
Journal of Molecular Catalysis A: Chemical 222 (2004) 243–251

Correlating the electronic properties and HDN reactivities
of organonitrogen compounds: an ab initio DFT study

Mingyong Suna, Alan E. Nelsona,∗, John Adjayeb

a Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alta., Canada T6G 2G6
b Syncrude Canada Ltd., Edmonton Research Centre, Edmonton, Alta., Canada T6N 1H4

Received 6 July 2004; received in revised form 12 August 2004; accepted 12 August 2004
Available online 13 September 2004

Abstract

The electronic structures and properties of representative organonitrogen compounds present in crude oil have been calculated using
density-functional theory (DFT) under generalized gradient approximation (GGA). These basic and non-basic organonitrogen compounds
have distinct electronic structures and properties that determine their HDN reactivities on hydrotreating catalyst surfaces. The HDN reactivities
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f cyclohexylamines and piperidines can be correlated to the Mulliken charges on the nitrogen atoms of the organonitrogen molecu
ydrogenation activities of aromatic molecules can be correlated to the highest occupied�-orbitals or lowest unoccupied�-orbitals dependin
n the electronic structure of the catalyst surface. Adjusting electronic structures of hydrotreating catalysts by insightful incorp
elect promoters will change catalyst HDN selectivity for the hydrotreatment of basic and non-basic nitrogen compounds.
2004 Elsevier B.V. All rights reserved.
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. Introduction

As the supply of light crude oil is consumed, the need
o upgrade heavy oil and vacuum residue to middle and
ight distillates will become increasingly important. This up-
rading process involves simultaneous catalytic reactions to
emove sulfur and nitrogen heteroatoms, as well as selec-
ive hydrogenation to produce high-quality distillates and
lean burning fuels. The hydrodenitrogenation (HDN) of
eavy oils and bitumens is a primary interest because these
rude oils typically have higher total nitrogen content com-
ared to light crude oils. Organonitrogen compounds must
e removed from petroleum for several key reasons, includ-

ng to minimize the poisoning of noble metal and acidic
atalysts and to meet stringent product quality regulations
1–3]. The development and optimization of HDN catalysts
equires an acute knowledge of the structure–property re-
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lationship of organonitrogen compounds and hydrotrea
catalyst surfaces. Therefore, understanding the correla
between the electronic structures and properties of orga
trogen molecules and their reactivities on hydrotreating c
lysts is an important step towards the successful develop
of new catalysts with higher activity and selectivity for HD
reactions.

In crude oil, most of the nitrogen is present in the form
heterocyclic unsaturated compounds having five-memb
(non-basic) pyrrolic rings or six-membered (basic) pyrid
rings, and a small amount in the form of aliphatic am
or anilines[3,4]. To remove nitrogen atoms from organ
itrogen molecules, the cleavage of CN bonds is an esse
tial step. Depending on the type of carbon atom to w
the nitrogen atom is bonded, there are two types of CN
bonds: C(sp2) N represented by unsaturated heterocycl
aniline type molecules, and C(sp3) N represented by sa
urated heterocyclic or non-heterocyclic amines. Gene
complete saturation of the carbon atom is necessary to c
the C(sp2) N bond on sulfide catalysts, and eventually
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.08.015
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nitrogen atom is removed via C(sp3) N bond cleavage[5].
While it is accepted C(sp3) N bond cleavage occurs via
Hofmann-type elimination and/or nucleophilic substitution
on conventional hydrotreating catalysts as first suggested by
Nelson and Levy[6], detailed investigations of the mecha-
nism of C N bond cleavage have been the focus of many
studies[7–17]. Recently published results indicate that the
dominant mechanism for HDN depends on the structures of
the organonitrogen molecules[16,17].

The objective of the present study is to correlate the elec-
tronic properties and structures of organonitrogen and aro-
matic compounds to hydrotreating reactivity. In the first part,
the HDN reactivities of cyclohexylamines and piperidines
and hydrogenation reactivities of aromatics are correlated to
their electronic properties. In the second part, the electronic
structures and properties of basic and non-basic heterocyclic
organonitrogen compounds found in crude oils are calcu-
lated, and their implications to HDN catalysis are discussed.
This approach provides additional insight into the CN bond
cleavage mechanism and further information regarding the
possible role of catalytic active sites on hydrotreating cata-
lyst surfaces.

2. Computational method
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Fig. 1. Catalyst model showing the unit cell and vacuum space above the
edge surface. Black balls: molybdenum atoms, light grey: sulfur, dark grey:
nickel atoms.

directions. The volume of the unit supercell is 18.4Å × 6.3Å
× 24.6Å. The electronic structures and total energy calcula-
tions for these catalyst surfaces have been performed using
Material Studio CASTEP (Cambridge Sequential Total En-
ergy Package) from Accelrys® (version 2.2) based on DFT
total energy plane-wave pseudopotential methods[25]. The
wave functions of valence electrons are expanded in a plane
wave basis set with a Monkhorst–packk-pointof (1× 3× 1)
within a kinetic cutoff energy of 270 eV. Core electrons are
represented by non-local ultra-soft pseudopotentials (USP).
Generalized gradient corrected PW91 functional was used
to calculate the non-local exchange-correlation contribution
to the total electronic energy (GGA-PW91)[26]. The SCF
convergence criterion for the energy calculation is set at 2×
10−6 eV/atom.

3. Results and discussion

3.1. Correlations between electronic properties and
HDN reactivities of cyclohexylamines and piperidines

In the HDN of aniline type compounds, approximately
90% of the conversion is achieved by hydrogenation of the
aromatic ring followed by the HDN of cyclohexylamines
[ m
i yclic
Molecular geometry optimization and energy calculat
re based on density-functional theory (DFT), and have
erformed using Material Studio DMol3 (version 2.2) from
ccelrys® [18]. The same software package has been us
alculating surface structures of MoS2 [19] and WS2-based
20] hydrotreating catalysts. The electronic wavefunct
re expanded in numerical atomic basis sets defined
tomic-centered spherical-polar mesh. The double-num
lus polarization functions (DNP) all electron basis set
ecke exchange[21] plus Perdew correlation[22] non-loca

unctionals (GGA-BP) are used in all calculations. The
pace cutoff radius is 4.5̊A. The Kohn–Sham equations[23]
re solved by a self consistent field (SCF) procedure.
onvergence criterion for the SCF cycle is set at 0.00
he geometry optimization (atom relaxation) converge

hresholds for energy change, maximum force, and maxi
isplacement between optimization cycles are 0.0000
.004 Ha/̊A, and 0.005̊A, respectively. Techniques of dire

nversion in an iterative subspace (DIIS)[24] with a size value
f 6, thermal smearing, and a range of 0.005 Ha are ap

o accelerate convergence.
The catalyst surface structures stable at reaction c

ions for unpromoted and nickel-promoted catalysts are t
rom our previous work[19]. Fig. 1is the catalyst model use
n CASTEP calculations, consisting of one layer of nic
toms at the edge surface. For the unpromoted MoS2 cata-

yst, the top layer is molybdenum covered by adsorbed
ur atoms[19]. In this model, the unit supercell is repea
n y-direction with a periodicity of two SMo S units and
eparated by a vacuum layer of 15Å in both thez- andx-
5]. Similarly, in the HDN of pyridine the nitrogen ato
s removed through the hydrogenation of the heteroc
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ring followed by the HDN of piperidine[5,27]. In the HDN
of cyclohexylamines[13] and piperidines[10,15], the pres-
ence of methyl groups at different positions around the sat-
urated molecular ring affects the HDN reactivities. Expla-
nations have been given to account for the effects of the
methyl groups on reactivities of these nitrogen-containing
compounds[10,13,15]. In order to provide additional insight
to explain the effect of methyl group substitution, the re-
activities of these compounds on NiMo/Al2O3 hydrotreat-
ing catalysts are correlated to their electronic properties. The
electronic properties of cyclohexylamines and piperidines are
obtained by ab initio DFT calculations, and their HDN reac-
tivity data are taken from references[13,15], respectively.

Fig. 2 shows the correlations of the HDN reactivities of
the cyclohexylamines and the negative Mulliken charges on
the nitrogen atom of the corresponding molecules. The HDN
reactivities of cyclohexylamines on sulfided NiMo/Al2O3 in-
crease with the presence of a methyl group at the 2- and 6-
positions[13]. Ab initio DFT calculations indicate that the
substitution of the hydrogen atoms at the 2- and 6-positions
of cyclohexylamine by methyl groups increases the negative
Mulliken charges on the nitrogen atom. An excellent cor-
relation between the HDN reactivity and negative Mulliken
charges on the nitrogen atom is also observed for substituted
piperidines (Fig. 3). The density matrix and atomic overlap
m
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Fig. 3. Correlation between the HDN reactivities of piperidines on a NiMo
catalyst and the negative Mulliken charges on the nitrogen atom. The HDN
conversion data were taken from Ref.[15].

charge on the nitrogen atom determines the HDN reactivities
of the piperidines.

The steric hindrance of the methyl group fails to explain
the relative HDN reactivities of cyclohexylamine and substi-
tuted cyclohexylamines; the molecules with methyl groups
at the 2- and 6-positions have higher HDN reactivity[13].
The reactivity order has been explained by stereochemistry
[13,17]. However, the Mulliken negative charge on the nitro-
gen atom can also explain the increase in the HDN reactivities
with the presence of methyl groups at the 2- and 6-positions of
cyclohexylamine (Fig. 2). The correlation between the Mul-
liken negative charge on the nitrogen atom and relative HDN
reactivities of both piperidines and cyclohexylamines sug-
gests that the electronic structure around the nitrogen atom
plays an essential role in determining the intrinsic reactivities
of C(sp3) N bond cleavage.

Regardless of what mechanism is responsible for HDN
reactions, the adsorption of the nitrogen molecules on ac-
tive sites is required. The adsorption of saturated nitrogen
molecules on edge surfaces of sulfide catalysts occurs through
the nitrogen atom with the electron lone pair bonding to un-
saturated metal sites. A higher negative charge on the nitrogen
atom of a saturated nitrogen molecule would lead to stronger
adsorption of the molecule on the catalyst surface through
metal–nitrogen bonding, where unsaturated metal sites on
t e pair
o ption
w gher
s r the
e atom
a of all
m ogen
m ity at
r f ni-
t ance,
t t the
H

es a
w

atrix are used to partition charge among the atoms[28].
Considering C(sp3) N bond cleavage followed Hofman

ype elimination, Portefaix et al.[10] reported that the HDN
eactivities of piperidine, 2-methylpiperidine, and 2
imethylpiperidine increased due to the increase in
umber of hydrogen atoms on the�-carbon atoms[10]. In a
ecent study, Egorova et al. found that the HDN reactiv
f piperidines decreased when methyl groups are atta

o the piperidine ring at the 2- and 6-positions, which br
dditional�-hydrogen atoms[15]. The lower HDN reactiv

ties of the methyl-substituted piperidines were expla
y the steric hindrance of the methyl groups for elimina

15] or substitution[17]. The present study provides anot
ossible explanation, specifically the Mulliken nega

ig. 2. Correlation between the HDN reactivities of cyclohexylamines
iMo catalyst and the negative Mulliken charges on the nitrogen atom
DN reaction rates were taken from Ref.[13].
he catalyst surface act as Lewis acids to accept the lon
f electrons from the nitrogen atom. The stronger adsor
ould yield a larger adsorption constant, and thus a hi
urface coverage. This might be the reason (or partly) fo
xcellent correlation between the charge on nitrogen
nd reaction rate. However, if the adsorption constants
olecules were large enough, the coverage of the nitr
olecules on the catalyst surface would approach un

eaction conditions, provided suitable partial pressures o
rogen molecules above the catalyst surface. In this inst
he difference in adsorption constants would not affec
DN rate.
A higher charge on the nitrogen atom also indicat

eaker C N bond. If the cleavage of the CN bonds in
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the nitrogen molecules proceeds along an SN2 mechanism,
the C N bond would cleave following the adsorption of the
nitrogen molecules on active sites through nitrogen–metal
bonding and the attack of a nucleophile (presumably surface
–SH groups) at the�-C atoms. For an E2 mechanism, the
cleavage of a CN bond follows the adsorption of the ni-
trogen molecules and abstraction of�-C H, which produces
alkenes. In both scenarios, a weaker CN bond instead of
larger adsorption energy might be responsible for the higher
reaction rate. In order to clearly explain why a linear corre-
lation between charge and rate exists, further investigations
are required.

3.2. Correlations between electronic properties and
hydrogenation activities of aromatics

The HDN of heterocyclic aromatic and aniline type nitro-
gen compounds requires the saturation of the heterocyclic or
phenyl ring before CN bond cleavage[5,8]. For hydrogena-
tion reactions, it is logical to examine the correlation between
the�-system of the aromatic ring and the hydrogenation re-
activities of aromatic molecules. The calculated electronic
properties of the�-system for several aromatic compounds
and the hydrogenation rates of these aromatic molecules on
sulfided unpromoted and nickel-promoted molybdenum cat-
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the bare Ni-edge were calculated using the optimized surface
structures obtained in our previous work[19]. Fig. 4a shows
the local density of d states projected on the molybdenum
site on the partially sulfided Mo-edge, andFig. 4b the local
density of d states projected on the nickel site on the bare Ni-
edge;Figs. 4c and d are the corresponding surface structures
of unpromoted and nickel-promoted catalysts[19].

The molybdenum site has a low density of occupied states
below the Fermi level and a relatively high density of un-
occupied states above the Fermi level. Such an electronic
structure on the unpromoted molybdenum site indicates the
molybdenum sites on MoS2 catalysts are poor electron donors
and good acceptors. When the aromatic molecules react on
the molybdenum sites, the electrons from the HOMOs of
the molecules transfer to the unoccupied states of the ac-
tive sites. The higher energy level of the HOMO makes it
easier for the molecule to donate electrons. The correlation
between the HOMO energy level and hydrogenation activ-
ity on the unpromoted molybdenum catalyst indicates that
the interactions of the aromatic molecules on the molybde-
num sulfide catalysts occur primarily through the donation
of electrons from molecules to the catalyst surface. On the
bare Ni-edge surface, the nickel site has a high density of oc-
cupied states and a low density of unoccupied states, which
is completely different from the molybdenum site on the un-
p l site
i are
e aro-
m rface
o face
t ergy
l to
a why
a zene
r fided
N vity
o

3 s
p

ma-
j ore
d
D ver-
s etero-
lysts reported by Quartararo et al.[29] are presented
able 1. DFT calculations show that an increase in the n
er of methyl groups around the benzene ring increase
nergy levels of both the highest occupied molecular or
HOMO) and lowest unoccupied molecular orbital (LUM
he hydrogenation reactivities of the aromatic molecule
rease on the sulfided molybdenum catalyst, however
rease on the sulfided nickel-promoted catalyst with the n
er of the methyl groups on the aromatic ring. The rela
ydrogenation reactivities of the aromatic molecules on
lysts depend not only on the structures of the molecule
lso on the properties of catalyst surfaces.

Previous studies on the surface structures of the sul
olybdenum and nickel-promoted catalysts indicate th

ypical reaction conditions, a bare Ni-promoted edge is
le for a NiMo catalyst and a Mo-edge with about 25–5
ulfur coverage is stable for MoS2 [19,30,31]. The electroni
roperties of the unprompted MoS2 [30] and Ni-promoted
dge surfaces[31] with different sulfur coverages have be
tudied previously. In the present study, the density of s
or the unpromoted Mo-edge with 25% sulfur coverage

able 1
OMO and LUMO energy levels and hydrogenation reactivities of aro

romatic compounds Orbital eigenvalue (eV)

HOMO LUM

oluene −5.97 −1.
-Xylene −5.80 −1.
,3,5-Trimethylbenzene −5.68 −0.
,2,4,5-Tetramethylbenzene −5.37 −0.

he reactivity data are taken from Ref.[29].
on sulfided molybdenum and nickel-promoted molybdenum catalyst

Reaction rates (mol/molmetal h−1)

Mo catalyst NiMo catalyst

2.48 39.59
4.60 19.18
5.96 10.69
6.07 8.03

romoted catalyst. The electronic structure on the nicke
ndicates that the nickel sites on sulfided NiMo catalysts
xcellent electron donors and poor acceptors. When the
atic molecules react on the nickel-promoted edge su
f a NiMo catalyst, the electrons from the catalyst sur

ransfer to the LUMOs of the molecules. The higher en
evel of the LUMO makes it more difficult for the molecule
ccept electrons from the catalyst surface. This explains
n increase in number of the methyl groups on the ben
ing decreases the hydrogenation reactivity on the sul
iMo catalyst, while it increases the hydrogenation acti
n the molybdenum catalyst.

.3. Electronic properties of organonitrogen compound
resent in crude oils

The heterocyclic nitrogen compounds contribute to a
or part of the nitrogen content in crude oils, and are m
ifficult to remove than aliphatic nitrogen compounds[3,4].
istillates derived from heavy oils and bitumens by con
ion processes contain higher amounts of unsaturated h



M. Sun et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 243–251 247

Fig. 4. Densities of d states projected on the surface metal atoms of (a) unpromoted and (b) Ni-promoted surfaces. The corresponding optimized surface
structures of (c) MoS2 Mo-edge with 25% sulfur coverage and (d) bare Ni-edge of the Ni-promoted molybdenum catalyst. Black balls: molybdenum atoms,
dark grey: nickel atoms, light grey: sulfur atoms.

cyclic nitrogen compounds, which make it even more difficult
to reduce the nitrogen content for these fractions[32]. For the
hydrogenation of aromatic heterocyclic nitrogen compounds,
which is required for CN bond cleavage, understanding the
energetics and structures of the�-orbitals is required. Addi-
tionally, basic and non-basic nitrogen compounds have dis-
tinct electronic structures and properties that determine their
differences in HDN reactivities on catalyst surfaces.

Pyridine is the simplest six-membered heterocyclic nitro-
gen compound and is often used as a model compound to
test the activity of HDN catalysts.Fig. 5a shows the elec-
trostatic potential field around pyridine. The dark region at
the nitrogen atom represents a negative electrostatic potential
field, and the light grey region indicates that a positive elec-
trostatic potential field surrounds the plane of the six-member
ring. The unsaturated metal atoms, which are active centers
on a metal sulfide catalyst surface, are positively charged.
Therefore, pyridine will approach the active center with the
nitrogen atom pointing to the positively charged metal atoms
due to Coulombic attraction. If the pyridine molecule is sub-
ject to electrophilic attack on the nitrogen atom by the active
species on the catalyst surface, the electrons in its HOMO
will contribute to form a new bond with the active species
on catalyst surfaces.Fig. 5b shows the shape of the pyridine

HOMO, which indicates that the nitrogen atom has the high-
est probability to form a bond with the catalyst active site.
These results predict that an end-on adsorption favors the for-
mation of a strong bond with strong Lewis acid sites (metal
sites) on the catalyst surface. This end-on adsorption config-
uration does not affect the�-electron system of the molecule,
and thus contributes little to the hydrogenation of the hete-
rocyclic ring. The LUMO of pyridine will accept electrons
to form bonds with active centers on the catalyst. The shape
of the pyridine LUMO shows that a side-on configuration of
pyridine on the catalyst surface is required in order for pyri-
dine to accept electrons from the catalyst using its LUMO
(Fig. 5c).

For quinoline, a phenyl ring is attached to the pyridine
ring. The negative electrostatic potential field still concen-
trates around the nitrogen atom, and the two-ring plane is
surrounded by a positive potential field (Fig. 5d). The shapes
of the HOMO (Fig. 5e) and LUMO (Fig. 5f) indicate that
a side-on adsorption is required to form bonds by accepting
or donating electrons through�-system.Figs. 5g–i show the
electrostatic potential field, HOMO, and LUMO for acridine,
respectively. The side-on adsorption of acridine through the
�-system on a catalyst surface is favored by the electronic
structures.
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Fig. 5. Electronic structures for basic nitrogen molecules. (a) Electrostatic potential field around pyridine molecule; (b) pyridine highest occupied molecular
orbital (HOMO); (c) pyridine lowest unoccupied molecular orbital (LUMO); (d) electrostatic potential field around quinoline molecule; (e) quinoline highest
occupied molecular orbital (HOMO); (f) quinoline lowest unoccupied molecular orbital (LUMO); (g) electrostatic potential field around acridine molecule;
(h) acridine highest occupied molecular orbital (HOMO); (i) acridine lowest unoccupied molecular orbital (LUMO); (j) electrophilic Fukui function isosurface
for pyridine (isovalue = 0.1); (k) electrophilic Fukui function isosurface for quinoline (isovalue = 0.04); (l) electrophilic Fukui function isosurface for acridine
(isovalue = 0.04); (m) nucleophilic Fukui function isosurface for pyridine (isovalue = 0.1); (n) nucleophilic Fukui function isosurface for quinoline (isovalue =
0.04); (o) nucleophilic Fukui function isosurface for acridine (isovalue = 0.04).

Fukui functions provide a method of measuring and dis-
playing the reactivity of regions of a molecule for elec-
trophilic attack (losing electrons) or nucleophilic attack
(gaining electrons)[33]. Figs. 5j–l show the most reactive
regions of pyridine, quinoline, and acridine for electrophilic
attack, andFigs. 5m–o show the most reactive regions of
the three molecules for nucleophilic attack. For pyridine, the
most reactive region for electrophilic attack is at the nitrogen
atom favored by end-on adsorption of the molecule through
the nitrogen atom on a catalyst surface; the most reactive re-
gion for nucleophilic attack is located at the nitrogen atom
and the carbon atom at the opposite end (at position 4 rela-
tive to the nitrogen atom), favored by side-on adsorption on
a catalyst surface. For quinoline, the carbon atoms at the 5-

and 8-positions on the phenyl ring are more reactive than the
nitrogen atom and carbon atoms at the 3- and 4-positions on
the nitrogen ring for electrophilic attack. However, the nitro-
gen atom and carbon at position 4 on the nitrogen ring is the
most reactive region for nucleophilic attack. For acridine, the
middle nitrogen ring is more active than the two phenyl rings
for both electrophilic and nucleophilic attack. For quinoline
and acridine, flat-on adsorption of the molecules on catalyst
surface is required for both types of reactions to occur effec-
tively.

Pyrrole is the simplest five-membered ring nitrogen com-
pound, which has a different electronic structure than pyri-
dine. Fig. 6a shows that the molecular plane of pyrrole is
surrounded by a positive electrostatic potential field and neg-
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Fig. 6. Electronic structures for non-basic nitrogen molecules. (a) Electrostatic potential field around pyrrole molecule; (b) pyrrole highest occupied molecular
orbital (HOMO); (c) pyrrole lowest unoccupied molecular orbital (LUMO); (d) electrostatic potential field around indole molecule; (e) indole highest occupied
molecular orbital (HOMO); (f) indole lowest unoccupied molecular orbital (LUMO); (g) electrostatic potential field around cabazole molecule; (h) cabazole
highest occupied molecular orbital (HOMO); (i) cabazole lowest unoccupied molecular orbital (LUMO); (j) electrophilic Fukui function isosurfacefor pyrrole
(isovalue = 0.05); (k) electrophilic Fukui function isosurface for indole (isovalue = 0.05); (l) electrophilic Fukui function isosurface for cabazole (isovalue =
0.05); (m) nucleophilic Fukui function isosurface for pyrrole (isovalue = 0.05); (n) nucleophilic Fukui function isosurface for indole (isovalue =0.05); (o)
nucleophilic Fukui function isosurface for cabazole (isovalue = 0.05).

ative potential fields are distributed above and below the
molecular plane. The shapes of the HOMO (Fig. 6b) and
LUMO (Fig. 6c) indicate that only side-on adsorption of pyr-
role on the catalyst surface will lead to reaction by donat-
ing or accepting electrons with catalyst surface. For indole,
the negative electrostatic potential field concentrates at both
sides of the phenyl plane (Fig. 6d). The HOMO (Fig. 6e) and
LUMO (Fig. 6f) distribute around both the phenyl ring and
the nitrogen ring at both sides the molecular plane.Fig. 6g
presents the distribution of the electrostatic potential field
around carbazole, andFigs. 6h and i the HOMO and LUMO

of carbazole. The bonding probabilities for these multi-ring
non-basic molecules are favored by side-on adsorption on the
catalyst surface.

Figs. 6j–l show the Fukui function analysis results for
electrophilic attack, andFigs. 6m–o for nucleophilic attack
on pyrrole, indole, and carbazole, respectively. The most re-
active region for electrophilic attack is the 2- and 5-carbon
atoms for pyrrole, at the 3-carbon atom for indole, and at
the nitrogen atom for carbazole. For nucleophilic attack, the
most reactive region is located at the 2- and 5-carbon atoms as
well as the nitrogen atom for pyrrole, at 2-, 4-, and 7-carbon
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Fig. 7. The energy levels of highest occupied�-orbitals and lowest unoc-
cupied�-orbitals of basic and non-basic nitrogen molecules.

atoms for indole, and at the carbon atoms of the phenyl ring
for carbazole.

The first step for the HDN of aromatic heterocyclic ni-
trogen compounds is the hydrogenation of the aromatic ring,
which involves the�-system of the aromatic structure. Thus,
the electronic structures and energy levels of the highest occu-
pied�-orbital and lowest unoccupied�-orbital should play
important roles in the HDN of those aromatic heterocyclic
nitrogen compounds.Fig. 7presents the energy levels of the
highest occupied and lowest unoccupied�-orbitals of differ-
ent heterocyclic aromatic nitrogen compounds. These results
show that the energy levels of the highest occupied�-orbital
and the lowest unoccupied�-orbital for non-basic nitrogen
compounds are higher than that for corresponding basic ni-
trogen compounds. The difference in electronic structures
between basic and non-basic nitrogen compounds implies
that transferring electrons from nitrogen compounds to the
catalyst surface is easier for non-basic nitrogen compounds
than for basic nitrogen compounds, and transferring electrons
from the catalyst surface to nitrogen compounds is easier for
basic nitrogen compounds than for non-basic nitrogen com-
pounds. Therefore, the relative hydrogenation reactivities of
basic and non-basic nitrogen compounds may vary depend-
ing on the electronic structures and properties of catalyst sur-
faces. On a catalyst surface with a strong ability of accepting
e igher
r abil-
i y be
m

4

s in
t re-
a ni-
t how
h atic
m lev-
e d
m rtant

because the catalyst active sites have strong ability of ac-
cepting electrons and relatively poor ability of donating elec-
trons. On Ni-promoted catalysts, the unoccupied orbitals are
critical because the catalyst active sites have a strong abil-
ity of donating electrons and very poor ability of accept-
ing electrons. Non-basic nitrogen compounds have higher
energy�-orbitals than basic nitrogen compounds. There-
fore, non-basic nitrogen compounds might be more reac-
tive than basic compounds on a catalyst surface with a high
density of unoccupied states, while the opposite may be
true on a catalyst surface with a low density of occupied
states.
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