
reveals that cationic surfactants might not be the most suitable candi-
dates for EOR processes as both, the C14TAB and the oil (both, dodecane
or eicosane) remained well attached to the silica surface. Overall con-
centrations, the C;4TAB formed gyroid-like structures, partially wrap-
ping the dodecane (Fig. 3 a-c) or eicosane (Fig. 3 d-f) and arranged
densely packed over the silica surface, especially in the systems with
eicosane. Conversely to what was found in nonionic surfactants, no
traces of C1,TAB aggregates were found in the water phase.

Figs. S3 and S4 display the surfactant and oil interactions when the
silica surface is not present. Fig. S3 shows that spherical aggregates
wrapping dodecane were predominant, from small micelles at 8%wt.
and 13%wt. concentrations to relatively large prolate shaped aggregates
in 30%wt. and 60%wt. solutions. Surfactants with larger alkyl tails such
as CioEe or CigE12 retained more oil due to their higher hydrophobic
volume, exhibiting slightly bigger aggregates, more noticeable at higher
concentrations (30%wt. and 60%wt.) when compared with the hydro-
philic surfactants such as CgEg or CgEjs. The cationic C14TAB formed
fewer and larger aggregates when compared with the nonionic surfac-
tants and, at higher concentrations, a hexagonal phase was formed with
dodecane moieties located inside the rods. Fig. S4 displays the same
surfactant solutions with eicosane, denoting that spherical micelles still
prevail at low concentrations, but yielding clusters as soon as the sur-
factant concentration is increased. All eicosane molecules were incor-
porated by the surfactant assemblies, increasing the aggregate size
distribution due to the increased hydrophobic volume when compared
with the dodecane. The Ci¢TAB exhibited spherical micelles with
absorbed eicosane in the 13%wt. solution whilst clusters at 30%wt. and
60%wt., in contrast with the solutions with dodecane, where micellar
rods were present at higher concentrations. It is interesting to note that,
unlike the nonionic counterparts, the behaviour of the cationic C;¢TAB
is substantially different in the presence of a silica surface, where the
surfactant and oil remained densely packed, and no bulk aggregates
were observed. It seems that the more hydrophilic nature of the
ammonium charged group of C1¢TAB, when compared with the EO
groups of GE; surfactants, results in stronger interactions with the polar
silica surface.

3.2. Solvent accessible surface area analysis

The trend displayed by the solvent accessible surface areas, SASA,
along the simulation can provide significant information about when
and how the phase transition occurs, including the detachment of the oil
from the silica surface. An early increase of SASA for surfactant EO
groups means that the initial surfactant layer placed over the dodecane
undergoes a morphologic transformation which, in our case, corre-
sponds to the formation early small micelles. When the early micelles are
formed, the EO groups occupy the outer shells and the contact area with
the water subphase is increased. When an increase of SASA for surfac-
tant EO groups coincides with a decrease of the SASA of oil (dodecane or
eicosane), the originally arranged layer of oil over the silica surface
abandons this configuration to be absorbed and encapsulated by the
surfactant aggregate, thus losing access to water as it was wrapped by
the hydrophobic core of the aggregate.

The SASA profiles of the dodecane (solid lines) and the EO groups of
C12E¢ (dashed lines), displayed in Fig. 4, denote that the partial
detachment of dodecane in the 8%wt. solution arose at ~ 400 ns.
Fig. S5a shows the phases before and after the partial detachment pro-
cess at 350 and 650 ns. Fig. 4 also displays the gain of access to water of
EO groups (SASA dashed lines in black) corresponding to the concurrent
loss of hydration of the dodecane (black solid lines). The 13%wt. solu-
tion was unable to remove the dodecane and both SASA profiles (EO and
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dodecane) remained mostly constant along the simulation. Only a quick
SASA increase at the beginning denoted the formation of the rod-like
structures inside the water phase depicted in Fig. 2. The 30% wt. sys-
tem partially detached the dodecane from the surface after 1200 ns,
denoting the formation of clusters attached to the surface and partially
wrapping the dodecane (snapshot insets of Fig. S5a). A dodecane partial
detachment occurred early in the 60%wt. system as suggested by the
increase of the SASA of dodecane and EO groups shown in Fig. 4.
Fig. S5a shows a ripped structure at 50 ns, followed by the formation of a
gyroid-like structure after 350 ns. This phase was formed while the
dodecane was being extracted, as denoted by the constant value of SASA
for EO groups (red dashed line) as shown in Fig. 4. Fig. S5b displays the
SASA of eicosane for the systems displayed in Fig. S1, where only the
60%wt. solution showed some eicosane detachment (inset at 50 ns)
denoting an important loss of access to water as the oil was partially
wrapped by the gyroid structure (inset at 700 ns).

The SASA profiles for CgEg (Fig. 4) present two different regimes,
below and above 400 ns, for almost all systems, suggesting that the
initial dodecane detachment occurred at similar stages and denoting a
weak impact of the surfactant concentration. In 8%wt. and 13%wt. so-
lutions (black and green, respectively), the constant dodecane SASA
(solid lines) during the first 300 ns (150 ns insets in Fig. S6a), corre-
sponds to a stable thin layer of CgE¢ over the attached dodecane. The
formation of early CgEg micelles also occurred as the quick increase of
SASA of EO groups in CgE¢ (dashed lines) suggests. At 300 ns, the SASA
of dodecane quickly dropped (with simultaneous SASA increase for EO
groups) for both concentrations, denoting the initial stage of partial
detachment of dodecane from the silica surface and the formation of
micelles as shown in Fig. S6a (450 ns). The second slope of the SASA of
CgEg EO groups between 400 and 600 ns at both concentrations (dashed
lines) corresponds to the total dodecane absorption by CgEg micelles
whose sizes remained constant. The SASA of dodecane for the 30%wt.
solution (solid purple) rapidly dropped (above 2 ns) pointing towards a
quick partial detachment from the silica surface and absorption by
relatively large CgEg cluster formation as denoted by the smooth in-
crease of the SASA of EO CgEg groups (dashed purple) — details in insets
with purple arrows at 2 and 300 ns in Fig. S6a. When the CgEg con-
centration is increased to 60%wt. (red lines), Fig. 4 shows that the SASA
of dodecane and EO CgEg groups increased, displaying analogous values,
in contrast with what was observed in the first 150 ns at lower con-
centrations. Both the dodecane and CgE¢ EO groups gained access to the
water, indicating that some dodecane was barely disrupted from the
surface by the CgEg perforated layered structure formed at 800 ns
(Fig. S6a). This phase remained constant until 1300 ns where the SASA
of dodecane exhibited a subtle maximum, indicating an increase in ac-
cess to water since more dodecane was wrapped from the surface. The
lack of micelle formation can be noticed by the difference between the
CsEg SASA for EO groups (dashed red) ~ 1.65 nm? in the 60%wt. so-
lution and those values for the diluted ones ~ 2.0 nm? as can be seen in
Fig. 3. Fig. S6b shows the SASA of eicosane for the systems evaluated in
Fig. S1, where the decrease of SASA in the 8%wt. and 13%wt. solutions,
corresponds to a quick partial detachment of eicosane from the silica
surface. A layer-to-cluster transition, partially wrapping eicosane, was
observed as shown in the insets of Fig. S6b (highlighted by the black and
green arrows for 8%wt. and 13%wt. solutions, respectively).

The SASA of Ci6E12 solutions also revealed two regimes, but less
evident than for CgEg as can be noticed in Fig. 4. The SASA of dodecane
showed a quick increase (first 100 ns) for 8%wt., 13%wt. and 30%wt.
concentrations (solid lines Fig. 4) where the water penetrated the initial
Ci6E12 layer, reaching the dodecane film. Then, the SASA of dodecane
dropped (between 200 and 400 ns), indicating a loss of contact between
dodecane and water due to the absorption by CyE2 clusters as denoted
in the simulation insets of Fig. S7a (black, green, and purple arrows).
The 60% wt. solution quickly formed spherical and rod-like micellar
structures in the water phase (20 ns inset in Fig. S7a) above the Ci¢E12
and dodecane layers attached to the silica surface. Consistently, the
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SASA of C16E12 EO groups (dashed lines in Fig. 4) resembles the trend
observed for CgEg except for the lack of a second slope since the C16E12
was unable to detach the dodecane completely and the clusters
remained linked to the silica surface for the 8%wt., 13%wt. and 30%wt.
solutions. The increase of SASA of dodecane for the 60%wt. results from
the formation of rod-like structures, remaining unchanged until the end
of the simulation, also denoted by the continuous SASA of Ci6E;2 EO
groups (red dashed line). In contrast with the CgEg, the SASA of C16E12
EO groups denoted the formation of a hexagonal phase (Fig. 2) with
increased access to water. Fig. S7b shows the SASA of the systems with
eicosane displaying a completely different picture. The SASA of eicosane
at 8%wt., 13%wt. and 30%wt. resembled the initial stages of aggrega-
tion observed in the systems with dodecane (bulky aggregates above the
surfactant and oil layers) but remained in equilibrium in contrast with
the layer-to-cluster transition observed in the system with dodecane
(simulation snapshots of Fig. S7a). Conversely, the 60%wt. solution with
eicosane resembled the formation of a hexagonal structure observed in
the system with dodecane, with a very similar SASA profiles (Fig. S7).
The SASA of CgE1; surfactant are shown in Fig. 4 indicating that the
most hydrophilic nonionic surfactant was less efficient on detaching the
dodecane, despite yielding similar structures as can be perceived in
Fig. 2. The SASA of dodecane in Fig. 4 shows that the 8%wt., 13%wt. and
30%wt. CgE1a solutions took longer, 400, 1700, and 600 ns, respec-
tively, to partially separate the dodecane from the silica surface. The
formation of the spherical clusters proceeded slower when compared
with the more hydrophobic nonionic surfactants, as suggested by the
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smooth increase of the SASA of CgE2 EO groups (dashed lines in Fig. 4).
Fig. S8a shows the configurations before and after the partial desorption
of dodecane, denoting layer-to-cluster transitions also observed in the
other nonionic surfactants. The SASA of dodecane and EO groups in the
60% wt. solution resembled the profiles obtained for Ci4E;2, but lower
access to water when compared with the C;¢E;5 solution. This discrep-
ancy is a consequence of subtle differences in the hexagonal phase that
only a careful analysis of the simulation snapshots displayed in Fig. 2 can
discern. In fact, the 60%wt. C1¢E;2 solution yielded a hexagonal phase
(Fig. S9a) but a cubic micellar solution in CgE;5 (Fig. SOb). The Ci6E12
rods entails a higher surface in contact with water when compared with
the rods and micelles observed in CgEqs.

The SASA of eicosane shown in Fig. S8b resembles the profiles ob-
tained for dodecane, but characterized by more obvious shifts towards
lower SASA values when the eicosane was partially detached. This
suggests that bigger structures with more exposed surface to the water
were formed in presence of eicosane, likely due to the increase of the
hydrophobic volume of the absorbed eicosane. In fact, the averaged shift
of SASA of eicosane in the 8%wt., 13%wt. and 30%wt. solutions ~
0.25 nm? almost double the water contact area compared with the so-
lution of dodecane ~ 0.11 nm? (Fig. S8). Remarkably, the partial
detachment of eicosane occurred sooner in the 8%wt. and 30%wt. so-
lutions (200 ns and 800 ns, respectively) than in the 13%wt. (1700 ns)
system as can be seen in Fig. S8b. The 60%wt. solution also replicated
the scenario found with dodecane, with no eicosane detachment whilst
the formation of a CgE;2 hexagonal phase as shown in Fig. S1 and
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denoted in the simulation snapshot inset of Fig. S8b (1100 ns).

Fig. 5a displays the SASA of the C;¢TAB charged ammonium head-
groups (solid lines) and the dodecane (dashed lines) for each concen-
tration. All of them exhibited identical patterns with an initial increase
of the SASA of dodecane overall concentrations, denoting that the water
rapidly penetrated the C;6TAB layer giving access to water to reach the
dodecane. The constant value of the SASA of C;6TAB ammonium charge
centres indicates that the gyroid phase remained stable along the
simulation as displayed in Fig. 3. Fig. 5b shows the SASA profiles for the
solutions with eicosane, which seemed more sensitive to the changes in
C16TAB concentration. The differences observed are associated with
internal structure of the gyroid phases, likely due to the formation of
larger channels throughout the C;¢TAB mesophase. In fact, more com-
pacted structures were found in the solutions with dodecane.

3.3. Overdll outcomes

The results obtained in the simulations suggest that, along 2000 ns of
simulation time, the CgEg surfactant yielded the best performance on the
extraction of dodecane from silica-based surfaces, although less efficient
when detaching eicosane. The increased alkyl chain implies a higher
energy penalty for breaking hydrophobic-hydrophobic interactions be-
tween eicosane molecules. Conversely, the alkyl chain of dodecane and
the alkyl tail length of CgE¢ are similar and, from an energetic point of
view, breaking hydrophobic-hydrophobic interactions of dodecane-
dodecane pairs by CgEq (alkyl tail-dodecane) is more energetically
favourable. Increasing the hydrophilic content with the CgE;2 surfactant
did not improve the oil recovery, displaying partial detachments and
some degree of association to the silica surface. Maintaining the hy-
drophilic content of CgE¢ and increasing the hydrophobic character with
the C;2Eq surfactant, also resulted in partial detachment of oil, similarly
to the CgEja system. Increasing both, the hydrophilic and hydrophobic
content of CgEg with the C;6E;2 surfactant, yielded similar oil removal
rates to C12Eg and CgEj2. Even though the Ci4E12 possesses the same HLB
as the CgEg, the increased molecular weight in C16E12 seems to play an
important role in the oil detachment, likely due to its lower diffusion
besides the phase behaviour. Fig. 2 illustrates the impact of the HLB,
molecular weight and concentration of the surfactant in the detachment
of dodecane (eicosane in Fig. S1) pointing that these three variables are
crucial when surfactants are used for EOR. Finally, the impact of charge
in oil removal was evaluated with the C1¢TAB cationic surfactant. Three
concentrations were evaluated with dodecane or eicosane layers above
the silica surface. Overall, the C;¢TAB could only partially detach some
dodecane or eicosane from the silica surface, forming packed gyroid-like
structures with absorbed oil inside the branches but completely linked to
the surface.

The surfactant aqueous solutions and oil without the silica surface
(Figs. S3 and S4 for the dodecane and eicosane solutions, respectively)
exhibited mainly spherical aggregates with different sizes depending on
the surfactant nature and concentration. Surfactants with longer alkyl
tails, such as C;2E¢ or C16Eq2, yielded bigger aggregates, retaining more
oil due to the increased hydrophobic volume. The dodecane or eicosane
absorption was more obvious at higher concentrations (30%wt. and
60%wt.). The more hydrophilic surfactants such as CgEg or CgEjs
assembled into smaller aggregates, all of them with absorbed oil. The
cationic C14TAB produced larger aggregates, even when compared with
similar alkyl chain lengths such as in C;3E¢ or Ci6E12 nonionic surfac-
tants, yielding a hexagonal-like phase with oil moieties located inside
the rods at higher concentrations. For all systems and concentrations,
the aggregates with absorbed eicosane exhibited greater sizes when
compared with the systems with absorbed dodecane due to the difficulty
to accommodate a larger linear moiety. Due to the imposed limit in the
simulation time, only the initial stages were compared, and longer
simulation times could tell us more on whether the bulkier aggregates
converge into larger ones or form other structures. However, due to the
number of analysed systems at different concentrations, the limited
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computational resources available imposed a restriction in the simula-
tion time. Even though, the purpose of this study aimed to understand
the performance of typical surfactants used in EOR and the results ob-
tained provided some insight on how the surfactant phase behavior
impact the detachment of oil. An additional analysis was performed via
the number density profiles of selected moieties for the nonionic C;E; and
cationic C;6TAB solutions analysed in this study along the axis in the
normal direction to the silica surface (Figs. S10-S14). A detailed dis-
cussion can be found in the supplementary material section shedding
light into the internal structure of the simulation boxes for the last
500 ns of simulation time. The density profiles can be helpful to un-
derstand the phases revealed in Fig. 2 and S1 besides the interpretation
of the SASA profiles shown in Figs. 4, 5 S1, S5-S8.

4. Conclusions

A novel coarse-grained molecular dynamics computer simulation
framework, based on MARTINI 3.0, was developed to analyse the impact
of the phase behaviour of aqueous solutions of nonionic G;E; and cationic
C16TAB surfactants in the removal of oil compounds from silica-based
surfaces. The silica surface model was validated against atomistic sim-
ulations and experimental data found in the literature whereas micellar
distributions were used for the aqueous solutions of CiEj and C1¢TAB
surfactants. Remarkably, the MARTINI 3.0 yielded better predictions for
the micellar size distribution of CiE; and C16TAB aqueous solutions
compared with results obtained with MARTINI 2.2. Four GE; (CgEe,
CsE12, C12E6, Ci6E12) and the Ci6TAB surfactant were simulated at
different concentrations to evaluate the removal of either, dodecane or
eicosane from a silica surface. Simulations revealed that, after 2000 ns
of simulation time, only the CgE¢ surfactant completely retrieved the
dodecane from the silica surface but at relatively low concentrations
(8%wt. and 13%wt.) where spherical clusters were formed. At higher
concentrations, elongated phases emerged and the dodecane was only
partially detached from the surface. The eicosane was only partially
detached overall CgEq surfactant concentrations. The increased alkyl
chain length raises the energy barrier for breaking hydrophobic-
hydrophobic interactions between eicosane moieties, hindering their
absorption by CgE¢ aggregates. Conversely, the alky chain length of CgEg
and dodecane are similar and the dodecane seems more prone to be
retrieved.

Varying the HLB of GiE; surfactants (extending the hydrophilic, hy-
drophobic or both segments in CgE;s, C12E¢ and CyeE;2, respectively)
only yielded partial or no detachment of dodecane or eicosane. Thus, the
CgEg entails an ideal HLB (~ 15) and, as argued below, a relatively low
molecular weight (noticeable inferior to Ci¢E12) for a quick water
channel formation and penetration into dodecane or eicosane layers to
retrieve them from the silica surface. This agrees with previous atomistic
simulation results where a greater surfactant mobility seems to promote
the formation of water channels through the oil layer.[15] In fact, C;6E12
with the same HLB but high higher molecular weight, could not improve
the oil detachment when compared to CgEg. C16E12 solutions formed
elongated micellar structures that hindered the oil detachment as it was
also observed in CgEjy. Certainly, similar HLB can yield different mes-
ophases, noticeably affecting the performance of oil removal. By
decreasing the HLB below 15 (increasing hydrophobic content), C;5E¢
solutions delayed the formation of water channels and further infiltra-
tion to the silica surface likely due to the quick formation of flattened
structures as well. Raising the HLB above 15 (increase of the hydrophilic
content), CgE;» solutions rapidly formed micelles but their hydrophilic
character yielded weaker interactions with the oil layer, delaying the
formation of water channels.

Accessible solvent surface areas (SASA) for oil moieties and the hy-
drophilic groups of the surfactants were used to determine the
promptness of the water channel formation into the dodecane or eico-
sane layers overall concentrations and surfactants. The CgE¢ displayed
more abrupted changes in the SASA profiles, denoting a quick surfactant
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and water penetration into the dodecane layer and a complete dodecane
absorption by CgE¢ micelles at low concentrations, losing effectiveness
when the surfactant concentration is raised where flatter structures were
formed. Eicosane layer disruptions from the silica surface proceeded
slower, as can be noticed by the smoother variations of SASA profiles,
overall nonionic surfactants, and concentrations, where only partial
detachments were achieved. The SASA profiles for CgE13, C12Eg, C16E12
surfactants showed that the changes in the SASA profile occurred later,
denoting a delay in water channel formation when compared with the
CgF.

Our simulations also revealed that cationic surfactants could not be
appropriate for dodecane or eicosane recovery as both oil and C;4TAB
remained completely attached to the silica surface overall concentra-
tions. This is in contrast with Tang et al.[15] results where they argued
that cationic surfactants promptly formed water channels in the
dodecane layer when compared with nonionic surfactants. Nevertheless,
the nonionic and cationic surfactants, OP-10 and DTAB, respectively,
were different from those used in our study.

Interestingly, in absence of a silica surface, the C;¢TAB was the most
efficient at retrieving dodecane or eicosane from the aqueous solutions
when compared with the nonionic C;E; surfactants. This certainty sug-
gests that the C16TAB can quickly form water channels in the oil layer as
found by Tang et al. and noticed in our C;¢TAB SASA profiles for
dodecane (early and abrupt changes in the profile). However, the quick
C16TAB self-assembly coupled with the strong interactions between the
ammonium C;6TAB charged headgroups with the polar silica surface
could generate a strong attraction between them, and therefore retain-
ing the oil at the silica surface. A further investigation with other
cationic surfactants could provide more clues into this issue.

The results obtained in this study are very promising and demon-
strate the capabilities of MARTINI 3.0 and CG-MD simulations to tackle
multi-component systems used in industry and the importance of phase
formation in EOR processes. Future work will focus on anionic surfac-
tants and more complex oils besides the impact of salt that is commonly
found in seabed reservoirs. Furthermore, CG-MD simulations will aid in
evaluating the high pressures and temperatures used in chemical EOR
processes that are difficult to reproduce in the laboratory.
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