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ABSTRACT: The previous step before the catalytic activity of MoS, nanoparticles for the hydrodesulfurization of
dibenzothiophene (DBT), i.e., the DBT adsorption, is studied through dissipative-particle-dynamics (DPD) simulations. Density-
functional-theory (DFT) calculations reveal that although DBT is chemisorbed, and, therefore, there is an intermolecular electronic
exchange leading to the weakening of the DBT’s C—S bonds, the formed individual linking bonds among DBT and MoS, are
noncovalent, fact that allows the application of DPD in order to at least qualitatively estimate the fraction of the content of DBT
molecules within an oleic solvent that can be adsorbed by the MoS, nanoparticles. With the sake of getting realistic insights, we
calculated the classical-DPD interaction parameters through the quantum-statistical approach conductor-like screening model for
real solvents. A comparison between DFT calculations and the DPD simulations reveals that the quantum spontaneous attraction of
DBT by MoS, nanoparticles begins at the distance where the DBT’s volumetric density in the neighborhood of a MoS, nanoparticle
is maximum, as well as that the alkylic chain of the oleic solvent has an important influence on the performance of the catalyst since
the chain length increases the probability that DBT will find MoS,. These results suggest the combined DFT and DPD study can be
useful for the design of HDS catalysts.

1. INTRODUCTION motivators of coke formation in catalytic processes, causing
significant deactivation of catalysts,” aggravated by the metals
present in the crude oil, more than 90% of which are found in
the asphaltenic fraction.”

Owing to the above disadvantages in the production and
processing of heavy crude oil, asphaltenes are considered the

Considerable contents of asphaltenes in heavy crude oil
increase its viscosity, making difficult its extraction, storage,
transportation, and processing.' Asphaltenes are polynuclear
aromatic sheets characterized by hexagonal carbon rings. They
can contain different proportions of heteroatoms, mainly
oxygen, nitrogen, and sulfur, which significantly drive the initial
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reducing, therefore, the oil recovery through plugging of rock Revised:  June 4, 2024
pores as well as of equipment.” Asphaltenes cause problems Accepted: June 6, 2024
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such as deposition in lines and diminution of the production of
distillable products in oil refining due to their high resistance
to disintegration. For this reason, they are initiators and
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lowest value components, and then alternatives have been
investigated to eliminate or reduce them before crude oil
enters into the refining process. However, the tendency to
produce and refine heavy crude oil is increasing,” making
essential to conduct fundamental research about asphaltenes
relying on the molecular and mesoscopic computational
modeling. At this respect, it is worthy to mention that classical
and quantum theoretical methods, computer speed, computer
memory, and algorithms efficiency have been used to model
and improve physical and chemical processes, allowing the
wide applications of molecular modeling to numerous fields
like hydrotreatment of the crude oil.’

An important step in the heavy-oil refinement process is the
hydrodesulfurization (HDS), which is a chemical reaction,
usually triggered by Ni or Co-doped catalysts containing
molybdenum or wolfram, aimed at removing sulfur impurities.
The HDS process consists basically of two procedures:
desulfurization and hydrogenation. In desulfurization, it occurs
breaking of the C—S bonds inside the sulfur-containing
compounds, whereas in hydrogenation, molecular hydrogen
reacts with sulfur releasing H,S from the now sulfur-free
hydrocarbons.” The selectivity and activity of HDS depend on
the nature of the oil fraction, the type of the catalyst, the
concentration of active sites, and the reaction conditions of
pressure and temperature.z’(’_ll

Approximate molecular structures for heavy crude oil’s
asphaltenes and resins have been proposed,®”' it being
thiophene and dibenzothiophene, some of the compounds
most widely used for modeling HDS of fuels.”'>'* The initial
adsorption of sulfur-containing molecules on the catalysts’
active sites is an important stage of the HDS process. The
interaction of thiophene on the catalytically active surfaces of
MoS, has been theoretically studied through the extended-
Hiickel tight-binding method, molecular-orbital techniques,
and ab initio density-functional-density (DFT) approxima-
tions.””'*7?! It is worthy to mention that the MoS, catalyst
belongs to the general family of two-dimensional metal
dichalcogenides materials (e.g., WS,, MoSe,, WSe,, MoTe,,
etc.), some of which have been theoretically studied through
van der Waals-corrected DFT to be used alone in a pristine or
doped (e.g,, with N, Al, P, or Si) form, or in nanocomposites
(e.g, with TiO,) for adsorption of molecules (e.g., CO, NO,
03, SO,, and SO;).>*™*

In a hydrotreating reactor, the catalysts are in contact with a
hydrocarbon flow; therefore, the efficiency of the hydro-
processing is related to the fraction of sulfur-containing
hydrocarbons that are adsorbed by the catalysts. The collective
adsorption of sulfur-containing hydrocarbons can be classically
simulated by performing mesoscopic dynamics, i.e., on a scale
in which the molecules are not modeled at the atomistic level
but instead at the granular one in which a grain, or bead as it is
called, represents several atoms or functional groups of a
portion of a molecule.'” Mesoscopic simulations can be
performed through the dissipative-particle-dynamics (DPD)
approach, which requires the estimation of the so-named
interaction parameters between pairs of beads from the
chemical information on the interacting molecules.

Whereas elsewhere in the literature the computational study
of the adsorption of single sulfur-containing molecules on
MoS, surfaces and nanoparticles has been reported,'® at this
work quantum interactions among dibenzothiophene (DBT)
and the MoS, catalyst have been mapped onto the mesoscale
by using a quantum-statistical method reported in ref 26, and

applied to perform DPD simulations for the sake of theoretical
modeling of the collective adsorption of DBT by MoS,; the
theoretical methodology shown herein could help to design
better catalysts.

We began with the building and quantum validation of
atomistic molecular structures to model the step prior to
hydrotreating, that is, the adsorption of a single sulfur-
containing hydrocarbon by the catalyst, leading to a weakening
of the S—C covalent bonds that can be broken in subsequent
catalytic reactions. Next, from the atomistic molecular
structures, we built mesoscopic beads for modeling the
catalyst, the sulfur-containing hydrocarbon, and the solvents
within which both the sulfur-containing hydrocarbon and the
catalyst are dissolved, and mapped the quantum intermolecular
information toward these mesoscopic beads. The methodology
for this quantum-to-mesoscopic mapping consists of the
computation by means of quantum statistical thermodynamics
of infinite-dilution activity coeflicients, which are used as input
parameters to calculate the interaction among beads required
by DPD simulations.”® In this way, it is guaranteed that the
mesoscopic scale contains proper information from the
atomistic molecular models. Finally, we performed DPD runs
on solutions containing catalysts and hydrocarbons.

2. THEORETICAL METHODOLOGY

We use the DBT molecule (Figure 1a) as the sulfur-containing
molecule model because it is a common moiety of the

Figure 1. Atomistic models for (a) dibenzothiophene (DBT), (b)
thiophene (T), (c) molybdenum-disulfide ring (MDR), (d) n-
hexadecane (HEX), (e) n-dodecane (DDC), (f) n-decane (DEC),
and (g) n-heptane (HEP). Thiophene is a simple molecule used
herein to provide quantum insights for the adsorption of its related
molecule dibenzothiophene. Atoms’ colors denote carbon (gray),
hydrogen (white), sulfur (yellow), and molybdenum (cyan).

asphaltane aromatic sheets. Likewise, for the HDS catalyst we
use a Mo;S; single hexagonal ring (MDR, Figure 1c) as the
simplest model preserving the MoS, topology consisting of
molybdenum atoms connected to each other by pairs of sulfur
atoms, just as they connect on the crystalline network. The
MDR model exposes unsaturated Mo atoms, which are known
reaction sites for the catalytic activity;'* thus, this model must
be sufficient for representing a HDS catalyst. Moreover, this
nanoring keeps the Mo:S atomic ratio of the MoS,
stoichiometry maintaining, therefore, the charges neutrality,
and its size is similar to that of DBT, which is a convenient fact
for building DPD beads of equal volumes. The chemical
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stability of MDR can be estimated throu;h the thermodynamic
formation energy Ep defined herein as’

Ep = Eypr — 3(Ey, + 2E) (1)

where Eypy is the energy of MDR, whereas E,;, and Eg are the
energy of the single free atoms Mo and S, respectively.

Lastly, since alkylic molecules can be used as model for oil
containing sulfur organic molecules,”® the solvent was modeled
through any of the following four molecules: n-hexadecane
(HEX, Figure 1d), n-dodecane (DDC, Figure le), n-decane
(DEC, Figure 1f) and n-heptane (HEP, Figure 1g).

2.1. Quantum Modeling. In order to validate that the
DBT and MDR molecular models can be used for the
mesoscopic simulations, ie., the binding among them be
sufficiently weak to keep their identity, as it happens in classical
simulations, we begin by studying the adsorption of DBT by
MDR at the quantum level. This validation will also reveal if
the minimum small MoS,-catalyst model MDR has sufficient
electronic properties to drive the HDS functionality. Namely,
we seek to confirm both the noncovalent nature of the new
formed individual bonds in the DBT binding by MDR and the
weakening of the DBT’s S—C bonds.

To determine the optimal adsorption position of the DBT
on MDR, we calculated the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) for MDR and for the simplest aromatic organosulfur
compound, thiophene (T, Figure 1b), which is closely related
to DBT and therefore has similar adsorption trends. In basic
terms, the chemical reaction between two molecules occurs
because the electrons in the HOMO of one molecule are
transferred to the LUMO of the other molecule, or vice versa,
it being the most viable way the one in which the energetic
difference AE;;; between these intermolecular electronic states
is either the smallest for AEy; > 0 or the most negative for
AEy; < 0; consequently, the best relative molecular
orientation triggering the chemical reaction is that where the
lobes of the most viable states HOMO and LUMO having the
same phase signs overlap in space.

After the molecular models T and MDR are brought near
each other according to the topologic criteria described above,
the geometry of the resulting complex T:MDR is DFT
optimized. Then, we attached benzene rings to the thiophenic
ring to complete the model of DBT adsorbed on the MDR,
labeled as DBT:MDR, and a subsequent DFT geometric
optimization is performed.

The interaction energy AE among DBT and MDR is
calculated as

AE = Epgrovpr — (Eppr + Eypr) ()

where Epgrapr is the energy of the complex DBT:MDR,
whereas Eppp and Eypp are the energy of single isolated
molecules DBT and MDR, respectively. Each one of these
energy values, as well as of those in eq 1, is the total energy E
thrown by DFT geometric optimizations, performed through
the Materials Studio (MS) DMol® software® by using the
GGA/PBE functional,®® fine quality for self-consistent-field
(SCF) and geometric-optimization convergences, all electrons
for the core treatment,” thermal occupation of 5 X 107 Ha,
the double-numerical-plus-polarization (DNP) basis,** a global
orbital cutoff of 4.9 A, and the Grimme method for dispersion
corrections. The spins were taken as restricted, except for the
single isolated atoms Mo and S in eq 1, whose initial spins

were taken as the formal ones 6 and 2 (in number of spin
unpaired electrons), respectively.

It is worthy to mention that the total electronic energy E
calculated through DFT can be broken down as®’

E= Enon-dispersion + Edispersion (3)
where the term E, o, gispersion COMes from the quantum nature of
electrons, i.e., in addition to electrostatic contributions, it has
contributions from kinetic, exchange-correlation, and spin
polarization; in contrast, the term Eggperion iS the long-range
dispersion energy, that is, that part of the total electronic
energy coming from noncovalent bonds, such as hydrogen
bonding and van der Waals interactions. From eq 3, the energy
change AE of eq 2 can also be expressed as

AE = AEnon—clispersion + A‘Eclispersion (4)

Therefore, the fractional contributions of AE,, gipersion and
AEgigpersion to AE provide a natural measure for the
chemisorption Dg,.,, and physisorption D, . degrees of the

33 phys
adsorption™
_ AEm;m- dispersion
Dchem = AE
D AEclispersion
phys T AE (3)

Likewise, details of the adsorption can be studied by
estimating the strength of the bonds formed between the DBT
and MDR molecules through the Mayer bond order (MBO),
which uses the charge-density bond-order matrix defined from
the expansion coefficients of the molecular orbitals. The MBOs
values are very close to the corresponding classical chemical
bonds, e.g, a double bond has a MBO near 2.0, whereas
noncovalent bonds have MBO values near zero or zero.

As a result of the chemisorption contribution to the
interaction energy, there must be an exchange of atomic
charges Ag, between DBT and MDR, which we determined
through Mulliken charges on the atom n before (qefor,,) and
after (q,ge.,) the adsorption process:

Aqn = qafter,n - qbefore,n (6)

Positive and negative values of Ag, indicate that the n-th
atom has lost and gained electrons, respectively.

After DBT adsorption, the net charge differences Agpgr and
Aqypy suffered by DBT and MDR, respectively, are

AqDBT = Z Aqn
atom,€EDBT
My = 2 A9,
atom,EMDR (7)

It is to be noted that because the charges are transferred
among DBT and MDR, the equality Agypg = —Agppr must be
accomplished.

The charge redistribution can be analyzed through the
charge density difference (CDD), which is a three-dimensional
property calculated through the deformation-density DMol’
task and is defined as the difference between the total density
and the density of isolated atoms. Positive and negative values
of CDD (i.., increase and loss of electrical charge densities)
indicate depletion and accumulation of electrons, respectively.

https://doi.org/10.1021/acsomega.3c09613
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Likewise, this analysis is reinforced through the partial density
of states.

2.2. Classical Mesoscopic Dynamics. For the meso-
scopic dynamics simulations, we represented each of the
molecular structures belonging to DBT, MDR, and solvents
through corresponding single beads (Figure 2), whose relative
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Figure 2. Mapping of the poliatomic molecules shown at Figure 1
onto single beads.

movements were determined herein by solving the Newton’s
equations under the DPD approximation.”* >° DPD bead-
based simulations allow working with very large amounts of
interacting molecules since the single-bead representation of a
group of atoms considerably reduces the total number of
freedom degrees.

Under the DPD approach, any two beads i and j interact
among them through three forces: a conservative one, a
dissipative one, and a random one. The dissipative and random
forces are linked with each other through the fluctuation-
dissipation theorem, producing an integrated thermostat.”> For

—_
its part, the conservative force FCij embodies the essential

chemical behavior of the system and consists of a soft repulsion
between the beads, given by the following expression

Cii e

[1 i ]A if . <

- |l == ifr, <1,

E =

0 otherwise (8)

where f; is the unitary vector pointing from the bead i to the

bead j, ris the relative distance between them, r. is the cuttoff
distance, and the parameter a;, known as the DPD interaction
parameter, is the maximum magnitude of the repulsive force. It
is worthy to mention that r, is taken as the natural unit for
lengths; that is, in DPD units, r, = 1. Likewise, since two
spherical beads begin to interact among them when they touch
each other, their diameters are the same as r,, independently of
the species which they represent to.

For DPD simulation cells having a density p of 3 beads per
r> volume, the parameter a; can be calculated from the Flory-
Huggins thermodynamic interaction parameter y; of a lab
mixture of the molecular substances represented by the beads i
and j as™

a; = 25 + 3.5)(1,], 9)

Physically, y; is defined as a dimensionless quantity that
characterizes the enthalpy per mol per thermal energy of the
mixing process among substances i and j, and it can be
calculated for liquids in the molecular level from the activity

coefficient at the limit of infinite dilution y; of the solvent i in
the solute j as™®

1
)(Uw = In(}/;o) + In(v) - [1 - —]

Vi (10)
where v; = V;/V; > 1 is the ratio of the molecular volume V; of
the solute to that V; of the solvent.

The value of In (}/:;") required at eq 10 can be obtained from
the conductor-like screening model (COSMO) for real
solvents (RS),”** which is a quantum statistical thermody-
namics approach based on screening charges densities (SCDs)
over the surfaces of cavities containing molecules in a dielectric
medium. The volumes of these cavities coincide quite well with
the molecular volumes determined through experimental
density,”® so they were taken as the molecular volumes V,
and V; for the evaluation of the ratios v

In this paper, we define the volume V, of a bead as the
average of the volumes of the solutes, i.e.,

1
V, = —(Vppr + W3
b 2( DBT MDR) (11)

where Vppr and Vypr are the COSMO volumes of DBT and
MDR, respectively. Hence, the cuttoff distance r. can be
calculated as™

re=3YP% (12)

The liquid mixture of substances i and j is considered by
COSMO-RS as a statistical-thermodynamics ensemble of
closely packed molecules interacting electrostatically due to
the contact of different surface segments, which have a
probability P(6) = p(c)do to have a specific SCD (shortly
denoted as o) within the interval do, where the probability per
SCD, p(o), is the so-named o profile.

2.3. Transference of Quantum Information to the
Mesoscopic Scale. We have calculated the DPD interaction
parameter a; by following the steps described below:*°

(1) The geometry of a molecule is DFT optimized under the
COSMO model by using the TURBOMOLE software,””
which automatically throws molecule’s both volume and
o profile at the run’s end.

(2) The infinite-dilution activity coefficient v is calculated
from the o profiles of molecules i and j by using the
COSMO-RS-based COSMOTherm software. For the
calculation of the COSMO-volume ratio v; among a pair
of beads, the smaller and greater volumes of the bead-
represented molecules are taken as V; and V,
respectively.

(3) The Flory-Huggins interaction parameter Xi is obtained
by substituting y;° and the COSMO-volumes ratios v; in
eq 10.

(4) Finally, the DPD interaction parameter a; is calculated
through eq 9 for each one of the nine herein-possible
binary condensed-phase molecular mixtures, namely, the
mixes MDR/DBT, HEX/MDR, HEX/DBT, DDC/
DBT, DDC/MDR, MDR/DEC, DEC/DBT, MDR/
HEP, and DBT/HEP. For interacting beads of the same
species (i.e., i = j), eq 9 leads to a; = 25 since they have
no mixing heat (y; = 0).*

The quantum chemical DFT TURBOMOLE runs used the

def-TZVP basis set and Becke—Perdew (BP86, i.e., B88-VWN-
P86) functional, the DFT-D3 BJ-damping dispersion correc-
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tion, restricted spins, infinity dielectric constant, 107 Ha
energy tolerance for SCF convergence, and 107° Ha energy
and 107 Ha/Bohr force-magnitude tolerances for geometry
optimization. Corresponding to the method and basis set level
of the TURBOMOLE runs, COSMOTherm used the
parameter file BP TZVP_ C21 0111.ctd, which contains the
parameters required to produce reliable, high-quality calcu-
lations of physicochemical data. The natural logarithm of the
coeflicient of activity was evaluated at room temperature and
infinite dilution, taking the solute j as the pure solvent.*®

The DPD mesoscopic simulations were performed by using
the MS Mesocite software within simulation cells having
dimensions of 10 X 10 X 10 DPD units (i.e., their volumes are
Vim e = 10° r) at the temperature T = 1 (in DPD units).
According to the above-mentioned bead density p, the
simulation cells contain a total of 3000 beads (= Ny..s),
which were randomly allocated. We considered Ni,pippr =
Niorimpr = 60 total contents of the corresponding DBT and
MDR beads. The remaining Nye,qs — (Niorappr + NeotalMDR) =
2880 beads are composed of a unique solvent, either HEX,
DDC, DEC, or HEP.

The time-step size was 0.05 DPD units, and the simulations
were performed during 1,000,000 time steps starting with
random velocities; therefore, the total length time was 50,000
DPD units. The DPD unit fppp g fOr time is

t = |
DPD unit = 'c
kg T (13)

where my, is the mass of a bead, and the term kzT is the thermal
energy. Herein, we take m, as the average mass of DBT and
MDR

m, —\m, + m,
b 2 DBT MDR (14)

Likewise, for the evaluation of the non-bond DPD-force field
terms by Mesocite, it was used, in addition to the cutoff
distance r. described at eq 8, a spline width of 0 and a buffer
width of r./2. The spline width is the region below r. in which
non-bond interactions are forced to be splined from their full
to null values; therefore, since the DPD force field vanishes
itself when the center of two beads are separated by more than
the distance r., the spline width is zero. The buffer width
specifies the region from r, where beads found there will be
monitored because, during the dynamics simulation, they
could be moved to less than r..

Mesocite runs also used a dissipation strength (y) of 4.5 for

the dissipative force (f;il_) , and a dissipation radius (rp) of 1.0
times the cutoff distance r. As mentioned previously, the
dissipative force —F;ij is one of the three DPD forces acting on
any pair of beads i and j; it is given by
FDl_]_ =—-y(1 - nj/rD)(?ijﬁj)f;j for r; < rp, where f] = d?ij/dt.

Finally, we monitor the adsorption of DBT beads by MDR
ones through the radial distribution function g,-]-(r), which
represents the probability of finding a bead j within a
infinitesimal-dr-thickness spherical shell at a distance r from
the bead i, normalized to the probability when the total
number Ny,; of beads j are distributed in the entire

simulation cell with a homogeneous density phom,j;40
specifically:

) (dM"] /
gi' NE|G P hom ,j

AR (1)
where dNj; is the number of beads j within the spherical shell’s
volume dV = 4zr* dr around a central bead i, and Phom;j =
Niotat;/ Viim cet- Due to its normalization, g;(r) accomplishes the
following limiting condition:

limgij(r) =1

>,

(16)

That is, at large distances from a central bead i, the beads j
occupy the space randomly under a probability uncorrelated
with that of the central bead i.

The radial distribution function gij(r) was calculated for each
of the Ny, ; beads of the species i and for all frames of the
Mesocite DPD trajectory, which were written each 100 time
steps; i.e, a g;(r) graph is the result of the average performed
over 6 X 10g neighborhoods configurations around central
beads.

We can estimate the number Nypg ppr(r.g,) of DBT beads
that can be adsorbed by a MDR bead within an adsorption
radius r,4; by integrating dNypg ppr from eq 15:

Tads 2
Nypr,ppr(raas) = 7P om ,DBT /(; gMDR‘DBT(V)V dr

(17)
The adsorption radius r,4 can be insighted through a series
of DFT geometry optimizations for DBT moved away at
different distances from MDR until DBT was not attracted by
MDR.
Finally, the efficiency 5 for adsorbing DBT by MDR can be
measured as the fraction of the total Ny, psr of DBT beads
found within 7,4, for all MDR beads:

_ NMDR,DBT("ads) X Niotal, MDR

Niotal, DBT (18)

For the particular case treated herein, in which Nypg ppr =
Nyowpprs the efficiency 7 is directly Nypg ppr(rags):

n= NMDR,DBT(”ads) (19)

3. RESULTS AND DISCUSSION

The MDR representing the minimum model for the catalyst
MoS, is thermodynamically stable, according to the negative
value of its formation energy Ep (Table 1), ie., the Mo,Sy
cluster will not spontaneously decompose.

3.1. Quantum Adsorption. In the adsorption of
thiophene by MDR, it is more feasible for electrons to be
transferred from the thiophene to the catalyst since it requires
only 0.424 eV, against 4.669 eV required for the opposite
direction (Figure 3). From the topology of the HOMO of the

Table 1. Formation Energy E; of MDR

atom or molecule energy (Ha)
Mo —3977.12748
N —397.95486
Mo;Se —14,320.30708
Eg
Ha kcal/mol
—1.1955 —750.16
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-7 —+-7 L —s5934
1 HOMOpor
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Figure 3. HOMO and LUMO of the thiophene (T) molecule (left)
and the catalyst MDR (right). The blue and yellow colors of the
isosurfaces denote positive and negative phases, respectively, of the
molecular orbitals. The green and red arrows indicate the lowest and
greatest difference energies among the crossed molecular orbitals,
respectively.

thiophene and the LUMO of the catalyst, we have centered the
thiophenic ring above a Mo atom of the Mo;Ss ring and
oriented the molecular models in such a manner that their
orbitals’ lobes of the same colors (that is, having the same
phase sign) are parallel to each other. After the DFT geometric
optimization of this T:MDR complex, we built the DBT
molecule by adding benzenic rings at the adsorbed thiophene,
obtaining hence the complex DBT:MDR which afterward was
optimized, as described in the quantum modeling section. The
so-obtained molecular arrangement for the DBT:MDR
complex (Figure 4a) is validated by the known fact that the

sulfur-containing aromatic molecules prefer the adsorption on
Mo atoms in a parallel orientation to the Mo-exposed edge,
instead of perpendicular to the Mo-exposed edge or on the
sulfur walls,"® because the parallel configuration results in the
more intense adsorption energy (Figure 4), facilitating to occur
the C—S bond scission."”

The interaction energy AE in the complex DBT:MDR is
—46.02 kcal/mol (Table 2), revealing that the DBT adsorption

Table 2. Interaction Energy AE Among DBT and MDR,
Labeled as AE, at Figure 4a“

molecular model  E, o gispersion (Ha)  Egigpersion (Ha) E (Ha)
DBT —859.72935 —0.01459 —859.74394
MDR —14,320.29335 —0.01373 —14,320.30708
DBT:MDR —15,180.07596 —0.04841 —15,180.12436

AE

AE, dersion AEaismers Dien  Die
(Ha) (Ha) Ha kcal/mol (%) (%5
—0.05325 —0.02008  —0.07334 —4602 726 274

“Also reported are the non-dispersion AE,q, gipersion and dispersion
AE gigpersion contributions, and the degrees of chemisorption Dper, and

physisorption Dy...

by MDR is exothermic because AE < 0. This DBT adsorption
through one MDR’s Mo atom qualitatively agrees with the
also-negative literature-reported interaction energy of —76.80
keal/mol (—3.33 eV) obtained for DBT over a hexagonal
MoS, cluster exposing a row of 3 Mo atoms instead,'® which in
addition to the DBT’s thiophenic ring, also attract the benzenic
rings, producing a more intense adsorption than in MDR.

(a) b)

P
C o ~ MBOg_ = 1.054
J‘

Mo,

AE, = —46.02

(d) (e)

MBOg_¢ = 1.163

AE; = AE, +32.8

AE, = AE, + 1.3

3.7
MBOg_¢ = 1.178

AE, = AE, +33.2

AE, = AE, + 115

(f)

- 9] ~
MBOg_ = 1.170

AE; = AE, +35.3

Figure 4. Different configurations for the adsorption of DBT over the MDR catalyst: DBT’s plane parallel (a, b) and perpendicular (c) to a MDR’s
Mo edge; DBT’s plane parallel (d, e) and perpendicular (f) to a MDR’s sulfur wall. Below each i-th adsorption configuration (i = 4, b, ..., f) it is
shown the interaction energy AE; (in kcal/mol) among DBT and MDR expressed in terms of that for i = a, whose configuration was obtained
through the criterium of comparing the crossed HOMOs and LUMOs (Figure 3), and its interaction-energy value is detailed at Table 2. The
coordination bonds of some DBT’s atoms (S, C4, and C., Figure 1a) binding MDR are shown by dashed lines, together with their bond lengths (in
A). As a reference for the orientation of MDR, some atoms’ labels defined in Figure 1c are shown in (a). Blue labels display the Mayer-bond-orders
(MBOg_c) averaged over the bonds the DBT’s S atom forms with its two neighboring atoms C; and C,, (shown at Figure la). Note that in
general, the interaction energy weakens with the distance between the DBT’s center and MDR, as expected.
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Likewise, the DBT adsorption is a spontaneous process
because there are not any barrier energies to overcome for
DBT landing on the MDR (Figure $); this means that once

-15,180.05

-15,180.06

-15,180.07

-15,180.08

-15,180.09

-15,180.10

Energy (Ha)

-15,180.11

-15,180.12

-15,180.13

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Optimization Step

Figure S. Energy evolution of the DBT adsorption by MDR starting
at the greatest distance where DBT can be attracted from, labeled as
r.gs- The symmetry center of DBT from which it is measured the DBT
distance to MDR is indicated through a red ball.

DBT feels an attraction from the MDR at a certain distance
tade it will most likely be adsorbed. It is worth highlighting that
the DBT adsorption is mainly chemisorption, although the
physisorption character has a non-negligible presence (Table
2).

Testing other different configurations for the DBT
adsorption (Figure 4b to f) confirms the strongest adsorption
is that shown in Figure 4a, indicating the criterium based on
crossed HOMOs and LUMOs is feasible to quickly obtain
both the best adsorption site and the orientation on it of the
adsorbed DBT. In general, the different adsorption config-
urations reveal, as is mentioned above, that the Mo edges are
more reactive than the S walls (Figure 4). Although the
interaction energy in the configuration shown in Figure 4f has
the greatest deviation from that shown in Figure 4a, it also
results from spontaneous and exothermic adsorption.

The net charge difference of DBT after its most stable
adsorption is Aqpgr = +0.190 e (Table 3); this confirms that
there is an electronic transference from DBT to MDR, as
insighted both from the above HOMO-LUMO analysis
(Figure 3) and the chemisorption character (Table 2). In
this process, the population of electrons on the DBT’s carbon
atoms C, and C, linked to sulfur is increased (Aqc, = Agc, =
—0.139 ¢), as well as on the MDR’s molybdenum atom Mo,
(Aqyo, = —0.085 ¢). This means an electronic bridge is formed
connecting these DBT’s carbon atoms with the MDR’s Mo,
through which the charge Agypr = —0.189 e is received by
MDR (Table 3).

From Table 3, it can be seen that it is accomplished the
following relation below:

transferred to C; transferred to C,,
o\ m— N\

1 It ~N It ~N
E(Aqs + Aqu + ch6 + AqC7 + chn)

= 0.11S e

Q

~Adey —Age, (20)

Table 3. Atomic Charges Before and After Adsorption of
DBT Over MDR, Shown at Figure 4a

charge (in e)

before adsorption after adsorption difference of charges

atom (dvefore) (Gaier (Ag, in ¢)
DBT
S —0.195 —0.064 0.131
C, —0.029 —0.110 —-0.139
C, —0.095 —0.050 0.045
Cs —-0.114 —-0.102 0.012
C, —0.109 —0.094 0.015
Cs —-0.122 —0.098 0.024
Cg 0.086 0.094 0.008
C, 0.088 0.087 —0.001
Cq —0.123 —0.097 0.026
C, —0.110 —0.095 0.018
Cpo —0.112 —0.100 0.012
Cy ~0.096 —0.050 0.046
Cp 0.030 —0.109 —0.139
H, 0.110 0.133 0.023
H, 0.107 0.123 0.016
H; 0.105 0.121 0.016
H, 0.099 0.111 0.012
H; 0.099 0.111 0.012
Hg 0.108 0.121 0.016
H, 0.107 0.123 0.016
H; 0.110 0.134 0.024
total DBT difference charge Agppr 0.190
MDR
Mo, 0.537 0.452 —0.085
S, ~0.269 ~0.334 ~0.065
S, —0.269 —0.304 —0.035
Mo, 0.538 0.596 0.058
S3 —0.269 -0.277 —0.008
S, —0.269 —0.239 0.030
Mo, 0.538 0.60S 0.067
S —0.269 —0.359 —0.090
S¢ —0.269 —-0.330 —0.061
total MDR difference charge Agypr —0.189

That is, the sources of electrons for both C; and C,, atoms
are both the DBT’s sulfur atom (Agqg = +0.131 ¢) and the
carbon atoms to which they are bonded to, namely: C, (Aqc,

= +0.045 ¢) and C4 (Aqc, = +0.008 ¢) for C,, as well as C,
(Agc, = —=0.001 €) and C;; (Agc, = +0.046 ¢) for C,.

Likewise, the other aromatic carbons from Cj; to C,, along with
all hydrogen atoms, are the source for the electrons transferred
to the MDR, as their positive charge differences reveal (Table
3).

After the DBT adsorption, the S—C; and S—C,, bonds
weaken, as indicated by their negative MBOs difference (Table
4); this effect is the key step for the HDS process to take place
later where the S—C bonds are broken,” and validates therefore
MDR as the simplest model for the MoS, catalyst. It is worthy
to note that all C—H bonds have negative MBOs changes
(Table 4), supporting the above finding that hydrogens and
most of the aromatic carbons cede electrons, weakening as a
consequence the C—H bonds.

For comparison, in the weakest DBT adsorptions (Figure
4d—f), the MBOs of the DBT’s S—C bonds (1.163, 1.178, and
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Table 4. Mayer Bond Orders Before and After of the Most
Stable Adsorption of DBT by MDR (Figure 4a)

Mayer bond order (MBO)

before after
adsorption adsorption change in the MBOs
bond (MBOhegore) (MBO,gser) (MBO,ter — MBOpesore)
DBT
S—C,; 1.179 1.055 —0.124
S—Cy, 1.179 1.055 —0.124
C,-C, 1.320 1.241 —0.079
C,—Cq 1.207 1.068 ~0.139
C,—C4 1.429 1.504 0.075
C,—C, 1.362 1273 —0.089
C,—Ss 1.450 1.508 0.058
Cs—Cq 1314 1.258 —0.056
Cs—C, 1.078 1.080 0.002
C,—Cq 1.313 1.255 —0.058
Cy—C, 1.450 1.511 0.061
Cy—Cyo 1.361 1271 —0.090
C=Ci, 1.430 1.504 0.074
C,=Cpy 1.320 1238 —0.082
C,—C, 1.207 1.062 —0.145
C,—H, 0.970 0.959 —0.011
C;—H, 0.972 0.969 —0.003
C,—H; 0.974 0.970 —0.004
Cs—H, 0.973 0.972 —0.001
Cy—H 0974 0972 —0.002
Cy—Hgy 0.974 0.970 —0.004
Cyo—H, 0972 0.968 ~0.004
Cy—H, 0.970 0.958 ~0.012
MDR
Mo, =S, 0.984 0.828 —0.156
Mo,—S, 0.984 0.825 —0.159
Mo,—Ss 0.984 0.806 —0.178
Mo, —S 0.984 0.803 —0.181
Mo,—S, 0.982 1.285 0.303
Mo,—S, 0.982 1.296 0314
Mo,=S, 0.983 0.556 —0.427
Mo,—-S, 0.983 0.487 —0.496
Mo,—S, 0983 0.563 —0.420
Mo;-S, 0.983 0.508 —0.475
Mo,—S, 0982 1.281 0299
Mo;—Sq 0.982 1.294 0.312
Mo,—Mo, 0922 0.440 —0.482
Mo, —Mo;, 0.925 0.455 —0.470
Mo,—Mo, 0.922 1.587 0.665
S,—S, 0.000 1.203 1.203
DBT:MDR
Mo,-S no bond 0.498 0.498
Mo,—C; no bond 0.297 0.297
Mo,—C4 no bond 0.160 0.160
Mo,—-C, no bond 0.170 0.170
Mo,—C,, no bond 0.305 0.305

1.170, respectively) remain practically unchanged relative to
those of the free DBT (1.179, Table 2). In contrast, the most
evident effect for the weakening of the S—C bonds occurs in
the adsorption configuration shown at Figure 4c (MBO:
1.032); this is due to it is formed a full covalent bond among
the DBT’s S and a catalyst’s Mo, but its interaction energy lies
11.5 kcal/mol above that of the most stable configuration.

Interestingly, the MBOs reveal that in the free MDR, the Mo
atoms are linked to each other through single bonds
(MBOyo-mo = 0.922, Table 4). However, after DBT
adsorption, the bonds among the DBT-adsorbing Mo atom
(Mo;) and its neighbors Mo, and Mo; diminish (MBO
differences: —0.482 and —0.470, respectively). Likewise, the
bonds that Mo, has with each of its 4 neighboring sulfur atoms
reduce too (their MBO differences vary between —0.181 and
—0.156). This weakening of all bonds that Mo, has within
MDR is due to after the MDR receives a net electronic
transference from DBT, MDR in response also sends an
electronic charge to DBT (Figure 6); that is, MDR
accomplishes the well-known donation/backdonation of
electron charges between an adsorbate and a catalytic surface,
described at detail below, leading again to the validity of MDR
as a catalyst model.

The remaining (carbon) atoms of the DBT’s pentagonal
aromatic ring bind Mo, too, but with lower bonds strengths:
the bondings of C; and C,, to Mo, have MBOs ~0.3, whereas
Cg and C, bind Mo, with MBOs around half of latter (Table
4). As discussed above, C,; and C,, are responsible for the
electronic transference from DBT; additionally, these MBOs
result indicate that C4 and C, also participate in this electronic
transference, although within a minor grade.

In addition to the weakening of the S—C; and S—C,, bonds,
the strengths of the bonds C;—Cg4 and C,,—C, are lowered
(Table 4). This is convenient for the HDS activity since
carbons C; and C,,, further to having a trend for losing the
sulfur atom, increase their reactivity for being saturated with
hydrogen atoms.

The origin of the above charge transferences relies on the
fact the MDR’s Mo atoms are coordinatively unsaturated, that
is, they are propense to form new bonds. Therefore, when
DBT comes near MDR, Mo, donates electrons from its 4d,,
orbital (red-colored one in Figure 6a) to the DBT" S 3p,
orbital (red-colored one in Figure 6b). Once this electronic
bridge is established, charges from the remainders MDR’s Mo-
4d,, and S-3s orbitals (pink-colored ones in Figure 6a) are
donated onto DBT’s C 2p, orbitals (pink-colored ones in
Figure 6b). This excess of charge received at the DBT aromatic
rings induces electrons from C sp* orbitals (light-green-colored
ones in Figure 6a) to be backdonated onto Mo-4d,> and S-3p,
orbitals (light-green-colored ones in Figure 6b) by using the
DBT’s S 3p, orbital (dark-green colored one in Figure 6a) as a
channel, whose electrons are also backdonated to the 4d,, and
4d,, Mo, orbitals (dark-green colored ones in Figure 6b). The
net effect of these partial charge transferences is the changes in
charges and in MBOs reported in Tables 3 and 4, respectively.

The partial density of states of the complex DBT:MDR
(Figure 7) confirms the above-described electronic trans-
ference among DBT and MDR, since the initial electron-
donating step done by Mo, is reflected by both the reduction
of the d-peak height at the HOMO and the increasing number
of d-peaks in the first unoccupied band of DBT:MDR (Figure
7b), relative to the same band of the free MDR (Figure 7c), as
well as the corresponding rising of the p-peak just at the
HOMO level of DBT:MDR complex due to occupation of the
S 3p, orbital (Figure 7b). Likewise, the back-donation from the
S 3p, orbital, which constitutes the HOMO of the free DBT
(Figure 7a), lifts the d-peaks of Mo atoms below the HOMO
of DBT:MDR at the time that strengthens the band of the first
unoccupied band of p levels (Figure 7b). The consequent
electronic cascade from p levels of the aromatic rings (p band
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(a) Atomic orbitals which electrons were
depleted from

Electrons-backdonating C sp? orbitals

Electrons-backdonating
S 3p, obital

Electrons-donating
Mo, 4d,,, obital

Mo, 4d,, and 4d,,, obitals
occupied by electrons .
backdonated from DBT’s S

(b) Atomic orbitals which the depleted
electrons were accumulated to

DBT S’ 3p, orbital
occupied by electrons
donated from Mo,

1 ,l‘l ’

""I’Q\o
D

-3pA and Mo-4d . orbitals

‘ occupied by electrons
backdonated from DBT

ol

Figure 6. Isosurfaces of (a) positive and (b) negative charge density differences after the formation of the complex DBT:MDR. During the DBT
adsorption process, electrons hop from atomic orbitals in (a) to atomic orbitals in (b) having the same color.
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Figure 7. Partial density of states for (a) free DBT, (b) complex
DBT:MDR, and (c) MDR. The vertical dashed red line indicates the
position of the HOMO for DBT:MDR, which is taken as the zero for
the electronic energies.

below the HOMO of free DBT, Figure 7a) is revealed by the
elevation of the peaks of both the second unoccupied p band

and the occupied d band of the complex DBT:MDR (Figure
7b). Finally, there is a notable unoccupied d band at the
complex DBT:MDR because its electrons migrated to the
occupied wide broad p band (Figure 7b).

It is worthy to highlight that the electronic clouds around
DBT’s S and MDR’s Mo, (red and dark-green isosurfaces in
Figure 6b, respectively) become very close to each other,
leading to the strongest intermolecular bond, which has,
however, a MBO weaker than that for a single covalent bond
(0.498, Table 4). This implies that all bonds formed among
DBT and MDR are noncovalent coordinate, i.e., the
physisorption character, even being less than the chemisorp-
tion one (27.4 against 72.6%, respectively, Table 2), essentially
preserves the DBT and MDR identities and, therefore, allows
simulation of their intermolecular interaction by using classical
descriptions, and specifically mesoscopic ones to model the
collective adsorption.

3.2. Mesoscopic DPD Simulations. The SCDs projected
on the COSMO surfaces reveal the polar character of DBT and
MDR, as well as the nonpolar character of the alkylic
hydrocarbons HEX, DDC, DEC, and HEP (Figure 8).
However, the probabilistic measure of the distribution of
these SCDs alongside the molecular surfaces reveals DBT has
actually also a slight nonpolar character (Figure 9). These
polar characters explain the fact that at room temperature the
solubility of DBT in alkylic hydrocarbons is low, for example,
~2% mole fraction in n-octane, but increases by 1 order of
magnitude with the temperature;*' besides, explain the strong
tendency of DBT to be absorbed by the MoS, catalyst, as it has
been discussed above. Then, since the DPD interaction
parameters we calculated herein are based on the quantum-
determined o profiles (Table 5), DPD simulations are expected
to properly describe both the dissolution of DBT by the alkylic
hydrocarbons and the attraction of DBT by MDR within these
nonpolar solvents.

Most molecular-volume ratios v; have values around unity
(Table S), justifying the mesoscopic representation of the
molecules through monobeads (Figure 2). In particular, from
the molecular volumes for DBT and MDR (Table 5), the
beads’ volume has the value Vj, = 227.955 A (eq 11); hence,
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Figure 8. Transparent and opaque views of the COSMO surfaces within the infinite-dielectric continuum for (a) dibenzothiophene (DBT), (b) the
molybdenum-disulfide ring (MDR), (c) n-hexadecane (HEX), (d) n-dodecane (DDC), (e) n-decane (DEC), and (f) n-heptane (HEP). The
surface charge densities (SCDs) are projected onto the COSMO surfaces, where their values are represented according to the color code bar.
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Figure 9. ¢ profiles p(c) for DBT, MDR, and HEX. It was not shown
those for DDC, DEC, and HEP because they are very similar to that
for HEX. The vertical pink line indicates the position of the null SCD
o. It is worthy to mention that each p(c) is normalized to unity, i.e.,
/ 0; p(c)do = 1. The single peak for HEX around zero ¢ indicates
HEX is non polar. In contrast, both the right-shifted peak and the
broad left band of MDR’s p(c) reveal MDR is polar. DBT has mainly
a polar character since its ¢ profile has peaks positioned at negative
and positive SCD o values, as well as a poor nonpolar character due to
the small peak at around zero o.

the cuttoff distance is r. = 8.81 A (eq 12) and the simulation-
cells edges measure 88.10 A. Likewise, by taking the
hydrodesulfurization temperature around 300 °C, and using
mppr = 184.256 and mypp = 480.180 g/mol, from eqs 14 and
13 we obtain the values my, = 332.22 g/mol for the bead mass
and tppp ynie = 7-36 ps for the DPD unit for time, i.e., the 0.05
X topp unie time-step size used in the Mesocite DPD runs is
equivalent to 3.68 X 10” fs, and therefore the total time of the
DPD simulations is 3.68 X 10* ns.

The DPD interaction parameter dpgprypr = 24.37 among
DBT and MDR (Table §) is less than the value of 25 for pure
substances. Therefore, in the DPD framework the beads DBT
and MDR have a trend to be together instead to keep as
separate pure phases; that is, the DBT physisorption can occur.
Likewise, MDR and the alkylic solvents have the greatest
repulsive interactions (aij > 36, Table 5), which could lead to
phase separation. Finally, DBT and the alkylic solvents have

Table 5. COSMO-Calculated Volumes of the Molecules
Represented by Beads, and Calculation of the DPD
Interaction Parameters a; From the Molecular-Volume
Ratios V;, the Natural-Logarithm of the Infinite-Dilution

Activity Coefficients In(y;’), and Flory-Huggins Interaction

Parameters 7, According to Eqs 10 and 9
COSMO molecular volumes (in A%)

DBT: MDR: HEX: DDC: DEC: HEP:
208.30 247.61 340.06 257.03 216.95 160.65
bead i bead j vy ln(y;") x5 a;

DBT MDR 1.188 —0.192 —0.178 24.37
MDR HEX 1.373 4.973 5.019 42.56
DBT HEX 1.632 2.018 2.121 3242
MDR DDC 1.038 4.774 4.774 41.71
DBT DDC 1.233 1.944 1.964 31.87
DEC MDR 1.141 4.401 4.409 40.43
DBT DEC 1.041 1.926 1.927 31.74
HEP MDR 1.541 3.155 3.237 36.33
HEP DBT 1.296 1.576 1.607 30.62

intermediate repulsive interactions (33 > a; > 30, Table 5),ie.,
the process of DBT dilution by the alkylic solvents can be
simulated by DPD runs.

After DPD simulations, it is confirmed that both DBT and
MDR were kept in suspension in the solvents (Figure 10), that
is, there is no phase separation. However, all radial distribution
functions shown at Figure 11 have single peaks centered at r <
r, revealing in particular that the MDR and DBT solute beads,
when approach within the action range of the DPD forces,
tend to form aggregates of either the same or different species.
At this point, it is important to realize that the well-defined
shapes of the radial-distribution-function graphics guarantee
that thermal equilibrium has been reached during the long-
time duration of the molecular-dynamics simulations (3.68 X
10> ns & 0.4 ys, as mentioned above), over which each g;(r)
was averaged.

The height of the radial distribution functions indicates that,
in any of the alkylic solvents, the MDR beads have a greater
trend to approach each other (green curves in Figure 11) than
DBT beads do (yellow curves in Figure 11); this phenomenon
can be understood from the described molecular polarization:
the MDR beads try notably to aggregate among them due to
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(a) HEX

(b) DDC

Figure 10. Perspective views of the DPD simulations at the runs’ end
for the mixing of DBT (yellow) and MDR (blue) beads, representing
the dibenzothiophene molecule and the Mo;S4 ring, respectively,
using (a) HEX (n-hexadecane), (b) DDC (n-dodecane), (c) DEC (n-
decane), and (d) HEP (n-heptane) as solvents (not shown for the
sake of a better visualization).

the strong polarization of the Mo;S4 ring; in contrast, the
absence of polarization of the alkylic solvents (Figures 8 and 9)
repels Mo;S, rings, intensifying the attraction among latter. On
the contrary, the weak neutral-SCD peak of dibenzothiophene
suffices to produce lower heights of the DBT—DBT radial
distribution function because its affinity with the single SCD

peak of the alkylic solvents induces DBT to like somewhat the
solvents, reducing then the DBT-DBT attraction.

Likewise, it is evident that the MDR-DBT radial distribution
function (red curves in Figure 11) has intermediate values
among those of the MDR-MDR and DBT-DBT beads pairs,
which means that DBT beads prefer to be adsorbed by MDR
beads rather than aggregate among themselves due the polar
character of dibenzothiophene which is more intense than its
nonpolar one (Figures 8 and 9).

The fact that, within any solvent, gypr ppr becomes constant
around unity only for r > r, demonstrates that the adsorption
of DBT by MDR does not occur by chance as when the beads
are completely dispersed in the solvents; rather, the height of
the gyprpsr peaks has values greater than unity increasing
from ~2 within HEP up to ~3.5 within HEX.

The evident volcano form of the MDR-DBT radial
distribution function is propitiated by the repulsion that the
alkylic solvents exert on DBT, like as on MDR, due to the
DBT’s polarity, as can be seen from the position at r = r. of the
maxima of the radial distribution function for DBT around any
of the solvents beads (orange curves in Figure 11),
strengthening therefore the attraction among DBT and
MDR. In fact, it is very relevant to note that the top of the
peaks for all gypgppr(r) functions lies around the critical
distance 7,4, (Figures 11 and S); this means that physisorption
of DBT by MDR initiates at the greatest DBT density in the
neighborhood of MDR, which happens about approximately a
half r, from MDR (Figure 11). This circumstance justifies
calculating the efficiency 7 for the DBT adsorption (Eq. 19)
through integrating gypg ppr X ** within the region r < r,4, as
proposed in eq 17.

The efficiency # of DBT adsorption by MDR goes with the
molecular size of the solvent (Figure 12); i.e., for the solvents
considered herein, 7 is lowest (6.68%) within n-heptane and
highest (11.17%) within n-hexadecane. This is an entropic
effect, since solvents’ small molecular size allows DBT and
MDR to access more spatial regions than big one does,

8 8
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Figure 11. Radial distribution function g

(r) for pairs of beads MDR-MDR, MDR-DBT, and DBT-DBT, within the solvents HEX, DDC, DEC, and

HEP, for which it is also shown the gij(rs they form with DBT. The vertical dashed dark-blue lines identify the position of the maximum distance
*.4s in DPD units (= 4.73 A/8.81 A = 0.537) at which DBT will start to be adsorbed by MDR (Figure S), whereas the horizontal dashed red lines
indicate the value of gypr par(r) evaluated at r = r,4. The horizontal dashed light blue lines indicate the unity value of gij(r), corresponding to the

case of beads completely dispersed in the solvents.
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Figure 12. Efficiency 5 for the adsorption of DBT by MDR as a
function of the length of the alkylic chain of the solvent.

inhibiting the probabilities for DBT to be found by MDR, as it
is shown by the reducing of the gyprppr(r) tops from 3.53
down to 2.19 when going from n-hexadecane to n-heptane
(Figure 11).

4. CONCLUSIONS

From the molecular models proposed as the sulfur-containing
hydrocarbon and the nanocatalyst for hydrodesulfurization
(HDS), that is, dibenzothiophene (DBT) and the hexagonal
Mo,S, ring (MDR), respectively, we confirm that the process
by which the sulfur-containing hydrocarbon adheres to the
catalyst is chemisorption through a molybdenum atom.
However, DBT and the Mo atoms form at most semicovalent
bonds; this means that although there is donation/back-
donation of electrons among them, so weakening the C—S§
bonds as desired for the HDS treatment, DBT and MDR
somewhat preserve their molecular identity; then, the
preliminary step for HDS to occur, ie., the DBT adsorption
by MDR, can be investigated by means of classical approaches.
Mesoscopic dissipative-particle-dynamics (DPD) simulations
over an oleic solution of a mix of DBT and MDR show that the
volumetric density of DBT around the MDR nanoparticles is
maximum approximately at half the cutoft distance r. of the
interaction among DPD beads, which coincides with the
critical distance r,4, for spontaneous quantum adsorption to
occur. The efliciency of adsorption, measured as the fraction of
the content of DBT beads lying within the distance of
adsorption r,4, from MDR nanocatalysts, grows with the size of
the alkane solvent because n-alkyl chains having larger lengths
repel more intensely the polar molecules, strengthening the
attraction among latter. Above results show that the
mesoscopic methodology could be applied to design better
HDS catalysts and to select appropriate solvents due to that a
greater fraction of dissolved hydrocarbons susceptible to be
adsorbed, identified through DPD simulations, could indicate a
better catalytic performance.
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