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Adsorption of 35 molecules, comprising of organonitrogen and organosulfur compounds and hydrocarbons relevant to
hydrotreating, was studied on the nickel-promoted metal edge of molybdenum sulfide catalysts using periodic DFT,
accounting for van der Waals interactions in several cases. Basic molecules tend to adsorb via their nitrogen atoms
directly on top of nickel atoms while nonbasic molecules adsorb via carbon atoms relatively weakly. Molecular size,
electron density, and alkyl substitution affects binding at the GGA-PW91 level of theory. van der Waals corrections
influence adsorption geometry and lead to significant additional stabilization of adsorbates. The differential binding
energy of nitrogen-containing compounds decreases by 0.2-0.3 eV for each additional molecule added on the edge and
their presence destabilizes the binding of organosulfur compounds by more than 0.2 eV. The inhibition of hydrodesulfu-
rization is suggested to arise from site blocking and destabilization of reaction intermediates and transition states by
organonitrogen compounds. © 2015 American Institute of Chemical Engineers AIChE J, 61: 40364050, 2015
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Introduction

Increasingly stringent emission standards, especially on sul-
fur content in diesel which is required to be less than 15 ppm
in several countries including the United States, have led to
the development of deep desulfurization catalysts and proc-
esses that can remove sulfur, in a hydrotreating step, from
compounds such as alkyl substituted dibenzothiophenes in gas
oil fractions.'” Hydrotreating in general, and hydrodesulfuri-
zation (HDS) in specific, is industrially carried out on pro-
moted (nickel or cobalt) molybdenum sulfide (MoS,) catalysts
(nickel promoted molybdenum sulfide [NiMoS] or cobalt pro-
moted molybdenum sulfide [CoMoS]). Experimental, specifi-
cally spectroscopy and microscopy,‘%f7 and theoretical
studies®'° have together shown that: (a) the active sites are
located at or near the two types of edges—“metal” and
“sulfur” edges—of the layered molybdenum disulfide par-
ticles,''=1° (b) these edges can be decorated by sulfur atoms,
sulfur dimers, and sulfohydryl (—SH) groups, under reaction
conditions,'®%° (c) sites with sulfur unsaturation, referred to
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as coordinatively unsaturated sites, are active for
HDS, 3152927 (d) “brim” sites near the edges and above the
MoS, layer can be potential alternative sites for HDS,>>28
(e) cobalt and nickel promoter atoms replace the edge molyb-
denum atoms partially or completely, with cobalt preferring
the sulfur edge while nickel substitutes molybdenum at the
metal edge,zg*32 and (f) support interactions with the catalyst
can affect the morphological characteristics such as shape,
size, and orientation, the electron density, and the activity of
the catalyst.zg’33_36

Under reaction conditions, the organonitrogen compounds
in gas oil can adsorb and undergo hydrodenitrogenation
(HDN)'~7 on these catalysts and thereby inhibit HDS.>® Sev-
eral experimental studies have been reported focusing on the
effect of nitrogen-containing compounds on sulfur removal
with model and industrial feeds.>**? Reaction inhibition stud-
ies have been used to calculate effective adsorption constants
of various nitrogen-containing compounds on the catalyst
assuming simple reaction models such as Langmuir—Hinshel-
wood expressions. Comparatively, very few theoretical studies
have focused on inhibition effects of organonitrogen com-
pounds on industrial catalysts. Specifically, Sun et al. calcu-
lated the binding energies of few basic and nonbasic heavy
organonitrogen compounds, such as acridine and carbazole,
and adsorption constants (temperature-corrected) of com-
pounds, such as pyridine, aniline, and ammonia, on NiMoS
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using density functional theory (DFT).**™* The exact nature
and strength of adsorption of nitrogen-containing compounds
vis-a-vis sulfur-containing molecules and their mechanism of
inhibition of HDS, however, remains largely unexplored.

In this work, we use density functional theory accounting for
van der Waals (vdW) dispersive interactions to study the
adsorption of a comprehensive set of molecules relevant in
HDS and HDN on the nickel-promoted metal edge of NiMoS.
Specifically, we consider a total of 35 compounds comprising
of basic and nonbasic aromatic organonitrogen compounds and
their alkyl substituted forms (e.g., pyridine, aniline, pyrrole,
indole, and dimethyl acridine), organosulfur compounds (thio-
phene, dibenzothiophene, etc.), hydrocarbons such as small
alkanes, olefins, and aromatics (benzene, naphthalene), and
small molecules such as hydrogen, ammonia, and hydrogen sul-
fide. We begin with a description of our computational meth-
ods. The results of these calculations are presented
subsequently. We further present: (1) calculated temperature-
dependent adsorption constants for a subset of these compounds
and compare these numbers with experimentally determined
inhibition constants, (2) adsorption of nitrogen-containing com-
pounds at high surface concentrations, and (3) coadsorption of
organonitrogen and organosulfur compounds. Using this large
dataset which is diverse in terms of molecules and coverages,
we discuss an emerging picture of inhibition by organonitrogen
compounds in terms of site blocking and adsorbate destabiliza-
tion and relate experimental trends in HDN, HDS, and inhibi-
tion by nitrogen-containing compounds to our results.

Computational Methods

The catalyst model was chosen on the basis of experimental
information on the bulk MoS, and catalyst particles. MoS, is a
layered transition metal dichalcogenide with each layer con-
sisting of a trilayer “S-Mo-S” sandwich with molybdenum
atoms occupying a trigonal prismatic position and coordinated
to six sulfur atoms. The layers are held to each other by weak
van der Waals forces and the number of layers in a catalyst
particle depends on the nature of the support, synthesis proto-
col and reaction conditions, and promoter concentration.
Transmission electron microscopy studies have shown that
NiMoS particles can be synthesized on alumina supports such
that they contain one or two layers of <:atalyst.35’46 Further,
catalyst particles expose two types of edges based on their ter-
mination. Ab initio studies have shown that the most preferred
nickel promoted edge morphology is a metal edge with com-
plete replacement of edge molybdenum atoms by nickel and
no further decoration by sulfur leading to a square planar
geometry around the nickel atoms>"*7; this edge has been pro-
posed to be the location of active sites in NiMoS.

An infinite “stripe” model consisting of a single layer of
four rows of six metal atoms, with nickel occupying the top
rows was used to represent the catalyst in our calculations; see
Figure 1. The axes of the model are marked in Figure 1 but
have been dropped in subsequent figures; the front view of the
model (top right) is along the z direction, side view (top left)
along the y axis, and the top view (bottom right) along the neg-
ative x axis. The system is periodically repeated in the y direc-
tion and sufficient vacuum (of greater than 10 A upon the
adsorption of the largest molecule studied herein—benzocar-
bazole) is used in the x and z directions resulting in a supercell
size of 27 A X 19.14 A X 22.5 A. The plane wave density
functional theory code VASP*®*? is used for all calculations.
A Monkhorst-Pack k-point set of 1 X 2 X 1 is used to sample
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Figure 1. NiMoS catalyst single layer stripe model peri-
odic along y axis.
Red: nickel, cyan: molybdenuym, and yellow: sulfur.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the Brillouin zone.”® Generalized gradient corrected PAW
potentials®' are used for all atoms and PW91°*>* is used as
the exchange correlation functional in non-vdW calculations
(referred to henceforth as GGA-PWO91). A Gaussian smearing
width of 0.05 eV is used for all calculations and the energies
are extrapolated to 0 K. A plane wave cutoff of 400 eV and a
density wave cutoff of 640 eV was used in all calculations.
The convergence criterion for geometric relaxation was 0.02
eV/A. All calculations were spin polarized, with dipole correc-
tions included, and all atoms were relaxed. The lattice constant
calculated using the PWO91 functional is 3.19 A which com-
pares well with the experimental value of 3.16 A.>* In some
cases, two adjacent slab models were also considered for com-
parison. In these cases, the MoS, interlayer (Mo-Mo) distance
was fixed at 6.3 A as calculated using PWO1; this is close to
the experimental value of 6.15 A>3 A vdW-DF-based
method, specifically optB86b-vdW,>**7 is used to account for
nonlocal van der Waal’s (vdW) corrections while all other
parameters are fixed as above. The lattice constant calculated
with this method is 3.17 A. Gas-phase calculations are carried
out at the same level of theory as the slab calculations, in a
cell that allows for at least 10 A of vacuum between atoms in
adjacent cells even for the largest molecule considered (corre-
sponding to a cell dimensions of 30 X 30.5 X 31 A). To rigor-
ously probe combinations of adsorption geometry and sites, a
number of adsorption structures were studied for each adsorb-
ate molecule. Specifically, we consider adsorption modes: (a)
with the plane containing the adsorbates being perpendicular
or parallel to the length of the edge (y axis), (b) such that the
adsorbate is in an upright, slanted, or flat geometry with
respect to the width of the edge (plane of the adsorbate perpen-
dicular, at an angle, or parallel to the y-z plane), and (c) with
adsorbate atoms atop nickel atoms, on the bridge between two
nickel atoms, or on the brim. We report only the most stable
structure and the respective energetics for each molecule.
The binding energy of a molecule is calculated as

BE= AEbinding =Emolecule +slab _Emolecule.gas —Ega (1

The entropies and enthalpies of adsorption at different tem-
peratures are obtained from vibrational frequency calculations
and statistical mechanical equations.58 The entropy of a mole-
cule, adsorbed or gaseous, can be written as the sum of contri-
butions from rotational, translational, and vibrational degrees
of freedom
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Table 1. Binding Energies of Molecules on NiMoS Using GGA-PW91 and optB86b-vdW Methods: Values in Parentheses are
for Adsorption in a Parallel Upright Configuration when Perpendicular Upright Configuration is the Most Stable

Binding Energy (eV)

Compound GGA-PWOI1 optB86b-vdW Literature
H, -0.22 —0.18 -0.21%°
H,S —0.80 -0.97 -0.82>°
NH; —1.17 -1.29 —-1.26%
C,Hg —0.11 —0.29
C,H, —0.73 —0.97
Benzene —0.28
Tolouene —0.34
Aniline -1.00 —1.47 —1.4%
Pyridine —1.17 (—1.05) —1.50 (—1.43) -1.3%
2-Methylpyridine —1.10 (—0.87)
Lutidine —0.76 (—0.26) —1.21 (—0.82)
Quinoline —1.10 (—0.81) —1.51 (—1.26) —1.13%
2,8 Dimethylquinolone —0.37
Acridine —0.79 (—0.44) —1.45 —0.82%
Dimethylacridine —0.41
Diethylacridine —0.45
Dipropylacridine —0.46
2-Methylacridine —0.82
3-Methylacridine —0.83
4-Methylacridine —0.37
9-Methylacridine —0.67
4-Ethylacridine —0.43
4-Propylacridine —0.46
Pyrrole —0.65 —1.11 -0.71%
2,5 Dimethylpyrrole —0.66
Indole —0.66 —-1.33 -0.81%
Carbazole —0.45 —-1.34 -0.57"
Dimethylcarbazole —0.51
Benzocarbazole —0.47
Thiophene —0.60 —1.06 —0.49*
Benzothiophene —0.69
Dibenzothiophene —0.79 —1.52
4-Methyldibenzothiophene —0.78
4,6-Dimethyldibenzothiophene —0.71 —1.52
Naphthalene —0.40

Stotal =Srot T Strans +Svib 2 where C, is the surface concentration at saturation on the

The vibrational entropy contribution can be calculated from
the frequency values, ¥;, as

# modes
Xi —x;
Siv=ks > (exi_l—ln(l—e ) 3)
;
= 4
N T )

The rotational and translational components of entropy for
gaseous species are calculated using the ideal gas assumption
and standard statistical mechanics equations. For a surface
intermediate, the smallest vibrational mode is assumed to be
translational along the edge and treated as a mobile adsorbate
with full one-dimensional (1-D) translational entropy; this
assumption represents the upper bound on the translational
entropy contribution. The lowest mode, therefore, is separated
before diagonalizing the Hessian matrix. The rotational modes
are assumed to be frustrated vibrational modes and are
calculated using Egs. 3 and 4. The 1-D translational entropy is
calculated (in a manner similar to three-dimensional and two-
dimensional entropy terms) as

()

S[rans,l—D =R (lOg _IOg (C0)+15) 5)
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edge. For this study, we assume saturation corresponds to one-
to-one ratio of adsorbate and nickel atoms; Cj is, therefore,
taken to be the reciprocal of the lattice constant.

The enthalpy of adsorption is calculated as

AH(T)=AE+ZPE+ }CP(T)dT 6)

where ZPE is the zero point energy correction calculated from
computed vibrational frequencies. Shomate equations were fit
to entropy values at different temperatures, from which the
heat capacity at constant pressure, Cp, is calculated. The
specific temperature dependent expressions are given in Sup-
porting Information.

Results

Table 1 contains the binding energies of all adsorbates on
NiMoS, considered in this study, calculated using GGA-PW91
and optB86b-vdW functionals, and lists comparisons with lit-
erature wherever available. All literature values do not account
for van der Waals corrections; the binding energies calculated
in this work at the GGA-PW91 level of theory match the liter-
ature within 0.2 eV in most cases except for aniline wherein
the difference is 0.4 eV likely owing to the differences in the
computational code used and the basis sets adopted, even
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Figure 2. Organonitrogen and organosulfur compounds in this study: (a) aniline, (b) pyridine, (c) pyrrole, (d) quino-
line, (e) indole, (f) acridine, (g) carbazole, (h) thiophene, (i) benzothiophene, (j) dibenzothiophene, (k)
4-methyldibenzothiophene, and (l) 4,6 dimethyldibenzothiophene.

AlKkyl substituted organonitrogen compounds are given in Supporting Information S2.

though the adsorption structures in both cases are similar. The
van der Waal’s corrected values for binding energies have
been calculated only for a subset of all compounds studied
herein in view of the higher computational cost. Specifically,
van der Waal’s corrected values were not calculated for alkyl
substituted organonitrogen and all aromatic compounds. The
Supporting Information S1 contains the Ni—N or Ni—C
atomic distance values between the nickel atom of the edge
and the atom through which the organonitrogen compounds
bind. The basic and nonbasic unsubstituted organonitrogen
compounds and all organosulfur compounds considered in this
study are presented in Figure 2; alkyl substituted organonitro-
gen compounds considered in this study are given in the Sup-
porting Information S2. The binding energies depend on a
variety of factors including molecular size, electron density,
steric hindrance, basicity, and substitution; the adsorption
characteristics of different classes of compounds are discussed
in detail below. We begin our analysis with binding energy
values calculated at the GGA-PW91 level of theory; unless
otherwise stated, the reported energetics are based on the
GGA-PW9I1 exchange-correlation functional.

Basic nitrogen compounds

Figure 3 shows the best adsorption structures for ammonia,
aniline, pyridine, quinoline, and acridine. We predict perpen-
dicular adsorption modes for heteroaromatic molecules with
the molecules being upright, or slightly tilted to increase
the distance between carbon or hydrogen atoms adjacent to
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nitrogen and the nickel edge. Aniline, on the other hand, is
slanted in accordance with the tetrahedral hybridization on the
nitrogen atom, which is also the case for the nitrogen atom in
ammonia. Adsorption is, in all cases, via the nitrogen atom
and the size of the molecule affects the binding energy; specif-
ically, the relative stability (energy difference) of perpendicu-
lar upright structures over parallel upright structures increases
as pyridine < quinoline < acridine, clearly indicating the steric
effect of aromatic rings in the latter two molecules. Further,
Ni—N atomic distance correlates with adsorption strength
across heteroaromatic and nonaromatic nitrogen-containing
compounds (see Supporting Information S1 for these
distances).

Effect of Alkyl Substitution. Table 1 contains the calcu-
lated binding energies for 2-methylpyridine, lutidine (2,6
dimethylpyridine), 2,8-dimethylquinoline, 2-,3-,4-,9-methyla-
cridines, 4-ethylacridine, 4-propylacridine, and di-methyl/
ethyl/propylacridines (molecular structures of these molecules
and the preferred adsorption structures are given in Supporting
Information S2). For substituted pyridine, monosubstitution
does not lead to any destabilization in the perpendicular
adsorption mode while dimethyl substitution (lutidine) leads
to a significant destabilization of about 0.3 eV (see structure in
Figure 4) due to steric hindrance by the substituents.

The location of the monomethyl substitution can play a sig-
nificant role in acridine. While methyl substitution at the posi-
tion closest to nitrogen (4-methyl acridine) results in
significant destabilization (0.3 eV, see structure in Figure 4)

DOI 10.1002/aic 4039
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Figure 3. Most stable GGA-PW91 adsorption structure for ammonia, aniline, pyridine, quinoline, and acridine.

Red: nickel, yellow: sulfur, cyan: molybdenum, black: hydrogen, gray: carbon, and blue: nitrogen. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

because of steric hindrance, the other positions do not affect
adsorption appreciably. Further, the effect of increasing the
size of the alkyl group is also minimal as 4-ethyl and 4-propyl
acridines have the same binding energy values as 4-
methylacridine. Upon adding a second alkyl group, to obtain
dimethyl, diethyl, or dipropyl acridine, the binding energy
does not change appreciably relative to 4-methyl acridine
(dimethyl acridine shown in Figure 4). The adsorption struc-
ture of hindered acridines is similar—they bind via the aro-
matic ring rather than the nitrogen atom. Dimethyl quinoline
too prefers to adsorb in a flat configuration via its aromatic
rings (see figure in Supporting Information S2).

Effect of Including a Second Slab in the Calculations. As
noted earlier, stacking of NiMoS slabs can occur in real
catalysts and, therefore, the effect of a second slab may be

Dimethyl
acridine

Lutidine

significant. Furthermore, pyridine, quinoline, and acridine
tend to adsorb perpendicular to the slab in a single slab calcu-
lation. To test the effect of additional layers, calculations with
a two-layer catalyst model were carried out and are presented
in Supporting Information S3. The binding energies are
slightly lower due to repulsive electronic interactions with the
second slab but are within 0.15 eV even for acridine; the most
stable adsorption structure remains upright and perpendicular
when using the GGA-PWO1 functional.

Nonbasic nitrogen-containing compounds

Table 1 reports binding energy values of nonbasic nitrogen
molecules such as pyrrole, indole, and carbazole. We note
that: (a) their binding energies are significantly lower than
those for basic nitrogen compounds containing the same

4-methyl
acridine

Figure 4. Most stable GGA-PW91 adsorption structure of dimethyl acridine (left), lutidine (middle), and 4-methyl

acridine (right).

Red: nickel, yellow: sulfur, cyan: molybdenum, black: hydrogen, gray: carbon, and blue: nitrogen. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Most stable GGA-PW91 adsorption structure of pyrrole, indole, and carbazole on NiMoS.

Red: nickel, yellow: sulfur, cyan: molybdenum, black: hydrogen, gray: carbon, and blue: nitrogen. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

number of rings (pyridine, quinoline, and acridine, respec-
tively), (b) the adsorption is through aromatic carbon atoms
(Figure 5), and (c) the molecules adsorb flat in either a parallel
(indole) or perpendicular (carbazole) configuration as seen in
Figure 5. For pyrrole and indole, the adsorption is through the
carbon atoms on the heteroaromatic ring closest to the nitro-
gen atom, while for carbazole, because heteroaromatic carbon
atoms are unavailable, the adsorption is through the carbon
atoms on the outer aromatic rings.

Effect of Alkyl Substitution. The effect of alkyl substitu-
tion was probed by considering dimethylpyrrole and dimethyl-
carbazole (adsorption structures shown in Supporting
Information S2); while the binding energy of dimethylpyrrole
is similar to that of pyrrole, the binding of dimethylcarbazole
is slightly stronger than carbazole (by about 0.05 eV), even
though the difference is within the typical error of DFT calcu-
lations. However, it should be noted that methyl groups
increase electron density on the neighboring or the para carbon
of the atom having the methyl substitution thereby potentially
leading to additional stabilization as observed in our calcula-
tions. The adsorption configuration of dimethyl substituted
carbazole (not shown) is similar to that of dimethyl acridine,
that is flat and at an angle to the edge. Therefore, it is expected
that the length of the alkyl chain and the number of substitu-
tions will not significantly alter binding energies of substituted
carbazoles as well.

Hydrocarbons

Aromatics. Table 1 reports the GGA-PW91 binding ener-
gies of benzene, toluene, and naphthalene. The binding ener-
gies are small (—0.3 to —0.4 eV) and there is a small effect of
methyl substitution in toluene vis-a-vis benzene (0.05 eV).
The adsorption structures are given in Supporting Information
S8.

Linear. Ethane and ethylene GGA-PW91 binding energies
were calculated, as reported in Table 1. Ethane adsorbs very
weakly; ethylene, on the other hand, adsorbs relatively
strongly (—0.7 eV). The preferred adsorption structures are
given in Supporting Information S8.

Sulfur-containing compounds

Hydrogen Sulfide. Hydrogen sulfide adsorbs as strong as
nonbasic compounds with a binding energy of —0.80 eV. The
sulfur atom, possessing two lone pairs, directly binds to the
nickel atom. The most stable adsorption structure is given in
Supporting Information S8.
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Thiophene Family of Molecules. Table 1 reports the
GGA-PW9I1 adsorption of thiophene, benzothiophene, diben-
zothiophene, 4-methyldibenzothiophene, and 4,6 dimethyldi-
benzothiophene. We observe that binding energies increase
marginally with increasing molecular size, however, there is a
mild steric hindrance for the 4,6 dimethyl dibenzothiophene.
Figure 6 shows the adsorption structure of thiophene, dibenzo-
thiopehene, 4-methyl dibenzothiophene, and 4,6 dimethyl
dibenzothiophene; the most stable adsorption structure is per-
pendicular to the edge and slanted (30°-60°) toward it.

Adsorption at higher surface concentrations

In this section, we consider adsorption trends at higher sur-
face concentration of molecules. Specifically, we consider the

Thiophene Dibenzothiophene
8 . o) .
4-methyl 4, 6-dimethyl
dibenzothiophene dibenzothiophene

Figure 6. Most stable adsorption structure (GGA-PW91)
of heteroaromatic organosulfur compounds.

Red: nickel, yellow: sulfur, cyan: molybdenum, black:
hydrogen, gray: carbon, and blue: nitrogen. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table 2. Differential GGA-PW91 Binding Energy (and Net
Deviations) of Nitrogen-Containing Compounds and Thio-
phene for Different Values of n—the Number of Molecules
of that Compound in the Supercell: The Values for n =1

(Reproduced from Table 1) are Given here for Convenience

(AE), |BEyeinl (€V)

Compound n=1 n=>2 n=3 n=4
NH; —-1.17 —-0.85[0.31] —0.67[0.5] —0.55 [0.62]
Pyridine —1.17  —=0.96 [0.2] —0.67 [0.48] —0.44 [0.71]
Aniline —1.00 —0.75[0.25]

Quinoline —1.10 —0.71 [0.39]

Lutidine —0.76  —0.46 [0.3]

Thiophene —0.60 —0.42[0.18] —0.21 [0.39]

trend in the binding energy of nitrogen-containing compounds
and thiophene as a function of surface concentration (meas-
ured herein as the number of molecules per edge Ni atom). It
is important to note the distinction between surface coverage
and concentration; while concentration is the number of mole-
cules per Ni atom, the coverage is the fraction of area of the
active sites occupied by the adsorbate molecules. For example,
a flat and parallel adsorption of acridine occupies more than
50% of the edge leading to an effective coverage of 0.5 but
having a surface concentration of 0.16 molecules per Ni atom.
The effect of higher concentration is measured in terms of dif-
ferential binding energy (AE), of an adsorbate species upon
the adsorption of an additional molecule of organonitrogen or
organosulfur compound on an edge already bearing n — 1 of
those molecules. Mathematically, it is defined as

(AE)n:En mol_Emolecule7gas_En71mol (7)

where E;,o is the total energy the supercell with i identical
molecules adsorbed (and Ej 1 is the total energy of the
clean edge). Further, the net deviation in binding energy from
the case n =1, BE,,; ,, can be calculated as

BEnel,n:(AE)n_AEl mol (8)

Table 2 lists the differential binding energies and net devia-
tion in square brackets of some nitrogen-containing com-
pounds and thiophene for different values of n. Given the
computational demands of calculating the binding energies at
higher surface concentrations in all cases, we performed calcu-
lations for n =3 and n =4 only for ammonia and pyridine.
The adsorbates are significantly destabilized at high concentra-
tions. This destabilization can substantially reduce the adsorp-
tion constants of molecules at conditions where high surface
concentrations become relevant. We note from Table 2 that

|

quinoline has the highest level of destabilization of about 0.4
eV (the net deviation in binding energy value) upon the addi-
tion of a second molecule (n =2). Figure 7 shows pyridine
adsorption at various values of n as a representative example
of adsorption at higher concentrations; in general, adsorbates
tend to maximize the distance between each other, when
coadsorbed.

Destabilization of thiophene adsorption in the presence
of nitrogen-containing compounds

Adsorption of thiophene is affected by the presence of pre-
adsorbed nitrogen-containing compounds. The destabilization
energy of thiophene adsorption as a function of n additional
molecules of a nitrogen-containing compound is defined as

D Thiophene = AEThiophene+n N-compound (9)

—AE n N-compound ~ AEThiophene

where AEthiophene+n N-compound 18 the net binding energy of
thiophene and n molecules of a N-containing compound,
AE, N-compound 18 the binding energy of just the n molecules of
that N-containing compound, and AEthjophene 1S the binding
energy of thiophene in the absence of coadsorbed molecules
of the N-containing compound.

Table 3 shows GGA-PWI1 values for thiophene destabili-
zation induced by the presence of different nitrogen-
containing compounds. Figure 8 shows adsorption of thio-
phene at different pyridine concentrations as a representative
example of thiophene adsorption in the presence of nitrogen-
containing compounds. The coadsorbed molecules tend to
maximize the distance between each other, however, the
adsorption structures of individual compounds in the coad-
sorbed states are not significantly different from that of their
most stable individually adsorbed states. Supporting Informa-
tion S9 contains figures showing coadsorption of thiophene
and organonitrogen compounds.

Effect of van der Waal’s interactions

Basic Organonitrogen Compounds. Table 1 includes the
van der Waals corrected binding energies for basic nitrogen
compounds. For small compounds (aniline, pyridine, and luti-
dine), the additional stabilization gained because of vdW
effects is of the order of 0.5 eV; a stabilization of 0.1 eV was
observed for ammonia. For these compounds, the adsorption
structures are similar to those shown in Figure 3, which were
obtained by using the GGA-PWO1 functional for the energy
minimization. For acridine, on the other hand, the net stabili-
zation due to the inclusion of vdW interactions is 0.7 eV and
the most stable structure in this case is a flat and parallel
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Figure 7. Most stable adsorption structure (GGA-PW91) of two (left), three (middle), and four (right) pyridine mole-

cules on NiMoS.

Red: nickel, yellow: sulfur, cyan: molybdenum, black: hydrogen, gray: carbon, and blue: nitrogen. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Table 3. Thiophene Destabilization at Different Concentrations

of Preadsorbed Nitrogen-Containing Compounds Calculated at

the GGA-PWY1 Level of Theory: n Represents the Number of
Preadsorbed N-Containing Molecules

DThiophene (CV)

Compound

n— 1 2 3 4
Ammonia 0.2 0.37 0.53

Pyridine 0.19 0.46 0.62 1.11
Aniline 0.22 0.33

Quinoline 0.27 0.40

Lutidine 0.23 0.35

Indole 0.25

Acridine 0.24

Carbazole 0.21

adsorption mode as shown in Figure 9 (right), in contrast to
the upright and perpendicular structure obtained using GGA-
PWO1 (Figure 9 left and Figure 3).

The GGA-PWO91 binding energy of the adsorption mode
shown in Figure 9 (right) is about 0.4 eV less than the acridine
adsorption structure shown in Figure 9 (left), because the bind-
ing in the former is via the aromatic ring rather than the nitro-
gen atom.

Evidently, there is a tradeoff between a “flat-parallel”
adsorption mode (Figure 9 right) and “upright-perpendicular”
mode (Figure 9 left)—the former allows for more interaction
of the atoms in the molecule with the catalyst edge thereby
increasing vdW stabilization, while the latter allows for better
nickel-nitrogen coordination. The most stable adsorption
structure is, therefore, size dependent; as vdW stabilization
increases with the number of nonhydrogen atoms, for mole-
cules as large as acridine and larger, vdW effects outweigh
electronic factors. vdW-corrected values for acridine and quin-
oline based on other methods (optPBE, optB88, and DFT-D2)
are given in Supporting Information S4; while the absolute
values of the binding energies are different, the relative trends
are preserved.

Nonbasic Organonitrogen Compounds. Table 1 has the
vdW corrected binding energy values of nonbasic organonitro-
gen compounds. The effect of vdW stabilization is signifi-
cantly higher for nonbasic compounds, primarily because of
the flat adsorption structure and, therefore, a greater level of
interaction of carbon/nitrogen atoms with the edge. The addi-
tional stabilization increases from 0.5 eV for pyrrole to almost
1 eV in the case of carbazole. While the structure for pyrrole
and indole are similar to that obtained without vdW correc-
tions, carbazole prefers to adsorb in a parallel configuration
instead of a perpendicular one with respect to the edge (Figure
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Figure 9. Most stable adsorption structure of acridine

at GGA-PW91 (left) and van der Waals cor-
rected optB86b (right) levels of theory.
Red: nickel, yellow: sulfur, cyan: molybdenum, black:
hydrogen, gray: carbon, and blue: nitrogen. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

10 right), much like the case of acridine, thereby increasing its
interaction with the edge.

Sulfur-Containing Compounds. The effect of vdW inter-
actions (vdW-corrected values are in Table 1) is significant for
thiophenic compounds; an additional stabilization of about 0.2
eV is seen for hydrogen sulfide, while thiophene, dibenzothio-
phene, and 4,6 dimethyl dibenzothiophene are stabilized by
0.5, 0.7, and 0.8 eV, respectively. The preferred adsorption
geometries, interestingly, are not significantly altered in these
cases relative to those shown in Figure 6, which were calcu-
lated with GGA-PWO1.

Hydrocarbons. Ethane is primarily stabilized by vdW
interactions (see Table 1) indicating that the molecule is physi-
sorbed; for ethylene, the vdW contributions to the overall
binding energy (—0.97 eV at the optB86b-vdW level of
theory) is ~0.2 eV. Dispersion corrected calculations were not
carried out for the aromatics; however, based on the observa-
tions for sulfur- and nitrogen-containing compounds, we can
expect stabilizations of 0.5-0.6 eV for benzene and toluene
and close to 1 eV for naphthalene.

We also did not explicitly study the effect of vdW correc-
tions for alkyl substituted acridines, dimethyl pyrrole,
dimethyl carbazole, and benzocarbazole. For these com-
pounds, the effect of dispersion interactions is expected to be
similar to that of their parent compounds (viz. acridine, pyr-
role, and carbazole, respectively). Further, given the computa-
tional demands of such a study, we did not study the vdW-
corrected differential binding energy values of organonitrogen
compounds at varying surface concentrations. We, however,
expect two competing factors in this case: (a) destabilization
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Figure 8. Most stable adsorption structure (GGA-PW91) of thiophene in the presence of one (left), two (center),

and three (right) molecules of pyridine on NiMoS.

Red: nickel, yellow: sulfur, cyan: molybdenum, black: hydrogen, gray: carbon, and blue: nitrogen. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal December 2015 Vol. 61, No. 12

Published on behalf of the AIChE

DOI 10.1002/aic 4043


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

SRR i

Figure 10. Most stable adsorption structure of carba-
zole on NiMoS: GGA-PW91 (left) and van
der Waals corrected optB86b-vdW (right).
Red: nickel, yellow: sulfur, cyan: molybdenum, black:
hydrogen, gray: carbon, and blue: nitrogen. [Color fig-
ure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

as observed for GGA-PW91 calculations, and (b) adsorbate-
adsorbate attractive dispersion interactions. The net effect of
these factors is expected to lead to a more gradual decrease in
differential binding energies of adsorbate at higher surface
concentrations compared to using only semilocal functionals
(such as GGA-PWO1).

Coadsorbed Thiophene and Organonitrogen Compounds.
Destabilization in thiophene adsorption due to the presence of
preadsorbed organonitrogen compounds was calculated taking
into account vdW interactions. Table 4 contains the vdW-
corrected destabilization energies (Dhiophene) fOr the case of
one nitrogen-containing molecule preadsorbed in the super-
cell. Drpiophene increases with the size of the preadsorbed
nitrogen-containing molecule, from 0.2 eV for ammonia to
about 0.5 eV for acridine and carbazole. Further, the adsorp-
tion structure of thiophene remains the same as that obtained
at the GGA-PWO1 level of theory (and hence similar to those

Sande

Figure 11. Most stable adsorption structure of thio-

phene in the presence of one preadsorbed
molecule of acridine (vdW corrections
included).
Red: nickel, yellow: sulfur, cyan: molybdenum, black:
hydrogen, gray: carbon, and blue: nitrogen. [Color fig-
ure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Table 4. Destabilization Energy of Thiophene Adsorption
due to the Preadsorption of One Nitrogen-Containing Mole-
cule in the Supercell at optB86b-vdW Level of Theory

Compound Drrhiophene (€V)
Ammonia 0.22
Pyridine 0.22
Aniline 0.26
Lutidine 0.40
Indole 0.42
Quinoline 0.39
Acridine 0.53
Carbazole 0.47

obtained at optB86b-vdW on a clean edge); for nitrogen-
containing compounds, the adsorption structures are similar to
that obtained for individual adsorption at the optB86b-vdW
level of theory except for acridine which in the presence of thi-
ophene prefers to adsorb in a perpendicular and upright config-
uration (Figure 11); this structure is also the most stable for
coadsorption evaluated at GGA-PWI1 level of theory.

Inhibition constants: Experiments vs. theory

Several studies have reported parameters for inhibition of
HDS on NiMoS, due to adsorption of organonitrogen com-
pounds. Specifically, La Vopa and Satterfield®® studied the
inhibition effects of several nitrogen-containing compounds
on the HDS of thiophene on NiMoS at 633 K and 70 atm.
They found that: (a) the rate of HDS of thiophene is first order
with respect to thiophene, (b) inhibition of HDS by these
nitrogen-containing compounds can approximately be mod-
eled using Langmuir—Hinshelwood models, and (c) the nitro-
gen compounds are relatively unreactive as compared to
thiophene. Similar studies have been reported by Nagai
et al.,40 Beltramone et al.,60 and Prins and Egorova.42

Table 5 lists the experimental inhibition constants reported
by La Vopa and Satterfield®® and Nagai et al.** The order of
magnitude of these numbers are close to each other although
Nagai et al. reports values for inhibition of hydrogenation of
dibenzothiophene; the value reported by Egorova and Prins*?
for inhibition of dibenzothiophene HDS by 2-methyl pyridine
(0.53 kPa~ ') and that estimated by Raghuveer et al.®! through
kinetic modeling of pyridine HDN (61 atm ') is also consist-
ent with pyridine values shown in Table 5 (noting that single
methyl substitution does not lead to steric hindrance in pyri-
dine based on our calculations). However, these values are
two orders of magnitude smaller than that reported by Beltra-
mone et al.éo; the origin of these differences is unclear. How-
ever, because three of the four independent works are
mutually consistent, we take the data in Table 5 for compari-
son. The adsorption equilibrium constants, based on the GGA-
PWI1 and vdW-corrected calculated binding energies, are
also given in Table 5 for 633 K. The Supporting Information
includes the enthalpy and entropy of adsorption values for
these molecules and a discussion of the method used to calcu-
late them (Supporting Information S5 and S6).

The equilibrium adsorption constants obtained at the GGA-
PWO1 level of theory significantly underpredict experimental
inhibition constants for most molecules except for ammonia.
The inclusion of vdW interactions reduces this experiment/
theory discrepancy considerably; this, however, leads to over-
prediction of the equilibrium adsorption constant for ammonia
and pyridine and underprediction for larger molecules. For
aniline, quinoline, and carbazole, though A(AG) is positive

December 2015 Vol. 61, No. 12 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Table 5. Experimental Values for Inhibition Constants (atm™Y), Calculated GGA-PW91 and vdW-Corrected (optB86b) Equi-
librium Constants (atm™'), and the Difference A(AG) between the vdW-Corrected Calculated Values and the Experimental
Values Reported by La Vopa et al.** or Nagai et al.* (for Acridine) on a Free Energy Basis: Negative Values in A(AG) Imply

Overpredictions
Experimental Data
Compound La Vopa®’ Nagai*® GGA-PW91 optB86b-vdW A(AG)* (eV)
Ammonia 4.86 30.73 295.96 —0.22
Aniline 9.52 19 176 X 1072 0.15 0.23
Pyridine 43.6 107 0.18 101.19 —0.05
Lutidine 11.1 1.13 X 1073 0.05 0.30
Quinoline 99.3 131 220 X 1073 7.4 X 1073 0.43
Carbazole 51.6 465 % 10710 0.18 0.44
Acridine 200 332X 1077 0.13 0.40

“Comparison is always between optB86b-vdW and experimental data by La Vopa et al. except for acridine where the comparison is with Nagai et al.

(underprediction), the discrepancy can be partially accounted
for by the errors (~ 20-30 J/mol K overprediction) in calcu-
lated gas-phase entropy compared with experimental data (see
Supporting Information S5 for details). For acridine, our com-
parison is with the data from Nagai et al.*%; it should be re-
emphasized that the experimentally reported values are for
inhibition of the hydrogenation step of dibenzothiophene (not
HDS per se) and are consistently higher than that reported by
La Vopa and Sattefield.®

Discussion
Factors governing adsorption

The binding energy of compounds relevant in hydrotreating
processes depends on a number of factors including molecular
size, basicity, resonance stabilization, electron density, and
steric hindrance by substituents. Basic nitrogen-containing
compounds and, in general, those containing high electron
density (including olefins) adsorb more strongly on NiMoS
than nonbasic nitrogen containing compounds, alkanes, and
aromatic compounds wherein the electron density is lower or
delocalized. Further, preferred adsorbed structures involve the
interaction of a center of electron density—an atom containing
a lone pair, a m or an aromatic bond, and so forth—directly
with nickel atoms. The square planar geometry of the nickel
edge allows for direct adsorption. The brim of the catalyst
does not offer the most stable adsorption sites on NiMoS, in
contrast to scanning tunneling microscopy (STM) and DFT
studies on the adsorption of organonitrogen and organosulfur
compounds on unpromoted and Co-promoted edgeszs’(’z_64
that show adsorption to be favored on the brim sites of
CoMoS.

A Bader charge analysis (details in Supporting Information
S11) showed that there is electronic charge transfer from the
adsorbates to the nickel atoms on the edge. In particular, the
charge density difference plots for upright-perpendicular
adsorption of pyridine and lutidine are given in Supporting
Information S12. The binding of these nitrogen-containing
compounds on NiMoS, therefore, is akin to Lewis acid-base
complexation. To further test this hypothesis, we evaluated the
gas-phase  GGA-PWO91 complexation energy of several
nitrogen-containing compounds with aluminum chloride
(AICl3) monomer—a representative Lewis acid—and compared
these values with the corresponding GGA-PW91 binding
energy values on NiMoS (Figure 12). The definition and values
of complexation energy and comparison of
GGA-PWOI with higher level gas-phase quantum mechanical
theory calculations are given in Supporting Information S10.
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The binding energy values of basic and nonbasic organonitro-
gen compounds follow disparate but linear trends with the com-
plexation energy; the slope for the basic compounds (green
solid circles in Figure 12) is 1.0 while that for nonbasic (blue
squares in Figure 12) is 0.6 and the respective mean absolute
errors are 0.09 and 0.04 eV. The structures used for complexa-
tion energy calculations mimic that of adsorption on the NiMoS
edge in that the complexation with aluminum chloride is via the
nitrogen or carbon atom as the case may be for adsorption on
NiMoS. The relative order of stability of different adsorbate ori-
entations on the NiMoS edge were further found to be pre-
served for the complexation with aluminum chloride. The plot
in Figure 12 includes basic compounds that prefer to bind via
the aromatic ring (dimethyl acridine and dimethyl quinoline);
these points lie very close to the nonbasic trend line (open
circles in Figure 12). Interestingly, the binding energy values
corresponding to their upright-perpendicular adsorption through
nitrogen follow the trend of other basic compounds.

Effect of alkyl substitution

The presence of methyl groups on basic nitrogen com-
pounds can affect the binding energy on NiMoS relative to the

Complexation energy with AICl; (eV)
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Figure 12. Binding energy of nitrogen-containing com-
pounds on NiMoS vs. complexation energy
with AICI; (g).

Green circles and blue squares correspond to basic
and nonbasic compounds, respectively; filled and open
circles correspond to binding via the nitrogen atom
and aromatic ring, respectively. The binding and com-
plexation energy data are given in Supporting Informa-
tion S10. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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unsubstituted compound. Monomethyl substitution at a posi-
tion closest to nitrogen does not affect the adsorption of small
molecules such as 2-methyl pyridine which tilts slightly per-
pendicular to the edge to accommodate the methyl group; for
larger molecules such as acridine, the presence of even a sin-
gle methyl substitution at a position closest to nitrogen (4-
methyl) changes the adsorption mode to a flat adsorption struc-
ture interacting through the aromatic ring (such as in the case
of 4-methyl acridine). In general, methyl substitutions that do
not sterically hinder the adsorption through the nitrogen atom
in a basic compound do not affect the binding energy or struc-
ture. Dialkyl substitutions at the closest possible positions to
the nitrogen atom of the molecule significantly affect adsorp-
tion irrespective of the size of the alkyl chain (e.g., lutidine
and dialkyl acridine with respect to pyridine and acridine,
respectively). While the Ni—N bond distance in lutidine
increases relative to pyridine, and the perpendicular adsorption
mode is still the most stable, dimethyl quinoline and dimethyl
acridine prefer to adsorb flat and parallel similar to nonbasic
compounds in contrast to quinoline and acridine. For nonbasic
heteroaromatic compounds such as carbazole and aromatics
such as benzene, on the other hand, methyl substitution leads
to slight increase in binding strength. In general, therefore,
alkyl substitution can lead to significant steric hindrance if the
preferred adsorption is through the nitrogen atom; the effect of
substitution is negligible or mildly beneficial for flat adsorp-
tion mode through the aromatic ring.

Effect of dispersion corrections

The vdW dispersion interactions are significant for large
nitrogen-containing compounds such as acridine and carbazole
which experience a net stabilization of ~1 eV. For both com-
pounds, the most stable adsorption structure with optB86b-
vdW is the flat-parallel mode, rather than the perpendicular
configuration (upright for acridine and flat for carbazole) iden-
tified using the GGA-PWO1 functional. For larger molecules,
such as benzoacridine and benzocarbazole, which are also
present in crude fractions, the vdW interactions will dominate
over electronic interactions and the flat-parallel adsorption
mode will likely be the most stable. vdW interactions are also
significant for organosulfur compounds; however, per our cal-
culations, they do not alter the binding modes significantly. A
flat-parallel adsorption structure for 4,6 dimethyldibenzothio-
phene is only 0.05 eV less favorable than the most stable struc-
ture (shown in Figure 6) and can be considered iso-energetic
to within the accuracy of DFT. Parallel and flat (or slanted)
adsorption modes typically have a higher vibrational entropy
than upright-perpendicular structures per our calculations;
consequently, the entropy change due to adsorption for paral-
lel and flat adsorption modes is lower than upright-
perpendicular modes by about 5 J/mol K. For 4,6-dimethyldi-
benzothiophene, this difference could stabilize the flat and par-
allel structure vis-a-vis the perpendicular structure.

Inhibition effect of nitrogen-containing compounds

Upon the inclusion of vdW corrections in our calculations,
we note that both basic and nonbasic compounds adsorb more
strongly than thiophene and that larger nitrogen compounds can
compete with substituted dibenzothiophenes. This is particu-
larly significant for nonbasic compounds such as carbazole and
indole which would not be considered likely inhibitors of
dibenzothiophene HDS based on simple GGA-PW91 calcula-
tions. As discussed earlier in Introduction, several experimental
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studies have shown that HDS is affected by basic and nonbasic
organonitrogen compounds, however, the mode of inhibition is
still unclear. Adsorption constants calculated in this study tend
to overpredict experimental inhibition constant values for small
molecules while underpredicting those constants for larger mol-
ecules. The inhibition constants obtained from La Vopa and
Satterfield®” represent apparent adsorption constants (K, and
are, in general, different from the intrinsic adsorption constants
(Kino) that are calculated here using DFT. Equation 10 describes
the relationship between K, and Ky, at high coverage, assum-
ing that the transition state of the HDS rate-determining step is
destabilized to the same extent as thiophene adsorption. The
detailed derivation is given in Supporting Information S7

DThiophene

Kime( KT ):Kapp (10

The intrinsic adsorption constant and the destabilization
energy are both functions of n, the number of adsorbed mole-
cules on the edge. As n increases, Kj,, tends to decrease while
Drhiophene increases. We can write Ky, as a function of n as

*AEnel.n)

Kini=Kin (1) =i (1) 5 (an
assuming that the entropy change of adsorption is constant.
Ki(1) is the optB86b-vdW adsorption constant reported in
Table 5. The difference between intrinsic and apparent adsorp-
tion constants, therefore, depends on  Drhjophene,s — AEnet,n. For
n =1, AE e, is zero by definition, and the difference between
intrinsic and apparent adsorption constants is determined by
the destabilization energy reported in Tables 2 and 3. For
larger compounds, such as carbazole and acridine, the destabi-
lization energy corrects for the difference values A(AG)
reported in Table 5 (considering the optB86b-vdW value). For
ammonia, on the other hand, we note that the gap between the
intrinsic and apparent adsorption constants reduces for n>2
using the values in Table 3 and assuming negligible differen-
ces in the value of Dpjgphene 1n the presence of ammonia cal-
culated using optB86b-vdW and GGA-PWO91. Although
approximate, this analysis suggests that large organonitrogen
compounds inhibit HDS even at low surface concentration
(n=1) through destabilization while small molecules such as
ammonia tend to adsorb at high concentrations (n > 2). Never-
theless, in all cases, the inhibition is due to (1) blocking of
potential HDS sites, and (2) destabilization of HDS intermedi-
ates and HDS relevant transition states by nitrogen-containing
adsorbates.

Inhibition by hydrocarbons

The products of HDS and HDN are hydrocarbons compris-
ing of substituted aromatics, naphthenics, alkanes, and ole-
fins. Our calculations suggest that aromatics and olefins have
a significant binding energy owing to their electron density.
Further, based on our analysis of the organonitrogen and
organosulfur compounds, we can expect a significant stabili-
zation of aromatics by vdW interactions. Alkanes, on the
other hand, interact only via vdW interactions. The nature of
the reactant molecule and the level of hydrogenation will,
therefore, determine the level of inhibition by products of
HDS.

Comparison with experiments

The adsorption structure potentially affects the reactivity
and the dominant reaction pathways of heteroatom removal
processes—HDS of organosulfur and HDN of organonitrogen
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compounds. We can, therefore, relate dominant pathways with
adsorption structure and compare this with our predictions.
For example, it is known that dibenzothiophene undergoes
direct desulfurization predominantly wherein the sulfur atom
is directly removed leading to biphenyl as the major product.
In contrast, 4,6-dimethyl dibenzothiophene prefers the hydro-
genation pathway involving the hydrogenation of one of its
aromatic rings leading to substituted cyclohexyl benzene as
the major product.®” This has been rationalized in terms of the
adsorption structures of the reactants and steric hindrance of
4,6-dimethyl dibenzothiophene. Our discussion earlier is con-
sistent with this argument—dibenzothiophene adsorbs via the
sulfur atom while 4,6-dimethyl dibenzothiophene can adsorb
through its aromatic rings in a flat and parallel configuration.
Further, organonitrogen compounds inhibit the hydrogenation
pathway in HDS of dibenzothiophenes signiﬁcantly.35’42’65
This can be rationalized, again, on the basis of the calculated
adsorption structure. The hydrogenation pathway requires the
flat-parallel adsorption structure which is likely destabilized to
a greater extent by the presence of these organonitrogen com-
pounds, some of which themselves tend to adsorb in a flat-
parallel adsorption structure. As a result, the hydrogenation
pathway is significantly inhibited.

Similar observations and comparisons can be made for
HDN of organonitrogen compounds. HDN of pyridine, quino-
line, and acridine involves the hydrogenation of the heteroar-
omatic ring.“’67 For pyridine and quinoline, this is in line
with the upright adsorption structure; for acridine, however,
the parallel and flat adsorption structure identified upon
including vdW corrections is inconsistent with that observa-
tion because, at 633 K, the adsorption free energy of the flat-
parallel structure was calculated to be more stable than the
upright-perpendicular one by 0.2 eV. There are two explana-
tions for this discrepancy. First, although the adsorption con-
stant is lower for the perpendicular upright structure, the
activation of the heteroaromatic ring could be easier than that
of the aromatic ring. Second, under these conditions, concen-
tration of adsorbed acridine could be higher than that consid-
ered in this work, that is, n>1 wherein the adsorption
configuration could be significantly different from the flat and
parallel configuration obtained upon including vdW interac-
tions. HDN of indole has been shown to follow the hydrogen-
ation route wherein both rings are hydrogenated first prior to
C—N bond scission.®® This is consistent with our result that
indole adsorbs flat and parallel allowing for hydrogenation of
its rings.

The effect of alkyl substitution can also be inferred from
experimental studies and compared with our results. For sub-
stituted quinoline, it was shown that methyl groups on the
heteroaromatic ring reduce HDN activity on NiMoS.%’ This is
consistent with our observations that methyl groups sterically
hinder adsorption via the nitrogen atom. Conversely, methyl
substitutions on closest available carbon atoms of indole (2-
and 7-methyl indole), do not affect HDN conversion on
NiMoS.” This is also consistent with a flat and parallel
adsorption structure which shows minimal steric hindrance.
Further, the inclusion methyl substituents in the benzene ring
of indole increases hydrogenation rates, in line with our
results that methyl groups have a slight beneficial effect on
binding as observed for substitutions in carbazole and ben-
zene. La Vopa and Satterfield®® show that lutidine inhibits
HDS to a lesser extent than pyridine, consistent with our cal-
culations of binding energy and adsorption constants.
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Future scope of study

Our analysis of adsorption of nitrogen-containing com-
pounds can predict and account for several experimental
trends as discussed above; however, this work does not take
into consideration several factors that could play a significant
role in HDS and HDN. These are discussed below for detailed
consideration in the future.

First, we did not consider the adsorption of and destabiliza-
tion by HDN intermediates on NiMoS. Although La Vopa and
Satterfield® report that while HDN conversion was negligible
under their conditions, some of the organonitrogen compounds
such as quinoline equilibrated with their hydrogenated coun-
terparts. Further, under realistic conditions with realistic feed-
stocks containing larger organosulfur compounds, there is
significant HDN resulting in an appreciable amount of ammo-
nia in the effluent streams of hydrotreaters.71 As a preliminary
test, we show in Supporting Information S13 how simple inter-
mediates, specifically monohydrogenated forms of some of
the molecules studied so far—ammonia, pyrrole, and pyri-
dine—adsorb on NiMoS. We find that ammonium (NH,) pre-
fers to adsorb on the brim sulfur atoms of NiMoS as opposed
to directly on the Ni atoms; however, the hydrogenation of
adsorbed ammonia by stoichiometric amounts of H, (gas)
to form ammonium is endothermic by about 0.1 eV at GGA-
PWOI1 level of theory. For monohydrogenated pyrrole inter-
mediates (two likely intermediates were studied: 2- and
3-hydropyrrole), the hydrogenation of adsorbed pyrrole by H,
(gas) is exothermic (~ —0.2 eV for 3-hydropyrrole) or mildly
endothermic (less than 0.05 eV) at GGA-PW91 for
2-hydropyrrole and the adsorption is flat on the edge atop two
adjacent nickel atoms in both cases. For hydrogenated
pyridine, N-hydrogenation (1-hydropyridine) and C-2-
hydrogenation (2-hydropyridine) were considered; hydrogena-
tion was endothermic (>0.3 eV at GGA-PW91) in both cases
and the adsorption was also flat and atop two adjacent nickel
atoms in contrast to adsorption of pyridine which prefers an
upright and perpendicular configuration.

Second, alternative sites need to be further explored. For
example, nickel atoms can also promote the sulfur edges, not
just the metal edges. Indeed, the Ni:(Ni+Mo) ratio of the cata-
lysts used by La Vopa and Satterfield,®® Nagai et al.,** and
Beltramone et al.°’ is between 0.25 and 0.35. For such ratios,
nickel atoms can also occupy the sulfur edge. Indeed, STM
studies also show nickel promoting the sulfur edge.29 The
nickel promoted sulfur edge is, therefore, an important alterna-
tive active site location. Further, it has been recently shown
through STM that dibenzothiophene can adsorb at the corners
of unpromoted molybdenum sulfide catalyst particles.64 Such
sites are, therefore, likely sites for inhibition by nitrogen com-
pounds as well. In addition, Lercher and coworkers> showed
that the IR spectra of CO adsorption on NiMoS/Al,O3 shows
several bands corresponding to multiple types of sites, includ-
ing Ni sites, Mo sites, and Mo sites that are in the vicinity of
nickel atoms. In particular, they correlated the HDN activity
of the catalyst with the proportion of nonpromoted edge of cat-
alyst particles over various supports; the fraction of nonpro-
moted edge is about 0.27 according to their calculations. This
implies the partial promotion such as that discussed by
Raybaud and coworkers.>"*’

Third, although we calculated the effect of the second slab
on adsorption, we do not consider the effect of support which
can lead to significant electronic and possibly dispersion inter-
actions.***® Specifically, the orientation of the catalyst particle
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relative to the support and the nature of its interaction with
the support (presence/absence of chemical bonds between
molybdenum atoms of the catalyst and oxygen atoms of the
support) can affect the chemisorption of adsorbates on the
catalyst edges; the adsorption on the edges of the catalyst
can also be further stabilized due to dispersion interactions
with the support. Inclusion of the support, however, will sig-
nificantly increase the computational cost of calculations.
Relatedly, we have not considered the effect of the second
slab when accounting for vdW dispersion; while a perpen-
dicular adsorption can be hindered by the proximity of the
second slab (as discussed in Results Section), a higher level
of dispersion interaction between the ends of the adsorbate
and the second slab is possible, thereby stabilizing the
configuration.

Conclusions

Adsorption of nitrogen-containing compounds, sulfur-
containing compounds, hydrocarbons, and small molecules
such as hydrogen, hydrogen sulfide, and ammonia on the
metal edge of NiMoS was studied using plane wave peri-
odic density functional theory accounting for vdW interac-
tions. We find that: (a) adsorbates prefer the Ni-promoted
edge over the brim, (b) per GGA-PW91, basic nitrogen-
containing compounds adsorb stronger than nonbasic ones,
but both adsorb directly on top of the nickel atom, (c) basic
compounds tend to adsorb via nitrogen atoms in an upright
and perpendicular configuration with respect to the edge
while nonbasic compounds via the carbon atoms or the aro-
matic ring in a flat/slanted configuration, parallel or perpen-
dicular to the edge, (d) the binding of organonitrogen
compounds on the NiMoS metal edge mimics Lewis acid-
base complexation, and (e) vdW interactions are significant,
specifically for larger molecules such as acridine and carba-
zole (net stabilization of 0.7 and 1.0 eV, respectively), the
most stable adsorption structures of which are found to be
flat and parallel to the nickel edge, allowing for the maxi-
mum interaction of the carbon and nitrogen atoms with the
edge. We also calculated the temperature-corrected enthalpy
and entropy of adsorption of these compounds and found
that the adsorption constants match experimental inhibition
constants of organonitrogen compounds on thiophene HDS
to within 0.3 eV in free energy terms. Specifically, we
overpredict for the case of small basic compounds such as
ammonia and underpredict for larger compounds such as
acridine and carbazole. This discrepancy can be accounted
for on the basis of coverage effects and destabilization of
thiophene adsorption in the presence of nitrogen-containing
compounds on the edge. We, therefore, suggest that inhibi-
tion by nitrogen-containing compounds can be due to both
site blocking (or poisoning) and destabilization of HDS
reaction intermediates and related transition states.
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