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ABSTRACT: The geometry of phenanthridine, benzothiophene, tetralin, and naphthalene representative of the heterocyclic,
naphthenic, and aromatic components of bitumen adsorbed on kaolinite is optimized using density functional theory and
periodic boundary conditions in gas phase. These bitumen model compounds preferentially adsorb on the aluminum hydroxide
surface of kaolinite with energy decreasing in the order phenanthridine > naphthalene > tetralin ∼ benzothiophene. The
adsorption of phenanthridine is strengthened by hydrogen bonding between the pyridinic N atom and an axial hydroxyl group of
kaolinite, while the rest of the molecules adsorb through van der Waals interactions. The mechanism of solvation in CO2 and the
effect of liquid and supercritical CO2 on the adsorption thermodynamics are studied using the three-dimensional reference
interaction site model theory with the closure approximation of Kovalenko and Hirata (3D-RISM-KH) molecular theory of
solvation at 293−333 K and 10−30 MPa. The CO2 solvent interacts with the aluminum hydroxide surface of kaolinite by
hydrogen bonding, with the pyridinic N atom of phenanthridine by electrostatic interactions, and with the rest of the bitumen
model compounds by hydrophobic interactions, as inferred from the 3D site density distribution functions of CO2. The
molecule−kaolinite potentials of mean force in CO2 show that the adsorption of naphthalene and tetralin on kaolinite is
substantially weakened as the pressure is increased and the temperature is decreased. Benzothiophene adsorption is the least
sensitive to CO2 temperature and pressure changes. In liquid CO2 at 30 MPa and 293 K, the hydrocarbon molecules are weakly
adsorbed and can be desorbed by CO2, while the heterocycles would remain adsorbed, suggesting an approach for extraction of
deasphalted bitumen from oil sands. While the most favorable thermodynamic conditions for desorption are in liquid CO2, the
kinetic barrier for desorption is the most sensitive to small changes in the temperature and pressure in supercritical CO2,
indicating that supercritical conditions are important for desorption rate control. These results suggest that the investigated
bitumen components can be selectively desorbed from kaolinite by controlling the temperature and pressure of the CO2 solvent
and agree with experimental reports on heavy oil recovery. These insights are valuable for the development of improved
techniques for extraction of bitumen from oil sands and deasphalting of bitumen using liquid and supercritical CO2.

■ INTRODUCTION

Canada’s oil sands hold the third largest petroleum reserve in
the world.1 The main challenge in the development of this
valuable resource is that oil sands contain typically 7−12% of
hydrocarbons in the form of bitumen, a very heavy petroleum,
mixed with sand, clays, and several percent water. Bitumen-rich
oil sands are mined in open surface mines, if available near the
surface. When buried deep, bitumen is extracted in situ, mainly
using the steam-assisted gravity drainage (SAGD) technique.2

Extraction of bitumen from surface-mined oil sands using hot
water (sometimes with additives) by the Karl Clark method is
currently the predominant technology employed to produce ∼2
million barrels of synthetic crude oil per day in Alberta.3,4 This
is a costly and carbon-intense process that requires large
amounts of water. Non-aqueous bitumen extraction is an

important alternative to hot-water extraction. Several ap-
proaches for extraction of bitumen using critical/supercritical
CO2,

5 ionic liquids at close to ambient conditions,6 organic
solvents,7−9 and hybrid aqueous−non-aqueous processes10

have been tested at small scale.7,11

Carbon dioxide is a nonpolar molecule with a relatively large
quadrupole moment (13.4 × 10−40 C m2)12 compared to 0,
3.34 × 10−40, 5.00 × 10−40, and 4.7 × 10−40 C m2 for methane,
ethane, ethylene, and N2, respectively.13,14 It is this large
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quadrupole moment that makes the phase behavior of
supercritical CO2 much more challenging to predict than that
of other nonpolar fluids.15 An important consequence of the
quadrupole moment is that CO2 can act as a Lewis acid (C
atom) and a Lewis base (O atoms).16 Also, the O atoms can be
involved in weak electrostatic interactions, such as weak
hydrogen bonds and cooperative C−H···O bonds.17−19 These
chemical interactions largely determine the successful applica-
tions of dense CO2 in enhanced oil recovery20,21 and vacuum
residual treatment.22−25

Supercritical CO2 is becoming an important extraction
solvent in chemical engineering processes, such as decaffeina-
tion of coffee26 and enhanced oil recovery,20,21 because of the
enhanced and tunable solubility of organic compounds in this
solvent. Supercritical CO2 is particularly attractive for being a
nontoxic and nonflammable solvent with low viscosity, high
diffusion rate, and no surface tension. Moreover, the relatively
low critical parameters (Tc = 304.1 K, and Pc = 7.39 MPa) as
well as a very low cost make it feasible not to recycle
supercritical CO2. The main drawback of supercritical CO2-
based extraction is that only volatile and nonpolar compounds
are soluble in it.27 The solvation strength of supercritical CO2 is
related to its dielectric constant and density. The dielectric
constant of supercritical CO2 ranges from 1.12 at 353 K and 10
MPa (density of 0.22 g/cm3) to 1.58 at 305 K and 30 MPa
(density of 0.94 g/cm3), and in liquid CO2, it reaches 1.67 at
273 K and 30 MPa (density of 1.05 g/cm3).28 From these
dielectric constant values, supercritical CO2 is classified as a
nonpolar solvent, comparable to n-hexane.29 The most
attractive temperature and pressure ranges for extraction in
CO2 are 303−333 K and 10−30 MPa, respectively, because in
this part of the CO2 phase diagram, it is possible to tune
solubility over a wide range with either a small isobaric
temperature change or a small isothermic pressure change.
Oil extraction from natural oil sands and soil samples has

been studied experimentally to determine the optimal CO2

solvent conditions.30−32 It is challenging to interpret these
results at a mechanistic chemistry level because of the diversity
of natural samples, role of soaking,31 and multiple stages of
extraction, e.g., desorption from solid grain, intraparticle
diffusion, and transfer of oil into the bulk fluid.32 Recent
reports highlight the necessity to investigate the effect of the
CO2 temperature and pressure on the extraction of individual
oil components, such as aromatics, aliphatics, and naph-
thenes,30 and the destiny of asphaltenes.33

The mechanism of interaction of CO2 with organic
molecules and clay minerals has been investigated using
electronic structure methods and molecular dynamics simu-
lations. The interaction of amines with CO2 and the relative
energies of the zwitterion intermediates in the carbamic acid
reaction mechanism have been studied using pure and hybrid
density functionals.34,35 Correlated ab initio molecular dynamics
simulations of the acetone−CO2 complex reveal the Lewis acid
and Lewis base behaviors of CO2.

36 Density functional theory
(DFT) studies of the condensation of supercritical CO2 on
kaolinite agree with microbalance measurements in that CO2

adsorption is favorable and shows distorted T-shaped
clustering.37 The adsorption of hydrocarbons and heterocycles
on kaolinite have also been studied using the exchange hole
dipole moment dispersion model.38 Molecular dynamics
simulations have been employed to study the solvation of
model petroleum asphaltenes39 and intercalation of CO2 into
montmorillonite in supercritical CO2.

40,41 The molecular

interactions among supercritical CO2, brine, and kaolinite
have been studied using large-scale molecular dynamics to
determine the contact angle of CO2 droplets.

42

An important alternative to molecular simulations, the three-
dimensional reference interaction site model theory with the
closure approximation of Kovalenko and Hirata (3D-RISM−
KH), predicts successfully solvation in complex molecular
nanosystems based on the first principles of statistical
mechanics.43−48 The 3D-RISM−KH molecular theory of
solvation properly accounts for hydrophobic and hydrogen-
bonding interactions and reproduces structural and phase
transitions in simple and complex liquids and solutions in a
wide range of thermodynamic conditions49,50 and in nano-
porous confinement.51−54 The 3D-RISM−KH theory has been
employed to predict the solvation structure and thermody-
namics of electrolyte solutions45,46 and ionic liquids,55 gelation
activity,56,57 molecular boundary conditions of hydrodynamic
flow,58 self-assembly and conformational transitions of
synthetic organic supramolecular rosette nanotubular architec-
tures,59,60 molecular recognition in biomolecular nanostys-
tems,61,62 and nanoscale forces in plant cell walls.63 In heavy oil
research, the 3D-RISM−KH theory has been employed to
study the adsorption of thiophenic heterocycles on ion-
exchanged zeolite surfaces in the presence of a benzene
solvent64 as well as for prediction of the effect of the
temperature on asphaltene aggregation in quinoline and 1-
methylnaphthalene solvents.65 The effect of trace amounts of
water in a chloroform solvent on the free energy of aggregation
of model asphaltene compounds containing polyaromatic
hydrocarbon moieties tethered to pyridyl groups has been
investigated using the 3D-RISM−KH theory, and the
contributions of hydrogen-bonding and π−π stacking inter-
actions to aggregation are evaluated on the basis of electronic
structure calculations.66,67

Recently, we have reported on a 3D-RISM−KH investigation
of the adsorption of indole on kaolinite and presented insights
into its preferred adsorption orientation and effective
interaction potential for adsorption in heptane and toluene
solvents. The calculated multilayer adsorption profiles have
been correlated with experimentally determined monolayer and
saturation loading of organoclays driven by strong adsorbate−
adsorbate interactions.68 The molecular recognition interac-
tions of S- and N-containing heterocycles (relevant to
asphaltenes) toward kaolinite have been investigated in a
toluene solvent using the 3D-RISM−KH method to gain
insight into this entropy-driven organization and correlated
with experimental adsorption kinetic and thermodynamic
studies.69

In the present work, we study the adsorption of model
bitumen compounds on kaolinite using the PW91 density
functional and periodic boundary conditions (PBC). The
mechanism of solvation of systems containing kaolinite platelet
and bitumen molecules in a CO2 solvent is explored using the
3D-RISM−KH molecular theory of solvation. Moreover, the
effect of the temperature and pressure of CO2 on the
thermodynamics of adsorption of bitumen components on
kaolinite is investigated to gain insight relevant to extraction of
bitumen from oil sands and deasphalting.

■ COMPUTATIONAL TECHNIQUE

Geometry Optimization Using DFT in PBC. The geometry of
phenanthridine, benzothiophene, naphthalene, and tetralin (panels a−
d of Scheme 1) on kaolinite (Scheme 1e) are optimized in PBC using
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the functional by Perdew and Wang (PW91)70 and double numerical
basis set with polarization function for H atom (DNP),71 as
implemented in the DMol3 module of the Accelrys Materials Studio
software suite.72 The kaolinite surface is represented as a single sheet
with dimensions A2 × B1 placed in a 10.30 × 8.93 × 64.00 A3 periodic
cell73 to allow for a 56.6 Å vacuum slab along the z axis. Thus, kaolinite
is modeled as a continuous surface without edge termination effects.
The molecules are placed near the aluminum hydroxide surface in
three initial orientations at angles of 0°, 45°, and 90° relative to the xy
plane defined in Scheme 1e, and the positions of all atoms of kaolinite
and molecule are optimized.
The PW91 functional was selected because it yields optimized

geometries that are in better agreement with the experiment than
those from other functionals, such as the widely used B3LYP
functional.74,75 It has also been shown that PW91 is capable of
modeling van der Waals interactions, although it has not been
specifically built to describe dispersive interactions.76 Brillouin zone
sampling is restricted to the Γ point. An extrafine numerical
integration grid that contains 474 angular points is used. The
DMol3 numerical frequency analysis is applied to confirm that the
optimized structures are true minima in the potential energy surface.
This computational approach has been validated and employed to
study the adsorption of bitumen components on the surface of the
zeolite chabazite.77

1D/3D-RISM−KH Theory Overview. The 3D-RISM−KH mo-
lecular theory of solvation couples the 3D-RISM integral equation for
3D solute−solvent site correlation functions78,79 (eq 1) with the 3D
version of the Kovalenko−Hirata (KH) closure approximation (eq 2),
as follows:
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where hγ(r) and cγ′(r) are the 3D total and direct correlation functions
of solvent site γ around the solute, respectively, χγ′γ(r) is the site−site
susceptibility of the solvent, which is calculated beforehand, and
indices α and γ enumerate all interaction sites on all sorts of solvent
species. The 3D distribution function (normalized density distribu-
tion) of solvent site γ is gγ(r) and is related with hγ(r) as gγ(r) = hγ(r)
+ 1. A gγ(r) value of 1.0 corresponds to bulk solvent distribution far
from the solute. When gγ(r) > 1.0, the solvent site density is enhanced
relative to the bulk solvent. When gγ(r) < 1.0, the solvent density is
depleted relative to the bulk solvent. The 3D interaction potential
uγ(r) between the whole solute and solvent site γ is specified by a
molecular force field, and kBT is the Boltzmann constant times the
solution temperature.43−46 The total correlation function hγ(r) has the
physical meaning of a normalized 3D distribution of spatial
correlations or normalized deviations of solvent site local density
around the solute molecule from its average value of the solvent site
number density ργ in the solution bulk.

The site−site susceptibility of solvent χαγ(r) determines the
nonlocal response of the solvent to the insertion of the solute
macromolecule propagating across the solvation shells. It breaks up
into the intra- and intermolecular terms as χαγ(r) = ωαγ(r) + ραhαγ(r).
The intramolecular correlation function ωαγ(r) normalized as
∫ drωαγ(r) = 1 represents the geometry of solvent molecules
[ωαγ(r) = 0 for sites α and γ on different solvent species] and, for
relatively stiff solvent molecules, is adequately represented with rigid
bonds of length lαγ as ωαγ(r) = δ(r − lαγ)/(4πlαγ

2) and specified in the
reciprocal k space as ωαγ(k) = j0(klαγ) in terms of the zero-order
spherical function j0(x). In advance to the 3D-RISM−KH calculation,
the radial total correlation function hαγ(r) between sites α and γ
enumerating all sites on all sorts of molecules in the bulk solvent is
obtained from the dielectrically consistent RISM (DRISM) theory80,81

coupled with the KH closure (DRISM−KH theory),43,48 which is
applied to the liquid and supercritical CO2 solvents.

The solvation free energy μsolv
KH of a solute in liquid and supercritical

CO2 solvents following the 3D-RISM−KH integral eqs 1 and 2 is
given by the closed analytical expression43−46

∫∑μ ρ= Θ − −

−

γ

γ γ γ γ

γ γ

⎡
⎣⎢

⎤
⎦⎥

k T h h c

h c

r r r r

r r

d
1

2
( ) ( ( )) ( )

1

2
( ) ( )

solv
KH

B
2

(3)

where the sum goes over all of the sites of all solvent species and Θ(x)
is the Heaviside step function.

The potential of mean force (PMF) between the koalinite platelet
and the model bitumen molecule at separation d comprises the
difference between their interaction energies at separation d and at a
large distance d0 (set in the current calculation to configuration “90°
far” (see below)) calculated using the PW91 density functional plus
the difference between their solvation free energies at separation d and
at a large distance d0 (set in the current calculation as d0 = 15 Å).

μ μ= − + −d E d E d d dPMF( ) ( ) ( ) ( ) ( )PW91 PW91 0 0 (4)

The strength of interaction of a solvent site with the solute is
calculated using eq 5 as the natural logarithm of the maximum of gγ(r)

= −
γ γ

W k T glnB
max

(5)

where kB is the Boltzmann constant and T is the temperature. More
detailed descriptions of the 3D-RISM−KH molecular theory of
solvation are presented elsewhere.43−48,63

Computational Details for 1D/3D-RISM−KH. The solute
containing a kaolinite platelet and a molecule adsorbed on it
optimized using the PW91 functional is placed in a CO2 solvent box
of the same size as the PBC cell, and the 3D-RISM integral eqs 1 and 2
are converged on a 3D grid of 64 × 64 × 128 points. The PMF is
calculated with respect to the molecule−kaolinite distance along the z

Scheme 1. Chemical Structures of (a) Phenanthridine, (b)
Benzothiophene, (c) Tetralin, (d) Naphthalene, and (e)
Kaolinite Surface Unit Showing Axes Orientation
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axis. The three-site model of CO2 solvent built to account for
quadrupole interactions that are important to correctly describe the
increased orientational correlations and ordering in the fluid state is
used.82,83 This CO2 solvent model has been extensively validated by
Koga et al. for the solvation of naphthalene in supercritical CO2.

84 The
density and dielectric constant of liquid and supercritical CO2 are
taken from the transformer ratio-arm bridge with three-terminal
capacitance cell measurements by Moriyoshi et al.28 and listed in Table
S1 of the Supporting Information. The united atom optimized
potentials for liquid simulations (OPLS) force field is used for ethane
solvent.85 The density and dielectric constant values for ethane are
taken from the study by Younglove and Ely86 and listed in Table S2 of
the Supporting Information. Nonbonding parameters and partial
charges for the kaolinite atoms are adopted from the CLAYFF general
force field developed by Cygan et al.71 For the bitumen model
compounds, we use the nonbonded parameters σ and ε from the
OPLS all-atom force field87,88 and atomic charges calculated using the
MOPAC2012 computational chemistry software,89 as in our previous
studies.68,69

■ RESULTS AND DISCUSSION

DFT in PBC Calculations. The PW91/DNP method
implemented in the DMol3 software was used to fully optimize
the geometries of the bitumen model compounds on kaolinite.
The adsorption on the silicon oxide surface of kaolinite is
weaker than that on the aluminum hydroxide surface. The
values of the total energy EPW91 of the fully optimized structures
of each molecule adsorbed on the aluminum hydroxide surface
obtained from the three initial orientations are listed in Table 1,
relative to the global minimum defined as the lowest energy
optimized structure with energy set to zero. The global minima
for phenanthridine, benzothiophene, tetralin, and naphthalene
on kaolinite are calculated from initial orientations of 90°, 90°,
0°, and 45°, respectively. For the optimized lowest energy
structure of each molecule on kaolinite, the second Hessian
matrix was calculated to confirm the absence of imaginary
frequencies and ensure that the optimized structures corre-
spond to minima of the potential energy surface. The initial
orientation of “90° far” corresponds to a fully separated (non-
interacting) molecule and kaolinite, and its EPW91 value in Table
1 taken with a negative sign gives the global adsorption energy
of the molecule. The adsorption strength decreases in the order
phenanthridine (EPW91 = 10.8 kcal/mol) > naphthalene (EPW91

= 5.97 kcal/mol) > tetralin (EPW91 = 5.08 kcal/mol) ∼
benzothiophene (EPW91 = 4.98 kcal/mol).
The adsorption of phenanthridine on kaolinite is the

strongest, because of the hydrogen bond between the N
atom of phenanthridine and the H atom from the axial hydroxyl
group of the kaolinite platelet N···H(axial Al−OH). The
optimized hydrogen bond length of 1.90 Å (Table 1) compares

favorably to the 1.8 Å reported by Johnson and Otero-dela-
Roza38 for the N···H(axial Al−OH) pyridine−kaolinite hydro-
gen bond that is less hindered sterically than the phenan-
thridine-kaolinite hydrogen bond. Also, 1.90 Å is within the
1.8−2.0 Å range predicted on the basis of the 3D-RISM−KH
method for the adsorption of phenanthridine on kaolinite in
toluene solvent at room temperature.69

Because of the rather small positive charge, the S atom of
benzothiophene does not participate in specific interactions
with the surface hydroxyl groups of kaolinite. The perpendic-
ular configuration of benzothiophene is stabilized by a
hydrogen bond between the H atom at C6 and the equatorial
OH group of kaolinite H(Ar)···O(equatorial Al−OH) with a
length of 2.41 Å. The optimized geometry of naphthalene is
stabilized by electrostatic interactions between αH atoms and
the O atoms of the equatorial hydroxyl groups of kaolinite
(dαH−O = 2.62 Å) as well as by van der Waals interactions. The
angle between the aromatic plane of naphthalene and the plane
of the surface H atoms of kaolinite is 39°, while the 90°
configuration is less stable by 0.39 kcal/mol. This tilted
configuration accommodates weak hydrogen-bonding inter-
actions H(Ar)···O(equatorial Al−OH) between aromatic H
atoms and the O atoms of the equatorial hydroxyl groups of
kaolinite as well as OH−π interactions involving kaolinite
surface dipole and aromatic π systems, similar to benzene
adsorbed on kaolinite.38 The hydrocarbon tetralin contains
aliphatic and aromatic rings fused together and adsorbs the
strongest in its planar configuration. The angle between tetralin
and the kaolinite H atoms is 22° to accommodate not only
hydrogen-bonding interactions of the H atoms of the aromatic
ring but also van der Waals CH−O interactions of aliphatic H
atoms with surface dipoles of kaolinite hydroxyl groups, similar
to hexane adsorbed on kaolinite.38 Such dispersion interactions
involving induced dipoles also determine the aggregation of
tetralin and other hydrocarbons containing fused aliphatic and
aromatic rings.90

In Figure 1, we present the optimized geometries of the
adsorbates on kaolinite. The hydrogen bond between the N
atom of phenanthridine and the H atom of the axial OH group
of kaolinite is marked with a dashed line. The heterocycles
adsorb preferentially in configuration perpendicular to the
kaolinite surface. These results are in agreement with the
experimental and computational studies of the adsorption
affinity and capacity of phenanthridine and benzothiophene on
kaolinite based on the 3D-RISM−KH molecular theory of
solvation.69 Naphthalene and tetralin adsorb at 39° and 22°
angles, respectively, relative to the plane of the axial H atoms of
kaolinite.

Table 1. Relative Energy Values (EPW91, kcal/mol) and Interaction Distances (d, Å) Calculated for the Geometries Optimized
Using the DMol3/PW91/DNP Method

phenanthridine benzothiophene tetralin naphthalene

initial orientation EPW91
a db EPW91

a db EPW91
a db EPW91

a db

0° 6.94 3.24c 5.61 3.50c 0.00a 2.51f 2.45 2.74g

45° 0.93 1.92d 1.19 2.54e 0.62 2.45f 0.00a 2.41g

90° 0.00a 1.90d 0.00a 2.41e 2.88 2.50f 0.39 2.29g

90° far 10.38 30.00 4.98 30.00 5.08 30.00 5.97 30.00
aEPW91 is calculated relative to the most stable conformation for each system that is selected as the origin (0.00 kcal/mol). bDistance between the
kaolinite platelet and the molecule. See footnotes c−f for details. cThe distance between the best fit plane of the molecule and the plane of the H of
axial OH of Al−OH. dThe shortest distance is the hydrogen bond between N(phenanthridine) and H of Al−OH. eThe shortest distance is between
the H at C6 of benzothiophene and the O atom of the equatorial OH group of Al−OH. fThe shortest distance is between an aliphatic H atom and
the plane of axial H atoms of Al−OH. gThe shortest distance is between an aromatic H atom and the plane of axial H atoms of Al−OH.
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Solvation Structure of CO2. In Figure 2, we present the
isosurfaces of 3D site density distribution functions gγ(r) that
provide molecular insights into the mechanism of solute−CO2

interactions. The preferred orientation of C and O sites of CO2

deduced from the gγ(r) isosurfaces is shown using a stick CO2

molecule model (see the legend in Figure 2Ia). The gγ(r)
isosurfaces calculated using the 3D-RISM−KH method suggest
a set of statistically probable solvent orientations that are more
realistic for a solvent at room temperature than, for example, an
optimized solvent geometry.64

At the kaolinite surface, we note two predominant
orientations of CO2, at axial and equatorial hydroxyl groups
because of the exposure of the hydroxyl group H and O atoms,
respectively, to the solvent. At axial hydroxyl groups, the O site
isosurface (in purple color) is shown above the H atom,
indicating hydrogen bonding, as pointed out with the arrow and
call box in the top right of Figure 2Ia. The C site isosurface (in
cyan color) is shown above the O site isosurface, and the
preferred axial orientation of CO2 is visualized using a CO2

molecule perpendicular to the kaolinite surface in the top right
corner. At equatorial hydroxyl groups, it is the C site of CO2

that interacts with the O atom of Al−OH, in a Lewis acid−base
interaction mode, and the preferred orientation of CO2 is
parallel to the kaolinite plane, as pointed out with the call boxes
in the top and bottom left. The hydrogen bond between the N
atom of phenanthridine and the axial hydroxyl group of
kaolinite is shown as a dashed blue line, as pointed out in the
left call box. The preferred orientations of CO2 perpendicular
and parallel to the kaolinite plane are also shown in the top

Figure 1. Optimized geometries for the systems containing
phenanthridine (system I), benzothiophene (system II), tetralin
(system III), and naphthalene adsorbed to kaolinite (system IV) in
PBC using the DMol3/PW91/DNP method. The N···H bond is
shown as a dashed line, and its length is listed in angstroms.

Figure 2. Isosurfaces of the 3D site density distribution functions gγ(r) of CO2 for (system I) phenanthridine, (system II) benzothiophene, (system
III) tetralin, and (system IV) naphthalene adsorbed on kaolinite at adsorption distances of (Ia) 2.25 Å, (IIa) 2.00 Å, (IIIa) 2.00 Å, and (IVa) 2.00 Å
as well as desorption barrier distances of (Ib) 3.75 Å, (IIb) 4.50 Å, (IIIb) 3.75 Å, and (IVb) 3.75 Å. Isosurface colors: C, cyan; O, purple [g(C) = 3.0,
and g(O) = 3.0]. Solute atom colors: O, red; H, white; Al, pink; Si, yellow; C, gray; N, dark blue; and S, orange. Major interactions are highlighted
with arrows and described. ax-OH-kao, axial OH on the kaolinite surface; eq-OH-kao, equatorial OH on the kaolinite surface; PH, phenanthridine;
and BT, benzothiophene.
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right and bottom left, respectively, for the benzothiophene
system in Figure 2IIa. Because the adsorption configuration of
benzothiophene on kaolinite is similar to that of phenan-
thridine, the CO2 orientation in IIb is also rather similar. The
adsorption configuration of tetralin precludes a more extensive
contact surface and less exposure to the CO2 solvent. Because
of the 39° adsorption angle, naphthalene has an intermediate
contact surface and more extensive exposure of kaolinite to
CO2. The solvent orientations are similar to those in panels Ia
and IIa of Figure 2.
The interaction of CO2 with the adsorbate molecules would

be notable if the molecules are desorbed from the kaolinite
surface at a distance corresponding to the desorption barrier, as
shown in panels Ib−IVb of Figure 2. Electrostatic (and Lewis
acid−base type) interactions cause the C site of CO2 to become
localized near the N atom of phenanthridine and the CO2

molecules to be oriented parallel to the kaolinite surface, as
pointed out in Figure 2Ib. The orientation of CO2 is mainly
determined by the strongly charged sites of kaolinite, and the
influence of the molecules is rather small.
PMF in Liquid and Supercritical CO2. The 3D-RISM-KH

molecular theory of solvation was employed to calculate the
solvation free energy μsolv

KH (eq 3) and PMF (eq 4) for
desorption of phenanthridine, benzothiophene, naphthalene,
and tetralin from kaolinite in a CO2 solvent at temperatures of
293.15, 313.15, and 333.15 K and pressures of 10.0, 14.0, 18.0,
22.0, 26.0, and 30.0 MPa (see Table S1 of the Supporting
Information for input parameters). Carbon dioxide is liquid at
293.15 K and 10−30 MPa and supercritical in the rest of the
conditions studied.
In Figure 3, we present the PMF calculated for systems I−IV

in liquid and supercritical CO2. The distance (x axis) is defined

between the atom in the molecule that has the smallest z
coordinate and the plane of the H atoms at the aluminum
hydroxide surface of kaolinite. Important features of the PMF
are defined in Figure 3Ia. The PMF minimum ΔPMF
corresponds to the solvated geometry of the organic molecule
adsorbed on the kaolinite surface and is referred to as
adsorption free energy. The barrier for desorption, ΔPMF⧧,
of an organic molecule from kaolinite is defined as the
difference between the maximum and minimum of the PMF.
The local PMF minima at ∼6.0 Å that are best noted in Figure
3IIIa correspond to the free energy for the formation of the first
solvation shell and represent a fully solvated organic molecule
and kaolinite platelet. These minima are not well-defined for
the other systems because of small contact surfaces.
The PMF plots (Figure 3) show that ΔPMF increases as the

pressure is increased, as shown with black arrows pointing up.
The effect of the pressure on the PMF is rather weak in liquid
CO2 at 293 K and becomes very well pronounced in
supercritical CO2 as the temperature is increased to 313 K
and even 333 K. The barrier for disaggregation, relevant to the
kinetics of disaggregation, is well-pronounced for systems II−
IV and increases as the pressure is increased and the
temperature is decreased, conditions corresponding to
increasing solvent density. For system I at 313 and 333 K,
this barrier is the same as the adsorption free energy ΔPMF.
The desorption barriers ΔPMF⧧ of the bitumen model

compounds listed in Table 2 increase as the pressure is
decreased and the temperature is increased. The adsorption
barriers (ΔPMF⧧ − |ΔPMF|) increase as the pressure is
increased and the temperature is decreased, which is opposite
the ΔPMF⧧ trend. The effect of the CO2 temperature and
pressure on these kinetic barriers is very small (∼0.2−0.3 kcal/

Figure 3. Potential of mean force (PMF) for adsorption of (system I) phenanthridine, (system II) benzothiophene, (system III) tetralin, and
(system IV) naphthalene on kaolinite in a CO2 solvent at temperatures of (a) 293.13 K, (b) 313.13, and (c) 333.13 K and pressures of 10−30 MPa.
Arrows show the PMF increase as the pressure is increased.
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mol) in liquid CO2 and increases to 0.5−1.5 kcal/mol in
supercritical conditions, suggesting that effective desorption
rate control can be accomplished in the latter conditions.
In Figure 4, we present 3D plots correlating the adsorption

free energy ΔPMF with the temperature and pressure that

show the extraction of bitumen model compounds from
kaolinite is most favored at 293 K and 30 MPa, whereas
extraction at 333 K and 10 MPA requires the most energy.
These results indicate that the adsorption free energies in CO2

decrease in the order phenanthridine > benzthiophene >
naphthalene > tetralin, which differs from that in the gas phase
(Table 1). The CO2 solvent facilitates desorption of tetralin
and naphthalene by most effectively solvating naphthenic
hydrocarbons followed by aromatic hydrocarbons, while
heterocycles are very weakly stabilized by solvation. The
adsorption energies of tetralin and naphthalene range from
−0.80 to −3.95 kcal/mol and from −0.97 to −3.97 kcal/mol,
respectively, indicating that these two components would be
very difficult to separate using a CO2 solvent. The results also
indicate that the hydrocarbon adsorption energies are less than
1 kcal/mol at 293 K and 30 MPa in liquid CO2 (the
thermodynamic state with the highest density of CO2), which
implies that uptake by liquid CO2 would be favored. The
adsorption energy of benzothiophene ranges from −2.40 to
−4.11 kcal/mol, which is substantially smaller than that of the
rest and indicates that this compound is the least sensitive to
the temperature and pressure effects of CO2. Benzothiophene
can be separated from the hydrocarbons at the low-temperature
and high-pressure conditions studied. The adsorption energy of
phenanthridine ranges from −7.38 to −10.98 kcal/mol, which
is the largest variation and indicates that this compound is the
most sensitive to the temperature and pressure effects of CO2.
Even at high pressure in liquid CO2, phenanthridine would be

Table 2. Barrier for Desorption ΔPMF⧧ of (System I)
Phenanthridine, (System II) Benzothiophene, (System III)
Tetralin, and (System IV) Naphthalene on Kaolinite in kcal/
mol

10 MPa 14 MPa 18 MPa 22 MPa 26 MPa 30 MPa

ΔPMF⧧ for System I

293 K 8.15 8.07 8.01 7.96 7.93 7.89

313 K 8.92 8.58 8.46 8.38 8.32 8.27

333 K 10.15 9.26 8.95 8.80 8.70 8.65

ΔPMF⧧ for System II

293 K 3.28 3.26 3.28 3.26 3.28 3.28

313 K 3.54 3.45 3.43 3.42 3.42 3.42

333 K 4.01 3.69 3.60 3.57 3.55 3.55

ΔPMF⧧ for System III

293 K 3.44 3.46 3.47 3.48 3.50 3.51

313 K 3.60 3.58 3.59 3.60 3.61 3.62

333 K 3.85 3.72 3.70 3.70 3.72 3.74

ΔPMF⧧ for System IV

293 K 2.70 2.68 2.67 2.66 2.65 2.65

313 K 3.00 2.89 2.85 2.84 2.83 2.82

333 K 3.50 3.16 3.06 3.02 2.99 2.98

Figure 4. Adsorption free energies (ΔPMF) versus the temperature and pressure for (system I) phenanthridine−kaolinite, (system II)
benzothiophene−kaolinite, (system III) tetralin−kaolinite, and (system IV) naphthalene−kaolinite systems in liquid and supercritical CO2 solvents.
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adsorbed on kaolinite because of the stronger hydrogen
bonding to the hydroxyl group compared to the electrostatic
N−C(CO2) interaction. At a low temperature and high
pressure in liquid CO2, the heterocycles would remain adsorbed
on kaolinite, suggesting an approach for the effective extraction
of deasphalted bitumen.
These results correlate with experimental findings in showing

that the recovery of hydrocarbons increases as the pressure is
increased and the temperature is decreased.30−32 The destiny of
heterocyclic compounds during extraction has not been
thoroughly investigated in the literature. Asphaltene precip-
itation studies have shown that the functional groups present in
the precipitate in supercritical CO2 are similar to those
precipitated out of paraffinic solvents based on the standard
saturates, aromatics, resins, and asphaltenes (SARA) analysis,33

without further S and N content analysis.
For comparison, we calculate the adsorption energies ΔPMF

for systems I−IV in liquid ethane solvent at the temperature of
293 K and pressures of 10 and 18 MPa as well as in critical
ethane solvent at the temperature of 333 K and pressures of 10
and 18 MPa. It is important to note that the change in both
density and dielectric constant of ethane is smaller than that of
the CO2 solvent in these conditions, as listed in Tables S1 and
S2 of the Supporting Information. The results show that ΔPMF
is less sensitive to temperature and pressure changes in ethane
compared to the CO2 solvent, suggesting that the latter solvent
allows for better control of the desorption of these organic
molecules from kaolinite as well as more favorable conditions
for selective desorption or deasphalting (see Table S3 of the
Supporting Information).
In Table 3, we list the strength of the interaction of CO2

solvent sites with solute systems I−IV calculated using eq 5.
The strongest interactions are of the C and O sites of CO2 with

O and H atoms, respectively, of equatorial and axial hydroxyl
groups on the aluminum hydroxide surface of kaolinite. The
interaction of the C site is stronger because of its twice larger
charge compared to an O site, despite the O sites being more
sterically accessible. The results indicate that the interaction of
CO2 with the kaolinite platelet is stronger than that with the
molecule, because of the larger (by absolute value) atomic
charges in kaolinite. For the organic molecules, the strongest
interactions are of C sites of CO2, with the aromatic C atoms
delocalized above and below the centers of the phenyl rings and
with the N atom of phenanthridine. The interactions of C sites
of CO2 with the aluminum hydroxide surface of kaolinite are
stronger than those of toluene solvent sites (0.6−0.8 kcal/
mol).69

■ CONCLUSION

The geometries of systems containing the bitumen model
compounds phenanthridine, benzothiophene, tetralin, and
naphthalene adsorbed on a kaolinite platelet are optimized in
PBC and gas phase using the PW91/DNP method. The
strongest adsorption is calculated for phenanthridine because of
N···H(axial Al−OH) hydrogen bonding, followed by naph-
thalene because of H(Ar)···O(equatorial Al−OH) hydrogen
bonding, and tetralin and benzothiophene because of van der
Waals and weaker H(Ar)···O(equatorial Al−OH) interactions.
To study the effect of the CO2 solvent, the PMF between

kaolinite and bitumen model compounds is calculated using the
3D-RISM−KH molecular theory of solvation at temperatures
of 293−333 K and pressures of 10−30 MPa. The results show
strong electrostatic interactions of the C site of CO2 with the O
atoms of equatorial hydroxyl groups, followed by hydrogen-
bonding interactions of the O site of CO2 with H atoms of axial
hydroxyl groups of kaolinite, and electrostatic interactions of
the C site of CO2 with the N atom of phenanthridine. The
interactions of thiophene and aromatic and aliphatic moieties
with CO2 are delocalized and hydrophobic.
The PMF results indicate that the adsorption of hydro-

carbons on kaolinite is rather weak in liquid CO2, suggesting
that these would be desorbed preferentially, while the
heterocycles remain adsorbed. Phenanthridine and benzothio-
phene are found to be the most and least sensitive, respectively,
to CO2 temperature and pressure changes. The kinetic barrier
for disaggregation is the most sensitive to the temperature and
pressure of CO2 in supercritical conditions, highlighting the
importance of further studies in this area. These results provide
important insight into the mechanism of adsorption and
solvation of kaolinite and bitumen components and are aimed
to help develop approaches to use liquid and supercritical CO2

for extraction of bitumen from oil sands.
Experimental desorption studies conducted using pure

compounds are necessary for understanding the mechanism
of solvation of heavy oil components in a CO2 solvent.
Collaborative experimental and computational studies could
help optimize the external conditions for extraction of heavy
oils from different sources based on mechanistic insight.
Moreover, understanding the mechanism of action of additives
(also called co-solvents), such as heavy hydrocarbons,
alcohols,91 and salty water,30 could help improve the efficiency
of the CO2-based extraction processes. Solvent systems
containing CO2 present important alternatives to organics
and could be valuable for the development of improved non-
aqueous extraction processes.

Table 3. Strength of Interaction Wγ of the Solvent Sites of
CO2 with the Solute Systems (I) Phenanthridine−Kaolinite,
(II) Benzothiophene−Kaolinite, (III) Benzothiophene−
Tetralin, and (IV) Benzothiophene−Naphthalene in the
Optimized Geometry (at the PMF Minimum)a

system solvent site localization gγ
max Wγ

I C O of Al−OH 5.80 −1.04
N of Ph 2.80 −0.61

O H of Al−OH 3.60 −0.76
O of Ph 2.80 −0.61

II C O of Al−OH 4.30 −0.86
C of BT 3.60 −0.76

O H of Al−OH 3.90 −0.81
C of BT 2.80 −0.61

III C O of Al−OH 4.30 −0.86
C of TR 3.80 −0.79

O H of Al−OH 3.80 −0.79
C of TR 3.00 −0.65

IV C O of Al−OH 4.10 −0.84
C of NT 2.90 −0.63

O H of Al−OH 3.90 −0.81
C of NT 2.80 −0.61

aIn localization, H and O are solute atoms at the aluminum hydroxide
(Al−OH) surface of kaolinite, N of Ph is the N atom of
phenanthridine, C of Ph is the benzyl aromatic C atom of
phenanthridine, C of BT is the αC atom of benzothiophene, C of
TR is the aromatic C atom of tetralin, and C of NT is the C atom of
naphthalene.
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