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a b s t r a c t

Thermal recovery techniques for producing oil sands have substantial environmental impacts. Surfac-
tants can efficiently improve thermal bitumen recovery and reduce the required amount of steam. Such a
technique requires solid knowledge about the interaction mechanism between surfactants, bitumen,
water, and rock at the nanoscale level. In particular, oil sands ores have extremely complex mineralogy as
they contain many clay minerals (montmorillonite, illite, kaolinite). In this study, molecular dynamics
simulation is carried out to elucidate the unclear mechanisms of clay minerals contributing to the
bitumen recovery under a steameanionic surfactant co-injection process. We found that the clay content
significantly influenced an oil detachment process from hydrophobic quartz surfaces. Results reveal that
the presence of montmorillonite, illite, and the siloxane surface of kaolinite in nanopores can enhance
the oil detachment process from the hydrophobic surfaces because surfactant molecules have a stronger
tendency to interact with bitumen and quartz. Conversely, the gibbsite surfaces of kaolinite curb the oil
detachment process. Through interaction energy analysis, the siloxane surfaces of kaolinite result in the
most straightforward oil detachment process. In addition, we found that the clay type presented in
nanopores affected the wettability of the quartz surfaces. The quartz surfaces associated with the gibbsite
surfaces of kaolinite show the strongest hydrophilicity. By comparing previous experimental findings
with the results of molecular dynamics (MD) simulations, we observed consistent wetting characteris-
tics. This alignment serves to validate the reliability of the simulation outcomes. The outcome of this
paper makes up for the lack of knowledge of a surfactant-assisted bitumen recovery process and pro-
vides insights for further in-situ bitumen production engineering designs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Despite the significant progress of renewable energy technolo-
gies, fossil fuels are estimated to make up half of the global energy
consumption by 2050 (Brockway et al., 2019; Welsby et al., 2021).
Meanwhile, with the continuous development of the petroleum
industry, the pursuit of “easy oil” has become progressively more
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difficult (Ahmadi and Chen, 2020; Chen et al., 2023). There is an
urgent need to exploit unconventional resources to meet the en-
ergy demand in the future.

Oil sands, a type of unconventional petroleum deposit, mainly
consisting of a mixture of bitumen, quartz sands, clay (e.g., mont-
morillonite, illite, and kaolinite), and water, have attracted signifi-
cant research attention at the global scale (Banerjee, 2012; Liu et al.,
2019; Lu et al., 2022; Tosuai et al., 2023; Wang et al., 2020). More
than 98% of Canada's remaining geological oil reserves are
composed of oil sands, making its proven oil reserves the third
place in the world (Davenport and Wayth, 2023). However, Canada
is suffering from the thermal recovery processes for exploiting
these resources, which bring significant challenges such as their
complex composition, poor mobility, high operating costs, and
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greenhouse gas emissions (Han et al., 2023; Rui et al., 2018; Tajik
et al., 2023; Wang et al., 2022). Recent studies have shown that
surfactants can promisingly improve bitumen recovery while
simultaneously reducing environmental footprint (Ahmadi and
Chen, 2021a; Alshaikh, 2019; Ding et al., 2021; Tackie-Otoo et al.,
2020; Tang et al., 2023). However, the impact of surfactants on
bitumen recovery has often been assessed too simplistically as
improved or deteriorated based on changes in recovery factor. The
underlying mechanisms that enhance bitumen recovery under a
surfactant-assisted thermal process are not fully understood.

Clay minerals are widely presented in geologic deposits and
significantly affect steam-based bitumen extraction recovery and
product quality (Czarnecki et al., 2005; Hooshiar et al., 2012;
Kaminsky et al., 2009; Sposito et al., 1999). For typical oil sand ores,
their solids (mostly sands and clays) can make up ~80% of the total
mass (Entezari et al., 2017). It has been found that the distribution
of bitumen is influenced by clay concentration, clay structures, and
the nanoconfined spaces in porous media (Li et al., 2023; Tian et al.,
2019b). The existing literature have different views on clays in
crude oil recovery. According to Liu et al. (2004) the presence of
clay minerals increases adhesive forces, causing challenges for
small bitumen droplets to separate from a rock surface, mainly
when calcium ions are present. Xiong and Devegowda (2022) re-
ported that the diffusion of hydrocarbonmolecules was impeded in
clay-hosed nanopores, resulting from aggregated ions and water
bridges, thus reducing the crude oil fluidity. Other studies found
that a negative charge on the surfaces of clay minerals makes them
a medium for cation exchange, causing adsorption of bitumen and
alteration of the rock wettability in nanopores (Cao et al., 2021;
Ding and Gao, 2021; Ghaleh et al., 2020; Zhang et al., 2016; Zhong
et al., 2013). This shift in rock wettability is favorable for oil-wet and
weakly water-wet reservoirs and eventually increases the ultimate
oil recovery. Therefore, conducting a comprehensive study to
explore the bitumenesolid interactions in clay-hosted nanopores is
essential. However, it is labor-intensive and costly for laboratory
experimental studies to observe and measure the physicochemical
properties of bitumen at the nanoscale.

To date, thanks to the development of computing technologies,
molecular dynamics (MD) simulations have been demonstrated to
be a powerful tool for gaining fundamental insights into compli-
cated interactions at the molecular level (Koleini et al., 2019; Tian
et al., 2019a; Wang et al., 2023). A key strength of MD simula-
tions lies in their ability to reveal the behavior of individual atoms
in complex systems where spectroscopic and other conventional
experimental methods would probe the average behavior of large
numbers of atoms. MD simulations have exhibited great power for
investigating interactions between minerals and crude oil. For
instance, Zhang et al. (2022) studied the adsorption behavior and
interfacial interactions between bitumen and montmorillonite in-
terfaces. They concluded that temperature considerably influences
an adsorption configuration and distribution pattern of bitumen on
clay surfaces. Yang et al. (2023) found that an increment in the
polarity of crude oil components leads to higher binding energy
between oil and clays, showing that more heat is generated during
adsorption. Underwood and his coworkers used MD simulations to
scrutinize the adsorption behavior of crude oil onto basal surfaces
of clay minerals (Tian et al., 2018; Underwood et al., 2015). They
showed that the adsorption and arrangement of oil molecules
depend on the surfaces of clayminerals and the distance away from
them. Piri et al. and his coworkers conducted MD simulations to
investigate the underlying mechanisms responsible for oil
detachment from calcite surfaces under reservoir conditions (Bai
et al., 2020; Tetteh et al., 2022; Xie et al., 2020). Additionally, MD
simulations can be used to elaborate the complex mechanism of
surfactant enhanced oil recovery. Based onMD simulations, Su et al.
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(2019) found that sodium dodecyl sulfate (SDS) improves the
binding ability of bitumen droplets to water molecules, reducing
their viscosities under room temperature and pressure. The MD
simulation results by Jia et al. (2021) showed that SDS molecules
tend to migrate into a heavy oil phase rather than a light oil phase
because of the lower Gibbs free energy. Their results proved that a
calcite surface became oil-wet due to the adsorption of carboxylate
components. Furthermore, they concluded that the oil-wet condi-
tions were more effectively reversed when utilizing a cationic
surfactant with an extendedmolecular length. In a recent study, we
conducted a detailed investigation of bitumen detachment from
hydrophobic quartz minerals associated with the coexistence of
surfactants under realistic thermal recovery conditions (Ahmadi
and Chen, 2022). The SDBS molecules had a strong tendency to
interact with asphaltene molecules due to pep stacking, which is
conducive to reduce the oil viscosity.

To the best of authors’ knowledge, no work reported using MD
simulations to study how the inclusion of clay mineral surfaces
affects the interactions between hydrophobic quartz and bitumen
droplets. Therefore, the purpose of the present paper is to report
the results of such a study in the interlayered systems of oil sands.
Four of the most common clay mineral surfaces were studied. We
allowed relatively long equilibration times compared to previous
MD studies to achieve better observations of in-site interactions
between bitumen, water, quartz, and clay minerals. The MD
simulation outputs of this study allowed us to gain qualitative and
quantitative insights into screening procedures for a thermal re-
covery process.

2. Models and simulation details

2.1. Models

Unlike organic intercalated clay minerals, the interactions be-
tween bitumen and inorganic minerals occurred mainly on the
external surface of the minerals. The mineral surfaces of mont-
morillonite, illite, and kaolinite (siloxane and gibbsite) were
selected to study their effects on the oil detachment from hydro-
phobic quartz surfaces under steamesurfactant co-injection con-
ditions since they are the primary species present in Athabasca oil
sands (Carrigy, 1966; Dusseault and Scafe, 1979; Hooshiar et al.,
2012). All the minerals used in this study are layered aluminosili-
cates, where montmorillonite and illite are a 2:1 (two SieO tetra-
hedral sheets and an AleO octahedral sheet) structure, and
kaolinite is a 1:1 structure (one SieO tetrahedral sheet and an AleO
octahedral sheet) (Sposito et al., 1999). Montmorillonite and illite
models are generated by the isomorphous substitutions of cations
from pyrophyllite, i.e., substitutions of Al3þ by Mg2þ in the octa-
hedral sheets and of Si4þ with Al3þ in the tetrahedral sheet
(Bickmore et al., 2003; Refson et al., 2003). It is worth mentioning
that the isomorphous substitutions in these models obey Loe-
wenstein's rule (Loewenstein, 1954). The Wyoming type of mont-
morillonite structure is used to describe the molecular structure of
Na-montmorillonite, where the simplified formula is
Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4. That means one Al atom is
replaced by an Mg atom in every 8 Al atoms sheet, while one Si
atom is replaced by an Al atom in every 32 Si atoms in the tetra-
hedral in the octahedral sheet. Since the illite extracted from the
Athabasca Basin is Mg-poor, we only consider the isomorphous
substitutions of Si4þ with Al3þ (Drits et al., 2010). The resulting
chemical formula for the illite model is K(Si7Al)Al4O20(OH)4. In
contrast to montmorillonite and illite, kaolinite has two different
basal surfaces, namely the siloxane and gibbsite surfaces. The unit
cell of kaolinite is Al4Si4O10(OH)4, where the structural parameters
are obtained by X-ray diffraction based on Bish's work (Bish and
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Von Dreele,1989). To simulate the initial wettability of hydrophobic
quartz in oil sands, the a-quartz was first cleaved in {1 0 0} direc-
tion, and then methyl (eCH3) groups were added to all surface
silicon atoms. Such methylated silica surface has been used by
many researchers (Deng et al., 2022, 2023; Li et al., 2022). Then, the
clay layers were placed parallel to the hydrophobic quartz surface
to establish the slit-nanopore model. Herein, the nanopore size of
all the slits was kept at a moderate value of 5.0 nm. Fig. 1 shows the
process of setting up the nanopore model.

This study employs the classical saturatesearomatice
resineasphaltene (SARA) model to characterize the bitumen
composition. The asphaltene molecule proposed by Badu et al.
(2012) is used to build an asphalt model, and the aromatic
molecule was based on the study presented by the Verstraete
group (Verstraete et al., 2010). Two kinds of resin molecules and
saturates are collected from our previous work (Ahmadi and Chen,
2021b). Then, the bitumen droplet was constructed based on a
mass fraction of 15:30:35:20, as reported in experimental mea-
surements (Li et al., 2012; Wu et al., 2015). The number of mole-
cules in each fraction is set according to the abovementioned
proportion. In addition, sodium dodecylbenzene sulfonate (SDBS)
is selected as it exhibits good emulsifying performance under
high-temperature conditions (Batmunkh et al., 2016; Kong et al.,
2023; Lv et al., 2015). More details of the parameters of simula-
tion systems are provided in Table 1. Table S1 in the Supporting
Information provides detailed information on the specific molar
fractions of each component and the fundamental physical
properties of bitumen. VMD package is employed to visualize all
the MD trajectories and configurations in this study. Fig. 2 dem-
onstrates the molecular structure of each fraction.

2.2. Force fields

The extensively implemented CLAYFF force field parameters
were adopted to describe the atoms in clay minerals, ions, and
hydrophobic quartz due to their accuracy in predicting the prop-
erties of bulk nanoporous materials and their interfaces and
compatibility with other force fields (Cygan et al., 2004, 2021). It is
worth highlighting that the CLAYFF force field does not include
Fig. 1. Graphical demonstration of initializing the nanopore model. Atoms a
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parameters for describing atoms in the a-quartz surfaces, namely
methyl groups. To this end, the parameters proposed by Deng et al.
(2022, 2023) were implemented in the original CLAYFF. The SPC/E
model was used to describe the water molecules due to its better
performance in calculating water density at high temperatures
(Andr�es et al., 2015; Berendsen et al., 1987). The SETTLE algorithm
was employed to keep water molecules' geometry rigid. The
organic molecules in bitumen and surfactant were represented by
the OPLS-AA force field (Jorgensen et al., 1996). Their topologies
and charges were obtained from the LigParGen server (Dodda et al.,
2017). The CLAYFF and the OPLS-AA force fields have been validated
in consistent with experimental data and NIST standard database
(Zhan et al., 2020; Zhang et al., 2023). The equations of the non-
bonded interactions among all atoms were represented by the
LennardeJones (LJ) 12-6 potential and Coulomb electrostatic in-
teractions, as described in Eq. (1) (Wang et al., 2023):
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where rij, εij, and sij are the separation distance between atoms, LeJ
energy, and size parameters, respectively; qi and qj are the partial
charges of sites i and j; ε0 is the dielectric constant of vacuum. The
LorentzeBerthelot mixing rules were used to obtain the LeJ pa-
rameters between different atoms (Eqs. (2) and (3)):
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where si and sj are the LeJ size parameters of sites i and j; εi and εj
are the LeJ energy parameters of sites i and j. The detailed LeJ
parameters are reported in Table 2.

2.3. Molecular dynamics simulation settings

All MD simulations were carried out using the GROMACS 2021
re displayed as silver (C), white (H), blue (N), yellow (Si), and red (O).



Table 1
Number of molecules for each simulation system.

System Nsaturates Naromatics Nresin 1 Nresin 2 Nasphaltene NSDBS NH2O NNaþ NKþ

QUA 9 8 9 9 3 8 7000 8 0
MON 9 8 9 9 3 8 7000 98 0
ILL 9 8 9 9 3 8 7000 8 120
Gibbsite 9 8 9 9 3 8 7000 8 0
Siloxane 9 8 9 9 3 8 7000 8 0

Fig. 2. Molecular structures of asphaltene (C86H99NO2S2) (a), aromatics (C46H50S) (b), resin 1 (C23H30) (c), resin 2 (C22H30S) (d), saturates (C20H42) (e), and SDBS (C18H29O3S) (f).
Atoms are displayed as silver (C), white (H), blue (N), yellow (S), and red (O).

Table 2
LeJ parameters and atomic charge.

Atomic species Symbol Mass, g/mol Charge, e Е, kJ mol�1 s, Å

Clay/quartz Aqueous sodium ion Na 22.99 1 0.5443384 2.35
Aqueous potassium ion K 39.098 1 0.4184 3.334
Hydroxyl hydrogen ho 1.00797 0.425 0 0
Hydroxyl oxygen oh 15.9994 �0.95 0.6501936 3.1655
Hydroxyl oxygen with substitution ohs 15.9994 �1.808 0.6501936 3.1655
Bridging oxygen ob 15.9994 �1.05 0.6501936 3.1665
Bridging oxygen with octahedral substitution obos 15.9994 �1.1808 0.6501936 3.1665
Bridging oxygen with tetrahedral substitution obts 15.9994 �1.1688 0.6501936 3.1665
Tetrahedral silicon st 28.085 2.1 7.70065E-06 3.302
Octahedral aluminum ao 26.982 1.575 5.56388E-06 4.2712
Tetrahedral aluminum at 26.982 1.575 7.70065E-06 3.302
Octahedral magnesium MgO 24.305 1.36 3.77807E-06 5.2643
Tetrahedral silicon with methyl group sc 28.085 1.05 7.70406E-06 3.302
Methyl carbon cs 12.011 �0.18 0.276144 3.5
Methyl hydrogen hc 1.00797 0.06 0.12552 2.5

Water Hydrogen hw 1.00797 0.4238 0 0
SPC/E Oxygen ow 15.9994 �0.8476 0.6501936 3.166
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software package (Abraham et al., 2015). The periodic boundary
conditions were applied in three directions. The initial configura-
tions for all the systems were constructed by the PACKMOL package
(Martínez et al., 2009). The orthogonal simulation boxes were
created with approximate lateral sizes x ¼ 64 Å and y ¼ 92 Å.
Furthermore, a certain amount of Naþ and Kþ were randomly
placed in the nanopores to neutralize the electronegativity caused
by montmorillonite, illite, and SDBS surfactant. The leap-frog
2460
algorithm was used to update the simulation models (Gunsteren
and Berendsen, 1988). After initializing the simulation boxes, the
energy minimization task was carried out to eliminate unphysical
contacts between molecules. The steepest descent algorithm was
implemented for energy minimization, and the upper limit of force
between any pair of atoms was set to 1000 kJ/(mol nm). Then, the
structure-optimized configuration was relaxed with a shorter
timestep of 0.5 fs for 5 ns in an isothermal-isobaric (NPT) ensemble
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under 5 MPa and 498 K, which is a typical reservoir condition for
the steam-assisted gravity drainage (SAGD) process (Ahmadi and
Chen, 2021b; Li et al., 2009; Nguyen et al., 2012). After the relax-
ation, the system was equilibrated in an NPT ensemble for 25 ns
under 5 MPa and 498 K. The temperature of the equilibration stage
was controlled by a velocity-rescale thermostat with a time con-
stant of 0.5 ps, and the pressure of the equilibration stage was
controlled by a Berendsen barostat (Berendsen et al., 1984; Bussi
et al., 2007). Finally, an extra 50 ns simulation in an NPT
ensemble was carried out for the production stage with a longer
timestep of 1 fs. A Nos�e-Hoover thermostat and a Parrinello
eRahman barostat were applied for temperature and pressure
control in the production stage with the same time constant of 0.5
ps (Evans and Holian, 1985; Parrinello and Rahman, 1981). Pressure
coupling was isotropic in the x and y directions; the z dimension
was scaled independently. Meanwhile, the van der Waals (VDW)
interactions were calculated by the atomic-based summation
method with a cutoff distance of 1.2 nm. Long-range electrostatic
interactions were evaluated by the particle-mesh Ewald (PME)
method (Darden et al., 1993). All the atoms in the clay and quartz
layers remain rigid to avoid distortion of the mineral layers and
shorten the simulation time. Studies have reported that the impact
of structure flexibility or rigidity on the distributions of water and
hydrocarbon molecules is insignificant (He et al., 2017, 2021; Mi
et al., 2022).

3. Results and discussion

Fig. 3 demonstrates snapshots of the configurations of the
simulation systems for the bitumen detachment process from hy-
drophobic quartz surfaces after equilibration. These configurations
are pivotal for understanding the dynamic interplay of molecules in
these simulated environments. It should be noted that the QUA
system is presented as a reference scenario, enabling comparative
analysis with other systems and serving as a baseline for observa-
tions. Fig. 4 complements the insights from Fig. 3 by presenting the
density distribution of each molecule type, including water,
bitumen, SDBS, and ions in the z direction for all simulations. As
mentioned, Fig. 4(a) illustrates the base case scenario for all sys-
tems for comparison purposes. As shown in Fig. 3, it is found that
the negative-charged clay surface (MON and ILL systems) can
adsorb the ions (Naþ and Kþ) and form a dense layer of ions near
the clay surface. These phenomena can also be confirmed from
Fig. 4(b) and (c) that the ions form a sharp density peak height near
the clay surfaces, and the peak height of the illite surface is higher
than the montmorillonite surface. Additionally, Fig. 3 illustrates the
efficient attachment of SDBS molecules at the interface between
bitumen droplets and hydrophobic quartz surfaces. The hydro-
phobic tails and benzene connectors of SDBS actively engage with
both the bitumen droplets and the quartz surface. Notably, the
hydrophilic head of SDBS is oriented towards the surrounding
water molecules, forming stable interfacial layers. It is worth noting
that several surfactant monomers interact with kaolinite surfaces
(gibbsite and siloxane systems) instead of the bitumen droplets and
hydrophobic surfaces, indicating the hindrance of SDBS mobiliza-
tion. This localized interaction slows the effective dispersion of
SDBS molecules at the bitumenewater interface, influencing the
overall bitumen detachment process.

3.1. Number density profiles

Fig. 4 illustrates the number density distributions of bitumen,
water, SDBS, and ions along the z direction (normal direction to the
quartz surface) inside the nanopores. As a useful complement of
Fig. 4, Fig. S1 in the Supporting Information compares the physical
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density of water in each systemwith experimental data. In the QUA
system, the quartz surfaces exhibit strong hydrophobicity as they
repel water molecules to the middle region of the pore. This phe-
nomenon has also appeared in our previous study (Ahmadi and
Chen, 2022). It is also observed that the density profiles of water
molecules in all clay-hosted systems have similar trends due to the
similar layered arrangement of water molecules near the external
surface of these clay minerals. Specifically, water molecules tend to
adsorb on the surface of montmorillonite, illite, and kaolinite,
forming an interfacial water layer. For theMON and ILL systems, the
density peak of water molecules lies closer to the clay surface than
that of Naþ in the MON system (Fig. 4(b)). However, the opposite
phenomena are observed on Kþ of ILL (Fig. 4(c)). This can be
attributed to the tendency of Naþ to form an out-sphere complex
(i.e., binding to a siloxane surface through water molecules), while
Kþ tends to form an inner-sphere (i.e., directly adsorbing on the
siloxane surface) (Li et al., 2020; Sposito et al., 1999). Our results
showed that the high temperature and bitumen do not affect the
tendency of Naþ and Kþ to form cation adsorption complexes. For
the Gibbsite and siloxane systems, the two kaolinite surfaces show
different affinities for water molecules. The gibbsite surface can
form a denser interfacial layer than that of the siloxane surface.
Interestingly, it is found that there is a small density peak of water
molecules near the quartz surfaces inside the siloxane system
(Fig. 4(e)), which overlaps with the density peak of SDBSmolecules.
This observation suggests that surfactant molecules can potentially
bind some water molecules, creating a nanostructure between
SDBS and water molecules. Fig. S2 in the Supporting Information
validates this speculation as a radial distribution function of
SDBS-water exhibits a peak value around 0.2 nm, indicating the
formation of a hydration shell around the polar head group of SDBS.
Such phenomena have been observed in previous studies (Ahmadi
et al., 2023; Parra et al., 2020).

The number density profiles of SDBS molecules in MON and ILL
systems have two peaks: one lies in the exact location of the
bitumen density peak, and the other lies where we have 50% of the
bitumen peak density. The first peak shows that SDBS molecules
are adsorbed at the interface between quartz and bitumen, facili-
tating the detachment of oil droplets. The second one means that
the rest of the SDBS molecules gather in the interface between
water and bitumen. In contrast, the number density profiles of
SDBSmolecules in the gibbsite and siloxane systems show different
trends. SDBS molecules inside the gibbsite system prefer to exist in
the middle region of the nanopore as their hydrophilic head part is
absorbed at the gibbsite surface due to the strong hydroxylation. In
this case, SDBS molecules cannot efficiently contribute to the oil
detachment process from the hydrophobic quartz surface. SDBS
molecules inside the siloxane system exhibit the highest peak value
near the quartz surface, indicating the strongest affinity for SDBS. It
means that we expect strong interactions between the SDBS,
bitumen, and hydrophobic surface.

3.2. Radial distribution functions (RDFs)

RDF is defined as the spatial distribution probability function of
certain particles with respect to the coordinates of a particle, which
can be used to evaluate the interactions between particles. To
elaborate, a higher peak value in RDF means stronger particle in-
teractions.We calculated the RDF of bitumen fractions and SDBS for
all simulation systems. The corresponding data are shown in Fig. 5
and Table 3. The highest peak value for each simulation system is
observed in either resin pairs or asphalteneeresin, indicating the
strongest interaction among these fractions. In other words, resin
pairs and asphalteneeresin formed an intermolecular structure
around 6 Å. Similar phenomena have been found in our previous



Fig. 3. Configuration of the simulation box for oil detachment process from the hydrophobic surface in clay-hosted nanopores Atoms are displayed as silver (C), white (H), blue (N),
yellow (Si), red (O), lime (Na), and purple (K). Water molecules are hidden for the sake of transparency. SDBS molecules are dyed in magenta to observe their affinity at interfaces.
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work, and we proved that the structure is caused by the non-
covalent interactions of pep stacking (Ahmadi and Chen, 2021a).
Comparedwith other systems, the RDF curve of the SDBS pair in the
Gibbsite system has a relatively flat trend, indicating a less
concentrated spatial distribution. This finding is confirmed by
configurations in Fig. 3 and number density profiles in Fig. 5.
Moreover, according to our previous study, SDBS molecules tend to
interact with asphaltene as they are the heaviest fraction of
bitumen (Ahmadi and Chen, 2022). Combined this conclusion with
the RDF results of the asphalteneseSDBS in Fig. 5 and Tables 3 and it
can be found that the strength of asphalteneseSDBS interaction is
weakened by the presence of montmorillonite and kaolinite
2462
surfaces. In contrast, the presence of an illite surface enhances this
interaction. In this sense, during the steamesurfactant co-injection
process, illite is conducive to bitumen production; montmorillonite
and kaolinite are harmful.

3.3. Mean square displacement (MSD) and self-diffusivity (D)

In this study, we calculated the mean square displacement
(MSD) and self-diffusivity of SDBS molecules to analyze their
movement characteristics in the nanopores. MSD is often used to
determine the deviation of a particle position to a reference posi-
tion as a function of time. The slope of MSD with respect to time is



Fig. 4. Number density distribution of water, bitumen, SDBS, and ions in the z direction for all systems. (a) QUA; (b) MON; (c) ILL, (d) Gibbsite; (e) Siloxane. All profiles are averaged
during the last 25 ns of simulation.
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correlated to the self-diffusivity according to the Einstein rela-
tionship. To elaborate, MSD and self-diffusivity are calculated based
on Eqs. (4) and (5), respectively:

MSD ¼ 1
N

XN
i¼1

½riðtÞ � rið0Þ�2 (4)

D ¼ 1
6N

lim
t/∞

d
dt

XN
i¼1

½riðtÞ � rið0Þ �2 (5)

where D is the self-diffusivity; N is the number of diffusing mole-
cules; r(t) and r(0) are the position vectors of molecules at time t
and t ¼ 0, respectively.

Fig. 6 shows the MSD of SDBS molecules versus time for all
simulation systems, and Fig. 7 illustrates the corresponding diffu-
sivities. It is obvious that the clay mineral surfaces significantly
influence the movement of SDBS surfactant inside the nanopores.
In Fig. 7, the gibbsite system has the highest MSD, meaning that the
SDBS molecules move freely and tend to exist in the water phase
instead of the interface between quartz and bitumen. On the con-
trary, SDBS molecules in MON, siloxane, and ILL systems have
significantly lower MSD than the QUA system. It can be speculated
that montmorillonite, illite, and the siloxane surface of kaolinite
restrain the movement of SDBS, thus enhancing the interaction of
SDBS and bitumen and the hydrophobic quartz surface. This finding
is confirmed by analyzing simulation configurations, number
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density profiles, and RDF curves.
3.4. Interaction energy analysis

To quantitatively investigate the interaction between bitumen
and the hydrophobic surface, as well as the interaction between
water and the hydrophobic quartz surface, the interaction energy
analysis was carried out. Eqs. (6)e(8) defined the interaction en-
ergy between different molecules (Ahmadi and Chen, 2022; Zhong
et al., 2013):

Ebitumen�quartz ¼ Ebitumenþquartz � Ebitumen � Equartz (6)

Esteam�quartz ¼ Esteamþquartz � Esteam � Equartz (7)

Esteam�bitumen ¼ Esteamþbitumen � Ebitumen � Esteam (8)

where Ebitumenþquartz is the total energy of bitumen molecules and
the hydrophobic quartz surface; Ebitumen is the energy of the
bitumen droplet; Equartz is the energy of the hydrophobic quartz
surface; Esteam is the steam phase energy; Esteamþquartz is the total
energy of the steam phase and the hydrophobic quartz surface;
Esteamþbitumen is the total energy of the steam phase and bitumen
droplet.

Fig. 8 demonstrates the interaction energy between bitumen,
steam, and the hydrophobic quartz surface pairs. A higher magni-
tude of the interaction energy between the quartz surface and



Fig. 5. Radial distribution function curves of molecule pairs for all simulation systems. (a) QUA; (b) MON; (c) ILL, (d) Gibbsite; (e) Siloxane. All curves are averaged during the last 25
ns of simulation.

Table 3
Peak values of specific pairs in radial distribution function curves.

System QUA MON ILL Gibbsite Siloxane

Resin pair 4.987 7.026 7.037 6.767 7.051
Asphalteneeresin 6.072 6.592 7.324 6.406 6.668
AsphalteneeSDBS 5.355 4.018 6.704 3.152 3.485

Fig. 6. MSD of SDBS molecules in all simulation systems.
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bitumen means that the steam phase does not easily trip the
bitumen droplets adhered to the quartz surface; hence, it is harder
to separate the bitumen from the hydrophobic quartz surface. It is
found in Fig. 8 that the interaction energy between steam and
bitumen is greater than the interaction energy between bitumen
and hydrophobic quartz. That means the ordered attachments of
bitumen droplets on the hydrophobic quartz are very likely to be
destroyed by steam, thereby facilitating the process of oil detach-
ment. In addition, the higher the difference between these two
interaction energies, the greater the likelihood that the oil
detachment will occur. Therefore, according to Fig. 8, the proba-
bility of oil detachment from the hydrophobic quartz surface fol-
lows the order of siloxane > gibbsite >MON > ILL > QUA. Moreover,
a conjecture can be made that the quartz lipophilicity is reduced
when clay minerals are presented in nanopores, which deserves a
thorough investigation in the future. The interaction energy
2464
analysis well reflects the effects of clay mineral surface on oil
detachment.



Fig. 7. Self-diffusivities of SDBS molecules in all simulation systems. Error bars
represent the standard deviation calculated from block averages in GROMACS.

Fig. 8. Total interaction energy between bitumen droplets and quartz surface. Data are
collected from the final configuration of molecular dynamics simulation.

Fig. 9. Curvature of the bitumenewater interface in the xez plane. The maximum and
minimum of the coordinates are shown in the range of the pink area. The magenta
dash line is the fit curve of the interface.

Fig. 10. Calculation of contact angles (Chang et al., 2018).
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3.5. Contact angleecurvature of the bitumenewaterequartz
interface

To measure the contact angle of bitumen on the hydrophobic
quartz surface, we carried out a detailed analysis of the molecular
trajectory data. A schematic illustration is shown in Fig. 9 for
analyzing the QUA system. In short, the x, z coordinates of the
interfacial molecules (regarded as the location where the water
density is half of the bulk water density) were recorded every 1 ns
of the simulation. The data shows significant fluctuance in the
interfacial shape curve. Such fluctuations are regarded as the pri-
mary source of error in previous research works (Toledano et al.,
2020; He and Nagel, 2019). Then, we adopted the optimal circular
fit algorithm developed by Taubin to determine the curvature of the
bitumenewaterequartz interface (Taubin, 1991). After obtaining all
the radii from the Taubin method, the geometric method used by
Chang et al. (2018) (Eqs. (9) and (10), Fig. 10) is implemented to
calculate the contact angle:

x2 þ ðR � hÞ2 ¼ R2 (9)

cosq ¼ R� h
R

(10)

where x is the half distance of the bitumen droplet spread on the
substrate surface; h is the height from the center of the fitted circle
to the substrate surface; R is the radius of the fitted circle; q is the
contact angle.

The corresponding results of the fitting radius and contact an-
gles are listed in Table 4. It is worth mentioning that the contact
angle in the QUA system is 54.9�, which is close to the projected
value of 58.28� in the empirical equation at high temperature
conditions in Duffy's experiments, verifying our simulation pre-
diction of wetting behaviors (Duffy et al., 2021). Contact angles are
often used as a measure of the rock wettability. Specifically, the
hydrophobic quartz surface in the gibbsite has the largest contact
angle, indicating it becomes more water-wet compared to other
Table 4
Contact angles of all simulation systems.

System x, Å R, Å Contact angle, degree

QUA 22.870 27.593 54.9
MON 23.840 25.124 71.6
ILL 24.670 26.373 69.3
Gibbsite 21.440 22.238 74.6
Siloxane 20.085 21.558 68.7
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systems. Such a change in the quartz wettability has been observed
in previous experimental works and is regarded as a primary
mechanism responsible for improved recoveries (Zaabi et al., 2023;
Jonasson et al., 2018; Srivastava and Castro, 2011). Our results
showed that the wettability of the hydrophobic quartz surface is
strongly associated with the clay mineral surface presented in the
nanopores. This finding also manifests that the contact angle
measurements should take particular care to minimize or control
the presence of clay contents as they complicate the rock miner-
alogy of the oil sands ore.

4. Conclusions

In this study, we used MD simulation methods to address the
effect of clay minerals on the oil detachment from quartz surfaces
during surfactantesteam co-injection. MD simulation was carried
out to study the mechanisms of the oil detachment process of
bitumen droplets under practical thermal recovery conditions in
clay-hosted nanopores. Meanwhile, the number density profiles,
radial distribution function curves, mean square displacements,
interaction energies, and contact angles are explored. Based on the
results, the following conclusions can be drawn:

(1) SDBS surfactant molecules tend to exist at the interfaces of
bitumenequartz and steamequartz in QUA, MON, ILL, and
siloxane systems. In contrast, SDBS surfactant molecules in
the gibbsite system exist in the water phase. Only the hy-
drophilic head part of the SDBS molecules interacts with the
strongly hydroxylated gibbsite surface.

(2) The gibbsite system has the highest MSD and the largest self-
diffusivity, indicating that the presence of the gibbsite sur-
face of kaolinite in nanopores causes the SDBS molecules to
move freely instead of absorbing at the interface between
bitumen droplets and the hydrophobic quartz surface. On the
other hand, the presence of montmorillonite, illite, and the
siloxane surface of kaolinite reduces the self-diffusivity of
SDBS, improving the interactions between surfactant, quartz,
and bitumen.

(3) The interaction energy analysis shows the probability of oil
detachment from the hydrophobic quartz surface follows the
order of siloxane > gibbsite >MON > ILL > QUA. The siloxane
system has the largest interaction energy difference between
the steamebitumen and bitumenequartz, indicating a
straightforward oil detachment process.

(4) The presence of clay contents in the nanopores strongly in-
fluences the quartz wettability. All clay-hosted systems have
larger contact angles than that of the QUA system. Specif-
ically, the gibbsite system has the largest contact angle,
exhibiting the strongest hydrophilicity.
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