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ABSTRACT: We employ the molecular theory of solvation also known as the
three-dimensional reference interaction site model with the Kovalenko—Hirata
closure relation (3D-RISM-KH) to study adsorption of several heterocyclic
aromatic hydrocarbons (acridine, benzothiophene, carbazole, dibenzothiophene,
indole, and phenanthridine), which are intended to represent bitumen fragments on
the surfaces of a single-sheet kaolinite nanoparticle in cyclohexane and toluene
solvents. In addition to adsorption, we also examine solvent-mediated effective
interactions between two kaolinite nanoparticles in organic and aqueous solutions.
The proposed adsorption model serves as a simple prototype of suspensions formed
during nonaqueous extraction of bitumen from oil sands of the Athabasca Basin.
Using the proposed computational approach, excess adsorption isotherms of
bitumen fragments on two different faces of kaolinite were calculated and compared
in cyclohexane and toluene solvents at several temperatures. Almost all the studied
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molecules show strong preference for adsorption on the octahedral aluminum hydroxide surface of kaolinite. While adsorption of
the molecules on the tetrahedral silicon oxide surface is weaker, it is still significant compared to the octahedral surface and for
some of the studied molecules adsorption appears to be stronger than for the octahedral surface. Due to the better surface and
bulk solvation properties of toluene, the adsorption of the bitumen fragments in toluene is weaker than in cyclohexane. Potentials
of mean force between kaolinite nanoplatelets in cyclohexane at several temperatures were calculated using the 3D-RISM-KH
molecular theory of solvation. Evaluation of effective interactions by conventional molecular simulation techniques generally
requires costly free energy integration and therefore is usually avoided by adopting simple and often unrealistic semiempirical
effective potentials. On the other hand, the 3D-RISM-KH molecular theory of solvation offers a fully atomistic description with
all-atom force fields and notable performance advantages over molecular simulations. Obtained in this way potentials of mean
force in organic solvents exhibit complex oscillating behavior and generally possess deeper main minima and smaller aggregation

barriers than the corresponding potentials in aqueous solution.

B INTRODUCTION

the largest natural bitumen deposits in the world containing

The rise of petroleum usage across society is commonly
associated with the invention of the internal combustion engine
and with the subsequent growth of the automotive and aviation
industries and the tremendous importance of petroleum to the
chemical industry. It is used in synthesis of solvents, fertilizers,
adhesives, and plastics. With the gradual depletion of
conventional petroleum reserves, production is switching to
unconventional ones such as oil sands and oil shales. Oil sands,
also known as tar sands or more technically bituminous sands,
are a type of unconventional petroleum deposit found in large
quantities in Canada, Venezuela, Kazakhstan, and Russia.” Oil
sands have only recently been considered to be part of the
world’s unconventional oil reserves, as new technologies
stimulated by high oil prices allowed profitable extraction and
processing of bitumen. The total oil sand reserves are estimated
to constitute about 30% of world oil deposits.” Athabasca oil
sands is the only suitable deposit for surface mining. It is one of
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about 1.7 trillion barrels of bitumen, about 10% of which is
estimated to be economically recoverable.” This fact makes the
total proven reserves of Canada the third largest in the world,
after conventional oil in Saudi Arabia and the Orinoco oil sands
in Venezuela.*’

Technically, oil sands can be described as a mixture of sand,
water, clay, and hydrocarbon-rich bitumen. Current mining
operations use the Clark hot water extraction process,” which
was also the first process used commercially’ to separate
bitumen from other components. One of the main drawbacks
of the current hot water extraction process is excessive use of
water, which could affect the aquatic ecosystem of the
Athabasca River. About 4 times more water is generally
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required to produce a unit of bitumen using aqueous extraction
processes, and almost all that water ends in tailing ponds. The
occupation of significant areas of land by large volumes of wet
tailings is one of the most severe problems of the oil sands
industry.

Introduction of nonaqueous extraction processes is antici-
pated to significantly decrease CO, emissions and the use of
water, and therefore to eliminate most of the environmental
implications of mining. While the initial research on this
technology started a few decades ago, no nonaqueous
extraction has been implemented commercially to date, which
is explained by the significant technical challenges of engineer-
ing environmentally safe and energy efficient processes. The
main difficulties are related to the properties of organic solvents
which are quite expensive, commonly toxic and flammable and,
therefore, cannot be released to the environment. Unfortu-
nately, the currently proposed nonaqueous extraction processes
suffer from insufficient solvent recovery from the waste (also
termed as “gangue”). Complete recovery often requires several
additional steps such as distillation and drying, which are
energetically expensive.

Selection of an optimal solvent for nonaqueous extraction is
a challenging problem, as the hypothetical ideal solvent should
be affordable, nontoxic (green), and easily recoverable, and
should provide good bitumen desorption. To date, a number of
different solvents and solvent mixtures have been tested for
bitumen extraction.””'” Nikakhtari et al.* screened 13 different
solvents and mixtures for bitumen desorption, solvent recovery,
and residual fines in extracted bitumen, and found that
cyclohexane and isoprene are the most promising among the
studied solvents for commercial utilization. Both cyclohexane
and toluene showed excellent bitumen recovery (94.4 and
96.3%).” However, only cyclohexane was found to be the most
suitable solvent for the nonaqueous extraction of the Alberta oil
sands based on the selection criteria which additionally
included important technological and environmental factors
such as removal rate from the extraction tailings, low residual
solvent concentration in the tailings after drying, and low
content of fine solids in the extracted bitumen.” Bitumen
recovery also seems to critically affect the solvent recovery, as
the lower level of residual bitumen in the gangue generally leads
to a better solvent recovery.'” This fact suggests that the
desorption of bitumen is one of the most important features
that should be maximized during the process design and
optimization.

To date, adsorption of the organic molecules on clay surfaces
has mainly been studied by the density functional,'*~"
molecular dynamics,”*™>* and 3D-RISM (three-dimensional
reference interaction site model)'”**~*° approaches. Most of
these studies observed preferential adsorption of organic
molecules on the hydrophilic aluminum hydroxide surface of
kaolinite. Among the recent studies of organic adsorption on
kaolinite, we would like to highlight the molecular dynamics
study of Underwood et al,” who observed predominant
adsorption of decane and decanoic acid from aqueous solution
on the siloxane surface of kaolinite and complete withdrawal of
the molecules from the hydroxyl surface. Remarkably, the
decane molecules are adsorbed parallel to the surface and form
stacks upon each other. Such a multilayered adsorption pattern
is also observed for decanoic acid. However, in the latter case,
the presence of the polar hydrophilic COOH group makes the
adsorption of the acid on the siloxane surface less preferable
compared to purely hydrophobic decane molecules. Preferred

adsorption of methylene blue on the hydrophobic siloxane
surface of kaolinite was also observed by Greathouse et al.”*
Three different preferential orientations of methylene blue
molecule on the siloxane surface, two of which were
perpendicular and one was parallel to the surface, were
identified by the authors. The structure and energetics of the
adsorbed methylene blue were mostly governed by strong
interfacial rather than solvation forces.

Adsorption of the bitumen fragments on the kaolinite
surfaces in organic solvents was also examined experimentally
and theoretically by Fafard et al.** and Huang et al.”® Because
of the insufficiently developed methodology, it was still not
possible to directly compare the experimental and theoretical
adsorption isotherms. However, the application of the 3D-
RISM molecular theory of solvation allowed us to obtain
important molecular insights on the chemical mechanisms of
the preferential adsorption of bitumen fragments on the
surfaces of kaolinite. The main prediction of these studies
was that the aluminum hydroxide surface of kaolinite is
preferred for acridine and phenanthridine adsorption due to a
strong hydrogen bonding with the pyridinic N atoms. The
adsorption of the other studied heterocyclic aromatic hydro-
carbons (HACs) was much weaker. In refs 24 and 25, the
theoretical analysis of the adsorption modeling by the
molecular theory of solvation was mainly focused on the
determination of optimal adsorbate configurations and their
redistribution near kaolinite surfaces. Additionally, the amount
of adsorbate near kaolinite surfaces was quantified from the
information provided by the spatial distribution functions of the
3D-RISM-KH theory (3D-RISM model with the Kovalenko—
Hirata closure relation). However, the adsorption isotherms
were not calculated from the spatial distributions provided. In
the current study we will try to more thoroughly examine the
adsorption picture HACs predicted by the molecular theory of
solvation by estimating and examining the excess amount of
adsorbed molecules per unit of surface area of different
kaolinite surfaces. We will also try to compare the predicted
adsorption picture in the aromatic toluene and aliphatic
cyclohexane hydrocarbon solvents.

Despite the exemplary performance demonstrated by
cyclohexane for bitumen extraction, the content of fines in
recovered bitumen was 1.4%,” which is roughly 3 times larger
than the maximum allowed for pipeline transport. In order to
remove the fines, special costly procedures are required, such as
destabilization by polymeric additives, which leads us to an
interesting problem of stability of clay suspensions.

Aqueous suspensions of colloidal clays are known to exhibit a
diversity of complex phase behaviors, which include phase
separation between colloid-rich and colloid-poor phases, sol—
gel transitions, emergence of glass and equilibrium gel phases,
and hypothesized empty liquid states.”*”>’ This richness of
phenomena motivated active experimental and theoretical
research. Theoretical efforts to understand the emergence of
gel phases in colloidal clay suspensions resulted in a number of
simulation studies that advocated coarse-grained colloidal clay
models for an explanation of these important phenomena.

Using a simple model of infinitely thin disks with embedded
quadrupole moments, Dijkstra, Hansen, and Madded®”*'
identified the so-called “house of cards” nanoparticle
configuration, which was first proposed by Hofmann® and
Van Olphen.”” Together with a few additional arrangements,
this configuration of clay particles was observed in more refined
models of clay.**™*® Another important insight obtained from
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coarse-grained clay models is the so-called “overlapping coins”
configuration. This arrangement was recently predicted by a
realistic model of clay nanoparticles composed of multiple
pseudosites interacting bgr the Lennard-Jones (LJ) and screened
Coulomb potentials.”* ™ The new model appeared to be
accurate up to the salt screening length scale and provided a
more realistic picture of the interactions between particles at
short separations. The effect of clay charge anisotropy on
gelation and glass formation®® was investigated.g’s’36 By varying
the charge of the pseudosites, and depending on the charge
anisotropy, either liquid—gel or liquid—glass transitions were
favored. The probability of different particle configurations was
found to be highly dependent on the screening of the
electrostatic interactions, i.e., on the salt concentration, and
also on the concentration of clay. In the latter case, one could
observe either phase separation between a weakly percolated
gel and a fluid of stacked clusters, or a gel formation of lar%e
clusters of stacks by varying the concentration of the clay.””
Additionally, at high salt concentrations (high screening), a
percolation network configuration of face-to-face stacked
platelets is formed.

While these simple simulation models of clays provided
valuable insights on the structure and phase behavior of clay
suspensions, their predictive capabilities are limited due to an
oversimplified description of the electric double layers (at the
level of Debye—Hiickel theory), and a complete neglect of
solvation of mineral surfaces and solvent structural effects. In
order to take into account these important solvation effects, it is
necessary to employ fully molecular models of both mineral
surfaces and solvent. In our previous study,”* we have proposed
the 3D-RISM-KH molecular theory of solvation to estimate
effective interactions between different surfaces of kaolinite
nanoparticles in the form of the potential of mean force (PMF)
and to analyze the adsorption structure of aqueous electrolyte
species on mineral surfaces of kaolinite. The calculated PMFs
between kaolinite nanoparticles exhibited nontrivial solvent
structural effects such as oscillations at short ranges and
solvation related differences in interactions between different
surfaces of kaolinite. More importantly, a solvent-separated
state of interacting nanoparticles was identified. This state is
characterized by a stable second PMF minimum with energy
close to zero, and corresponds to an arrangement when the two
interacting faces are separated by a single “stabilizing” layer of
solvent. Surprisingly, but from the free energy standpoint, the
solvent-separated state appeared to be more probable than the
state of direct contact in the cases when the interacting surfaces
were similar.”’

Despite the significant research progress in the area of
aqueous clay suspensions, the scientific literature on the
suspensions of clays in organic solvents is less abundant. This
fact, however, does not reflect the true industrial and
technological importance of these systems. A perfect example
of the technological importance of nonaqueous clay suspen-
sions and also a motivation of current study is the problem of
removal of fines from diluted bitumen during the process of
nonaqueous extraction of bitumen from oil sands of the
Athabasca Basin. Accurate determination of the effective
interactions between the nanoparticles in colloidal suspensions
is crucial for the understanding of their rich phase behavior.
Evaluation of the interactions by conventional molecular
simulation techniques requires application of costly free energy
integration techniques and, therefore, is avoided by adopting
simple and often unrealistic semiempirical effective potentials.

In order to obtain effective interactions in nonaqueous clay
suspensions and to study the adsorption of several heterocyclic
aromatic compounds from organic solvents on kaolinite
surfaces, we employ the three-dimensional reference interaction
site model with the Kovalenko—Hirata closure relation, also
known as the 3D-RISM-KH molecular theory of solvation.**™*'

The 3D-RISM-KH molecular theory of solvation is a
statistical mechanical method based on the integral equation
theory of liquids, which predicts solvation effects in realistic
complex systems and reproduces various structural and phase
transitions in complex associating liquids and mixtures*”*” with
full accounting for the interplay of both electrostatic and
nonpolar effects, such as hydrogen bonding and solvophobic
forces."” The 3D-RISM-KH theory was successfully applied to
study hydration structure, potentials of mean force of ion pairs,
ionic ordering and clustering in electrolyte solutions in a wide
range of concentrations,38_40’44 aggregation of petroleum
asphaltenes in water-saturated chloroform solvent,” self-
assembly and conformations of synthetic organic supra-
molecular rosette nanotubular architectures,” gelation of
oligomeric polyelectrolytes in different solvents,”” molecule—
surface recognition,25 association of biomolecules in solution,**
effective interactions of cellulose microfibrils in hemicellulose
hydrogel,”” and kaolinite nanoparticles in colloidal clay
suspensions.™

B BRIEF OVERVIEW OF THE 3D-RISM-KH
MOLECULAR THEORY OF SOLVATION

The 3D-RISM integral equation theory is used to determine
the 3D distribution functions of solvent interaction sites around
the solute molecule.*”**™" The corresponding 3D-RISM
integral equation

W =Y far e - )0 o

is solved for the 3D total and direct correlation functions 4}"(r)
and ¢,"(r) of solvent site y around the solute molecule, where
the radially dependent site—site susceptibility of pure solvent
X(r) is an input to the 3D-RISM theory.

While being sufficiently rigorous, the 3D-RISM equation is
incomplete and cannot be solved without additional
assumptions. Therefore, the 3D-RISM equation has to be
complemented with a closure relation between the total and
direct correlation functions which involves the interaction
potential between interaction sites of solution species specified
with a molecular force field. Because the exact closure has a
nonlocal functional form expressed as an infinite diagrammatic
series in terms of multiple integrals of the total correlation
function® (which appear to be poorly convergent), direct
calculations of the exact closure are computationally intractable.
Special approximations with analytical features that properly
represent physical characteristics of the system, such as long-
range asymptotics and short-range features of the correlation
functions related to the solvation structure and thermody-
namics, are used instead. In the current work, the 3D-RISM
integral equation (eq 1) is complemented with the Kovalenko
and Hirata (KH) closure approximation,*"*****”* which is a
combination of the so-called hypernetted chain (HNC) and the
mean  spherical approximation (MSA)® closures. The KH
closure reads

DOI: 10.1021/acs.jpcc.7b06414
J. Phys. Chem. C 2017, 121, 22092-22104


http://dx.doi.org/10.1021/acs.jpcc.7b06414

The Journal of Physical Chemistry C

| Article |

exp(—pu,"(r) + h,"(r) forg;“’(r) <1
- ¢, (1))
1 — pu(r) + b (r) forg;v(r) > 1
- C;v(l‘) (2)

g"(x) =

where g;*(r) = h;*(r) + 1 is the 3D density distribution function
and u,"(r) is the 3D interaction potential between site y of
solvent “v” and the whole solute molecule “u”. The interaction
term, —fu;"(r), between solute “u” and solvent site y is
specified by a molecular force field and scaled by the inverse
thermodynamic temperature § = (kzT)™'. The KH approx-
imation applies the HNC closure to the regions of density
profile depletion, g(r) < 0, and the MSA closure to the regions
of density enrichment, g(r) > 0. This combined scheme shows
success in describing important features of the distribution
functions such as long-range enhancement tails for the critical
regime and high peaks for association effects in molecular fluids
in a wide density range from gas to liquid. Moreover,
applications of the HNC counterpart at density depletion
regions eliminates the important drawback of the MSA theory,
that produces unphysical negative values of the distribution
functions at high densities and strong association, or for
strongly repulsive potentials.”’~** On the other hand, due to
the MSA linearization, the KH closure underestimates the
height of strong associative peaks of the 3D site distribution
functions because of the MSA linearization applied to them.”*®®
Luckily, it somewhat widens the peaks and, therefore, quite
accurately reproduces the coordination numbers of the
solvation structure.

The site—site susceptibility function of pure solvent consists
of the intra- and intermolecular parts:

Ty (1) =

« »

@y (r) + gy (1) 3)

where hy(r) is the site—site total correlation function, and

W(r) is the intramolecular correlation function normalized as
4z f &> * dr @}(r) = 1 which represents the geometry of solvent
molecules. For rigid species with site separations I, it is
expressed in the direct space in terms of -functions as @,,(r) =

@ (r — 1,,)/(47l,,”) and for numerical calculations is specified
in the reciprocal space as @,,(k) = j(kl,,), where ]O(x) is the
zero-order spherical Bessel function. (It is implied that Dy r) =
0 for sites « and y on different species, and [, = 0.)

The potential of mean force (PMF) between kaolinite
nanoparticles is calculated as a sum of the Lennard-Jones
dispersive energy contribution, ULJ(D), the electrostatic
interaction energy contribution, Uc(D), and the solvation

energy contribution, yn(D) — peom(Dimay):
PME(D) = Uy (D) + Ug(D) + 45 (D) = gy (D)

(4)

where D denotes separation between the surfaces of the
platelets, 4i51(D) denotes the solvation free energy, and D,,,, is
the maximal separation at which the solvation free energy is
normalized to be zero.

The solvation free energy of solute nanoparticles in
multicomponent solution described by the 3D-RISM-KH
molecular theory of solvation can be presented in a closed

analytical form:

ﬂsl‘fllj = kyT Z b fdr [%hyz(r) ®(—hy(l‘)) - cy(r)

- 24,0 60

where ©(r) denotes the Heaviside step function.

©)

B MODELS OF BITUMEN FRAGMENTS, SOLVENTS,
AND NANOPARTICLES

In order to assess the chemical interactions of bitumen
macromolecules with kaolinite nanoparticles in cyclohexane
and toluene, we represent the former as sufficiently small
heterocyclic aromatic compounds (HACs) denoted as bitumen
fragments. The following bitumen fragments were studied in
this work: acridine, benzothiophene, carbazole, dibenzothio-
phene, indole, and phenanthridine. They are depicted in Figure
1, structures a, b, ¢, d, e, and f, respectively. Cyclohexane and

o o

(b) Benzothiophene (c) Carbazole
g8 <
N C
H 2N

(e) Indole

W,
A/
W,

(a) Acridine

3
.

(d) Dibenzothiophene

Cyon

(g) Toluene

(f) Phenanthridine

@

(h) Cyclohexane

Figure 1. Heterocyclic aromatic carbon (HAC) molecules with
toluene and cyclohexane solvents included in this study.

toluene solvents are depicted in Figure 1, structures g and h,
respectively. The molecules are described as rigid bodies using
the nonbonded parameters of the OPLS-aa force field and
partial charges derived from geometry minimization in a
vacuum with the PM7 method of the MOPAC quantum
chemistry package.”® Cyclohexane and toluene solvents are
described using the OPLS-aa force field. The equilibrium
conformations of bitumen fragments and solvents were
obtained by minimizing positions of atoms in a vacuum using
the PM7 method of the MOPAC package.*®

Calculations using the 3D-RISM-KH molecular theory of
solvation require as an input the mass density and the dielectric
properties of the solvent. The latter are assumed to be constant
and independent of the concentration of the fragments in
solution, and the value was set to 2.023. In order to study the
temperature dependence of the adsorption of bitumen
fragments on kaolinite, we performed calculations at three
different temperatures: 298.15, 273.15, and 323.15 K. The
concentration dependence of the mass density of the
cyclohexane-fragment solution at different temperatures was
obtained by fitting the results of separate molecular dynamics
simulations at constant external pressure conditions. The
simulations were performed with the LAMMPS package.”’

The molecular model of a single-layer kaolinite platelet was
built similarly as in our previous work,” by populating a unit
cell of kaolinite in two dimensions and cleaving a plate out of
the resulting plane. The positions of the H atoms of the
hydroxyl groups for every mutual orientation were optimized
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by minimizing the energy of the platelet in a vacuum using the
CLAYFF force field™ as implemented in the LAMMPS
molecular dynamics simulation package.”” Nanoplatelets
constructed with the outlined methodology possess a
permanent dipole moment of about 39 e-A oriented
perpendicular to the platelet surface. This construction is in
agreement with the experimental observations of Gupta and
Miller,”” who established that the tetrahedral siloxane surface of
kaolinite is negatively charged, while the octahedral aluminum
hydroxide surface becomes negatively charged at neutral pH
conditions. Thus, the electrostatic interactions between the
platelets seem to favor the contact of positively charged
hydrophilic aluminum hydroxide surface with negatively
charged hydrophobic siloxane surface, and disfavor the two
other platelet arrangements.

Two types of 3D-RISM-KH calculations were performed.
The first type was aimed at determining the PMF between two
kaolinite nanoparticles, and involved multiple subcalculations at
different distances between nanoparticles. The calculations
were performed in 100 X 100 X 90 A unit cells, each of which
contained two kaolinite nanoparticles at different distances. The
cells were discretized into a grid of 260 X 260 X 500 points.
The PMF was assembled from the results of approximately 50
different calculations at SO different distances between the
platelets for each solvent system studied. The second type of
calculations aimed at determining the excess adsorption
isotherms of bitumen fragments on kaolinite surfaces. In this
case, the calculations were performed in a 120 X 120 X 85 A
unit cell for around 100 different solvent compositions, each
with a different concentration of the corresponding bitumen
fragment. The cell was discretized into a grid of 240 X 240 X
170 points. In order to calculate the excess adsorption isotherm,
the unit cell was divided into two parts, each containing a
different kaolinite face. Then the excess number of solvent
molecules of each type was calculated in each of the two cell
parts in a cylinder region perpendicular to the nanoplate and
passing through the center of the nanoplate (see Figure 2). The

o e o
= % / dr [ga(r) - 1]

Heyl
+(2)

‘,,,1
gav(r)>0.05

gau(r)>0.05

Figure 2. Schematic representation of the approach for calculation of
excess adsorption.

radius of the cylinder region was selected to be 2 times smaller
than the radius of the nanoplate in order to avoid calculation of
excess adsorption on the edges of the nanoplates. Thus, the
excess number of adsorbed bitumen fragments per surface area

is calculated according to the following formula:

Cy.

Ie(}{) = S_lm/;/gl) dr [gav(r) - 1]

vl ™ g (r)>0.05 (6)

where G is the concentration of bitumen fragments (number

of molecules per volume unit), S, is the cross-section surface

area of the cylinder, g,,(r) is the site-averaged solute—solvent

spatial distribution function, and V% denotes the volume of the

cylinder part corresponding to the face f of the nanoparticle. In

order to avoid a negative contribution from the volume

occupied by the nanoparticle, the integration in expression 6 is

performed only in the areas where the spatial distribution

function g,,(r) is larger than a small value (0.05 in the present
case).

Similarly to the scheme of the calculations of the excess
adsorption isotherms outlined in Figure 2, the laterally averaged
distribution functions presented in Figure 3 were obtained by
averaging across the cross section of the cylinder region, which
is perpendicular to the nanoplate and passes through the center
of the latter.

B RESULTS AND DISCUSSION

Solvation of Kaolinite Surfaces. The details of the surface
specific solvation of kaolinite by cyclohexane and toluene
solvents are presented in Figure 4, parts a and b, respectively.
The presented 3D distribution functions possess highly
localized density enhancements which are located near the
centers of Si—O hexagonal rings on the silicon oxide surface
and centers of the Al—O rings on the aluminum hydroxide
surface. In the latter case the isosurface density patterns are
more irregular due to a “randomized” orientation of the surface
hydroxyl groups. It should be noted that the aluminum
hydroxide surface is rigid in the RISM-3D-KH approach; i.e.,
the surface hydroxyl groups are not flexible during the
modeling. Thus, the effects of the hydrogen bonding between
the surface and the molecules might not be fully taken into
account. This defect, however, should be partly alleviated by the
precise averaging over the solvent degrees of freedom provided
by the RISM-3D-KH theory of solvation. Therefore, the
adopted approach should yield at least a representative picture
of the aluminum hydroxide surface solvation.

Among the two studied solvents, toluene seems to possess
better surface solvation properties compared to cyclohexane, as
the corresponding density isosurfaces around kaolinite nano-
particles occupy more area and are more abundant. The
distribution function isovalues plotted in Figure 4 are also
higher for toluene (2.5) than for cyclohexane (1.65) solvent.
Thus, the kaolinite surfaces seem to be better solvated in
toluene than in cyclohexane, which will have important
implications on the potential of mean force between the
interacting kaolinite surfaces and on the adsorption of small
molecules in these solvents.

Among the two surfaces of kaolinite, the aluminum
hydroxide surface seems to be better solvated in both toluene
and cyclohexane than the silicon oxide surface. This fact could
be observed in Figure 4, where the density enhancements near
the aluminum hydroxide surface are larger than near the silica
oxide surface for both solvents. It is interesting to note that the
methyl group of toluene shows some preference for the silicon
oxide surface of kaolinite. The corresponding density enhance-
ments are located near the centers of the hexagonal Si—O rings
on the surface and could be clearly observed at the bottom of
Figure 4b. This fact might indicate that the silicon oxide surface
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Figure 3. Laterally averaged distribution function profiles across the simulation box of cyclohexane, toluene, and HAC bitumen fragments in these
two solvents, perpendicular to the surfaces of kaolinite platelet at 293.1S K and zero concentrations of the HACs. The planes containing oxygen
atoms of silicon oxide and aluminum hydroxide surfaces of the nanoparticle are located at 40.0 and 44.35 A, respectively.

is better solvated in toluene than in cyclohexane solvent.
However, the examination of the laterally averaged density
distribution functions near the silica oxide surface in Figure 3
reveals that the corresponding profiles of toluene and
cyclohexane are quite similar. The latter exhibits a larger
oscillation amplitude and possesses a slightly larger first density
peak.

Adsorption Structure and Isotherms. While the
adsorption of several bitumen fragments on kaolinite in toluene
and heptane has already been studied experimentally and
theoretically,”*”* the adsorption behavior of bitumen fragments
in cyclohexane has not been examined yet. As we have

mentioned, the theoretical analysis of the adsorption modeling
by the molecular theory of solvation in the previous studies was
mainly focused on the determination of optimal adsorbate
configurations and their redistribution near kaolinite surfaces.
The amount of adsorbate near kaolinite surfaces was quantified
from the information provided by the spatial distribution
functions of the 3D-RISM-KH theory, whereas the adsorption
isotherms were not obtained from the spatial distribution
functions provided. The 3D-RISM-KH molecular theory of
solvation, on the other hand, is a fully fledged statistical-
mechanical approach that provides complete information on
the adsorption structure and thermodynamics. Therefore, even
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Figure 4. Solvation structure of kaolinite nanoplate in cyclohexane (a) and toluene solvents (b) predicted by the 3D-RISM-KH molecular theory of
solvation. The isosurfaces are presented for the spatial distribution functions of one of the carbon sites of cyclohexane (gray) at isovalue of 1.65 in
(a) and for the distribution functions of the terminal (green) and ring (blue) carbon sites of toluene at isovalue of 2.5 in (b).

Figure 5. Adsorption structure of acridine (a) and benzothiophene (b) on kaolinite nanoplate in cyclohexane solvent predicted by the 3D-RISM-KH
molecular theory of solvation. The isosurfaces are respectively presented for the spatial distribution functions of N site (blue) and the opposite
carbon site (gray) of acridine (a) at isovalues of 4 and 3.1, and for the distribution functions of S site (orange) and the opposite carbon site (gray) of

benzothiophene (b) at isovalues of 3.5 and 3.5.

though the 3D-RISM-KH theory is not formulated in the grand
canonical ensemble and is not widely used in the adsorption
community, it is still possible to obtain the isotherms of
molecular adsorption in complex solvents using a simple
scheme presented in Figure 2. We propose to estimate the
adsorption amount in cylindrical areas near the center of

kaolinite surfaces and to obtain the excess number of adsorbed
molecules per surface area depending on the loading according
to eq 6 (see also Figure 2). From eq 6, it is evident that
nonzero contribution occurs only in the solvation shell of the
kaolinite platelet, where the spatial distribution function differs
from unity. It is also important to note that while the 3D
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Figure 6. Excess number of adsorbed HAC molecules per unit of surface area of silicon oxide surface at three different temperatures, 273.15 (solid
line), 293.15 (dashed line), and 323.15 K (dotted line), in cyclohexane (black) and toluene (red) solvents.

density distributions of the individual sites around kaolinite
nanoplate predicted by the 3D-RISM-KH theory are mutually
correlated through the 3D-RISM equation (eq 1), the
correlation assumes RISM-like spherical symmetry of the sites
with respect to each other; i.e., only the distance between every
pair of sites is preserved by the theory. This kind of
approximation, however, is also common in other density
functional theories of polyatomic molecules.”” The perform-
ance and accuracy of the RISM and 3D-RISM theories is well
studied and documented.”"”"

More information on the molecule—surface interactions of
acridine and benzothiophene with kaolinite could be obtained
in Figure S, where the isosurfaces of the density distribution
functions of N, S, and C sites of these HACs are presented.
From the examination of the isosurfaces, it is clear that the
bitumen fragments exhibit strong adsorption at the exposed
active sites of the edges of the kaolinite nanoparticle. However,
taking into account the effect of the edges on the adsorption is
out of the scope of the present study. Chemical properties of
the exposed active sites at the edges of kaolinite nanoparticle
are different than the properties of their bulk counterparts.
Proper description of the exposed active sites requires
additional modeling effort, which will be addressed in
forthcoming contributions. In the current work, we tried to
minimize the contribution of the edges into the adsorption
isotherms by calculating the integral of eq 6 only in the central
region of the platelet. Analysis of the isosurfaces near the flat
kaolinite surfaces reveals that both the N site of acridine and
the S site of bezothiophene show significant accumulation near
the aluminum hydroxide surface. Additionally, the S atom of
benzothiophene shows also some density enhancements near
the centers of the Si—O hexagonal rings of the silicon oxide
surface. Strong attraction of the pyridinic N sites to the
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aluminum hydroxide surface is explained by the hydrogen
bonding with the laterally oriented hydroxyl groups of the
surface. On the other hand, the density enhancements of the S
atom of benzothiophene are mostly observed near the axially
oriented hydroxyl groups or in places where hydroxyl oxygen
sites are exposed. By examining the relative positions of density
enhancements of N, S, and C sites of the adsorbed molecules,
one could also obtain insights on the orientation of the
adsorbed molecules. Thus, the slightly more distant location of
density enhancements of C sites compared to N sites of
acridine suggests a possible nonparallel orientation of the latter,
which can be explained by hydrogen bonding of the pyridinic N
atom of acridine with the H atom of axially oriented surface
hydroxyl groups. Similar analysis of the locations of S and C
sites of benzothiophene suggests domination of parallel
orientations of the molecules to the aluminum hydroxide
surface of kaolinite. These orientations are favored due to
cumulative action of electrostatic, dispersive, and solvation
interactions. For more detailed information on the molecule
surface recognition interactions of HACs and kaolinite in
toluene, interested readers are directed to the recent studies by
Huang et al. and Fafard et al.”*** In the discussion below we
will focus mainly on the analysis of effective interactions
between kaolinite nanoparticles, and estimation (comparison)
of adsorption isotherms of HACs in cyclohexane and toluene
solvents.

By integrating the spatial distribution functions using the
scheme proposed in Figure 2, we have calculated the excess
adsorption isotherms of bitumen fragments on kaolinite at
different solvent conditions and several temperatures. The
excess adsorption isotherms for acridine, benzothiophene,
carbazole, dibenzothiophene, indole, and phenanthridine
HAC bitumen fragments are presented for the silicon oxide
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Figure 7. Excess number of adsorbed HAC molecules per unit of surface area of aluminum hydroxide surface at three different temperatures, 273.15
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surface of kaolinite in Figure 6, parts a, b, ¢, d, e, and f
respectively, and for the aluminum hydroxide surface of
kaolinite in Figure 7, parts a, b, ¢, d, e, and f, respectively.
Similarly to the picture of adsorption of the bitumen fragments
in toluene,”* the tetrahedral siloxane surface appears to be less
preferable for the adsorption of the bitumen fragments than the
octahedral surface. This prediction could be clearly observed in
the lateral distribution function profiles of the HACs presented
in Figure 3 for cyclohexane and toluene solvents. The
adsorption structure of the HACs in cyclohexane and toluene
are quite similar, as they both show predominant adsorption of
HACs on the octahedral aluminum hydroxide surface. The
main difference between the profiles is in the magnitude of the
surface peaks of the HAC distribution functions, which are
higher for cyclohexane than for toluene solvent. This fact
suggests that adsorption of the studied HACs is stronger in
cyclohexane than in toluene. Indeed, the solvent distribution
profiles show stronger adsorption of toluene than cyclohexane
at the aluminum hydroxide surface of kaolinite. Toluene seems
to compete with HACs for the adsorption surface on the
aluminum hydroxide face of kaolinite, and, therefore, might
weaken the adsorption of the fragments. This observation,
however, does not fully explain the stronger adsorption of
HACs on the silicon oxide surface in cyclohexane than in
toluene, as in this case both solvents show comparable surface
solvation. Therefore, the difference in the predicted adsorption
strengths must be due to a better solvation of the studied HACs
by toluene. Indeed, it is well-known that acridine is more
solvable in aromatic benzene than in aliphatic cyclohexane.””
The distribution function profiles suggest that the tetrahedral
silicon oxide surface is much less preferable for the adsorption
of HACs and solvents when compared to the aluminum
hydroxide surface. However, the excess adsorption of bitumen
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HAC fragments on the siloxane surface is not negative (a
negative value corresponds to the depletion of molecules from
the surface), but is, in fact, positive in both solvents for acridine,
indole, and phenanthridine. In the latter case, the number of
excessively adsorbed molecules is predicted to be higher on the
siloxane surface, even though the interaction with the
aluminum hydroxide surface is expected to be stronger due
to the hydrogen bonding interactions of surface hydroxyl
groups with pyridinic N sites. The main contribution into the
excess adsorption on the siloxane surface in cyclohexane comes
from the second adsorption layers of HACs, which are generally
higher and wider than the first layers. Therefore, the adsorption
of HACs on the siloxane tetrahedral surface predicted by the
3D-RISM-KH molecular theory of solvation can be described
as a two-layer adsorption with the weakly adsorbed first layer
and significantly wider second layer. The latter is responsible
for the main contribution into the excess isotherms. It is also
important to note that the second adsorption layer of HACs is
not so well pronounced in toluene solvent.

A general picture of the adsorption on the aluminum
hydroxide surface is more conventional. It is dominated by
strong hydrogen bonding interactions of surface hydroxyl
groups with the active sites of the HACs. A more detailed
analysis of the adsorption configurations of the heterocycles on
kaolinite in toluene solvent and the role of hydrogen bonding
in the adsorption of the HACs on the aluminum hydroxide
surface was conducted by Huang et al.”> The main difference of
the adsorption picture in cyclohexane consists in a stronger
effective interaction of the studied HACs with the surface due
to weaker solvation properties of this aliphatic solvent.

Both kaolinite surfaces exhibit decrease of the amount of
adsorbed bitumen fragments with temperature increase, as the
latter makes the molecule—surface interactions less significant
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compared to the entropic free energy. Therefore, the main
conclusion is that the elevated temperatures should facilitate
the desorption of HACs from kaolinite surfaces. This
conclusion should also generalize to larger bitumen macro-
molecules. However, the temperatures above 25 °C might be
not viable for the bitumen extraction process, as excellent
extraction performance (above 90%) was already achieved at
room temperatures® for cyclohexane and several other organic
solvents. Moreover, the main advantage of the nonaqueous
extraction in terms of decreased energy use and CO, emissions
will be lost when operated at increased temperatures.
Potential of Mean Force between Nanoparticles. In
order to assess the effects of solvents and temperature on the
flocculation behavior of the kaolinite fines in organic solutions,
we have calculated PMFs per surface area between different
surfaces of kaolinite nanoparticles in several solutions of HACs
in organic solvents at several temperatures. The PMFs of
kaolinite nanoparticles in pure water, cyclohexane, and toluene
are compared in Figure 8a. The presented PMFs correspond to
the free energy of delamination/exfoliation of the two-layered
kaolinite sheet into two single sheets. They demonstrate a
striking difference between the effective interactions in aqueous
and organic solvents. The main observation is that the first
defoliation/disaggregation barrier is much less significant for
organic solvents than for water. This fact can be explained by a
higher surface hydration energy, when compared to the
solvation energies of toluene and cyclohexane solvents. Both
organic solvents also produce wider oscillations of the PMFs,
which is due to the larger size of cyclohexane and toluene
molecules when compared to the water molecule. The first
minimum of the PMF, which corresponds to the direct contact
of the interacting surfaces, is much deeper in cyclohexane
solvent than in toluene and water. This suggests that the state
of direct contact between the nanoparticles in cyclohexane is
clearly a stable equilibrium state, as the corresponding energy of
the minimum is negative, and also as the solvation of kaolinite
surfaces is weaker in cyclohexane than in the other two
solvents. Indeed, the larger is the adsorption energy of
molecules, the more energy is required to clean the surfaces
when bringing them to the contact. Thus, the strong solvation
contributes positively to the PMF, as the stronger solvent—
surface interactions generally lead to higher PMFs between the
particles at short ranges. Significantly stronger solvation of the
aluminum hydroxide surface by toluene (when compared to
cyclohexane) can be deduced from the laterally averaged
distribution functions in Figure 3. Stronger solvation of the
surfaces in toluene provides an explanation of a more repulsive
character of the PMFs observed in this organic solvent.
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The energy barrier separating the first and the second
minima represents the activation energy relevant to the kinetics
of exfoliation. The first barrier seems to be highest for water,
followed by toluene and cyclohexane. However, because the
latter case has the deepest first minimum, the corresponding
activation energy required to detach (exfoliate) the nano-
particles from the state of direct contact in cyclohexane is
comparable to the one observed in aqueous solutions. The
smallest activation energy of defoliation is predicted for toluene
solvent, and is only about 11 kcal/ mol-nm?. The position of the
barrier relative to the first minimum seems to be determined by
the effective size of the solvent molecules, The most distant
barrier is observed for cyclohexane, followed by toluene and
water. Interestingly, even though toluene and cyclohexane are
comparable in size (toluene is slightly longer and more planar,
while cyclohexane is thicker), the barrier for the latter appears
to be more separated from the first minimum. This fact
suggests that the solvent molecules in the first layer are oriented
parallel to the surface. The height of the barrier, on the other
hand, is largely determined by the strength of the solvent—
surface interactions. Thus, the better packing and the higher
density of toluene molecules near the surface, the higher PMF
barrier in this solvent.

Both cyclohexane and water PMFs possess well-defined
second minima, which correspond to the solvent separated
contact state, i.e,, the state when the surfaces are separated by a
single layer of solvent. Surprisingly, the second minimum is not
predicted for the nanoparticles in toluene. Instead, the PMF
gradually decays to zero without much oscillation.

The effect of temperature on the PMF between nanoparticles
is examined in Figure 8b. The PMFs for both cyclohexane and
toluene increase slightly as temperature is dropped from T =
323.15 K to T = 298.15 K, and then to T = 273.15 K. The
strength of the effective interactions between the surfaces and
the solvents weakens as temperature increases, which leads to
the decrease of the solvation free energy of the surfaces. This in
turn leads to the decrease of PMF, as the latter largely depends
on the work required to desolvate the surfaces when bringing
them together. Therefore, while the elevated temperatures are
most probably not viable for enhanced desorption of bitumen,
they might be useful for coagulation of the fines. In the latter
case, an addition of coagulant/adjuvant might be required, as
the sole effect of temperature on the PMFs between the clay
nanoparticles does not seem to be significant for the studied
temperature differences. Moreover, by operating at elevated
temperatures the main advantages of nonaqueous extraction in
terms of decreasing energy use and CO, emissions will be lost.
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The impact of the adsorption of bitumen HAC fragments on
the PMF between the nanoparticles is examined in Figure 9.
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Figure 9. Potential of mean force between nanoparticles in pure
cyclohexane and in cyclohexane with HAC bitumen fragments (at
concentration of 1.5 mol/L).

Adsorption of the studied HACs on the interacting surfaces
leads to an increase of the PMF at short separations. In order to
squeeze the surfaces together, one has to remove the adsorbed
HAC:s. This fact leads to the increase of the PMF, as the energy
required to remove pure cyclohexane is smaller than the energy
required to remove HACs due to the stronger adsorption of the
latter. Taking into account that during coagulation kaolinite
forms book-like aggregates in both aqueous’® and non-
aqueous’" solutions, one could speculate that adsorption of
bitumen tends to stabilize the suspension. The latter follows
from the increase of the first PMF barrier, which should in turn
decrease the tendency of formation of face—face associations of
kaolinite nanoparticles. This conclusion, however, should be
taken with a grain of salt, as the coagulation pathway in the
presence of bitumen might be different from the one in pure
solvents, and formation of the book-like aggregates might not
be favored.

B CONCLUSIONS

Molecular models of kaolinite clay nanoplatelets in organic
solutions of cyclohexane and toluene solvents together with
bitumen fragments represented by several heterocyclic aromatic
compounds (HACs) were developed. Using the 3D-RISM-KH
molecular theory of solvation, preferential adsorption of the
fragments on the clay surfaces and the solvent-mediated
effective interactions between kaolinite nanoparticles were
investigated. The main trend of adsorption consisted in
preferential adsorption of the studied bitumen fragments on
the aluminum hydroxide face of kaolinite, and weaker more
selective adsorption on the siloxane face of the nanoparticle.

In order to quantitatively compare the amount of adsorbed
molecules on the two surfaces of kaolinite, excess adsorption
isotherms of bitumen HAC fragments in cyclohexane and
toluene solvents were calculated at several temperatures. The
theory predicts generally stronger adsorption of the fragments
on the aluminum hydroxide surface of kaolinite in both organic
solvents. The adsorption, however, was predicted to be stronger
in cyclohexane than in toluene solvent, which might be
explained by a better surface and molecule solvation properties
of toluene. Temperature increase generally leads to a weaker
adsorption of the bitumen HAC fragments in the studied
organic solvents.

All-atom molecular description of the solution species and
kaolinite nanoparticles using the 3D-RISM-KH molecular

theory of solvation takes into account the effects of chemical
specificities and structural properties of solution species on the
PMF. Application of the 3D-RISM-KH theory allowed
identification of solvation-related effects in the effective
interactions of clay nanoparticles in solution. As a result, the
calculated PMFs between kaolinite nanoparticles exhibited an
oscillating behavior at short ranges with characteristic solvation
and aggregation energy barriers. The first barrier height relative
to the second minimum characterizes the free energy required
to desolvate the surfaces when bringing the nanoparticles into
contact with each other. The height of the barrier relative to the
first minimum describes the energy required to move the
nanoparticles against the solution environment and to create a
desolvation cavity between them. The second minimum of the
PMEF in cyclohexane, which corresponds to a solvent-separated
contact state of interacting nanoparticles, is much shallower
than the first minima. The second minimum, however, is
missing from the predicted PMFs in toluene. Moreover, the
first minimum of the PMF in this aromatic solvent is much
shallower than in cyclohexane solvent. These observations
clearly indicate the importance of the solvent effects on the
aggregation properties of mineral suspensions.

Similarly to the picture of bitumen HAC fragment
adsorption, temperature increase generally leads to the decrease
of the PMF in pure organic solvents. This decrease, however, is
quite modest and seems to be mostly due to a temperature-
induced weakening of the surface solvation energies.
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