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a b s t r a c t

The hydrodenitrogenation of o-propylaniline on MoS2/c-Al2O3 and NiMoS/c-Al2O3 catalysts proceeds via
two parallel routes, i.e., direct denitrogenation (DDN) by C(sp2)–N bond cleavage to form propylbenzene
and hydrogenation (HYD) of the phenyl ring to form propylcyclohexylamine, followed by C(sp3)–N bond
cleavage. Coordinatively unsaturated sites (CUS) at the edges of the sulfide slabs are catalytically active
for the DDN. Dibenzothiophene (DBT) decreases the DDN rate, while it is mainly converted via direct
desulfurization. Adding Ni to MoS2 increases the CUS concentration and promotes the HYD but inhibits
the DDN, suggesting that Ni cations are not involved in the active sites for DDN route. Catalytically active
sites for the HYD route are the sites at the basal plane near the edges of the sulfide slabs (brim sites). The
presence of DBT strongly increases the HYD rate on NiMoS/c-Al2O3, increasing the electron density at the
brim sites due the electron pair donor properties of DBT and biphenyl.

� 2011 Published by Elsevier Inc.
1. Introduction

As one of the key hydrotreating reactions, hydrodenitrogen-
ation (HDN) on sulfide-based catalysts has been studied exten-
sively, because of its complexity and inhibiting effects on other
hydrotreating reactions. Despite these efforts, it is still difficult to
unequivocally establish an atomistic picture of the active sites
involved in the various elementary steps in HDN [1].

Although basic nitrogen-containing compounds adsorb readily
onto the acidic surface of the sulfides and the support, it is not
likely that every sorbate will lead to reaction and in turn reactants
and products may inhibit certain pathways. Thus, better knowl-
edge of the active sites is expected to lead to a more specific opti-
mization of hydrotreating catalysts. With this in mind, we attempt
in the present contribution to specify the sites active for HDN, in
particular of o-propylaniline (OPA), a key intermediate in the
HDN of quinoline.

MoS2, which is the basis of most HDN catalysts, is buildup by
trigonal sulfur prisms coordinated to Mo, which are, in turn, two-
dimensionally bound, forming S–Mo–S sandwiched structures.
These slabs exhibit two different active edges, so-called Mo-edge
and S-edge. The nano-crystalline MoS2 slabs are weakly held to-
gether by van der Waals interactions along the c-axis. The degree
of stacking of the S–Mo–S layers depends on the synthesis condi-
tions, metal loading, and surface area of the used support material.
Elsevier Inc.

Lercher).
Upon addition of Co and Ni, the Mo cations are substituted at
the edge positions of the MoS2 slabs. This substitution of Mo cat-
ions by Co and Ni is believed to be crucial in the creation of new
and more active catalytic sites [2,3]. Recent DFT studies show that
Co and Ni substitutions are favorable at the S-edge and Mo-edge,
respectively [4,5]. Co as a promoter is predominantly located in a
tetrahedral coordination, while Ni exists in a square-planar envi-
ronment and under typical hydrotreating conditions, the equilib-
rium morphology for CoMoS and NiMoS are close to hexagon and
deformed hexagon, respectively [6]. Upon substitution, sulfur
vacancies are formed, i.e., coordinatively unsaturated sites (CUS),
because the sulfur binding energy decreases in the order MoS2 >
CoMoS > NiMoS [7], thus reducing the equilibrium sulfur coverage
and increasing the concentration of accessible metal cations. Elec-
tron-rich zones have been identified on the basal plane in model
catalysts by high-resolution scanning tunneling microscopy and
have been associated with metal-like states [8,9].

While it is considered that the direct removal of sulfur and
nitrogen atoms by CUS sites proceeds via a reverse Mars–van Krev-
elen mechanism (the S or N atom, initially in the molecule, remains
in the catalyst surface after the reaction), the sites involved in
hydrogenation reactions are less understood. In essence, the
hydrogenation involving CUS sites at the edge, sites at the basal
plane near the edge (brim sites), and sites that combine both have
been proposed [10–12]. The role of the promoter is on the one
hand to increase the concentration of sulfur vacancies (CUS, acces-
sible metal cations) and on the other hand to increase the electron
density at the brim sites [13]. Both factors may influence the
activity and selectivity of the HDN reaction, and we will therefore
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attempt to relate the observed reaction pathways to these two
sites or their combination.

The HDN of quinoline [14–21] has been explored frequently
over the last decades, because of its bicyclic nature, which allows
exploring all elementary HDN steps. The reaction starts with the
hydrogenation of the pyridinic ring followed by ring opening via
C(sp3)-N bond cleavage forming OPA, followed by direct nitrogen
removal (DDN) or hydrogenation of benzoic ring followed by nitro-
gen removal either by ammonia elimination or by substitution of
NH2 by -SH and further C–S hydrogenolysis. In order to better
understand the critical reaction steps in the overall sequence, this
study is focused on the HDN of the key intermediate o-propylani-
line. Competitive adsorption of various basic nitrogen-containing
intermediates is so avoided ensuring the absence of additional
inhibition effects. OPA HDN proceeds via hydrogenation of the aro-
matic ring and aliphatic C(sp3)-N bond cleavage (HYD), as well as
direct aromatic C(sp2)-N bond cleavage (DDN).

In this contribution, the HDN of OPA on MoS2/c-Al2O3 and Ni-
MoS/c-Al2O3 sulfide catalyst is explored. The aim of the paper is
to address the impact of Ni on the catalytic properties of MoS2

and to study the impact of sulfur-containing compounds (using
dibenzothiophene) on the catalytic activity and selectivity. Overall,
it is aimed to provide evidence for the nature of the active sites
responsible for different reaction routes using titration of sites
and kinetic measurements.
2. Experimental

2.1. Catalyst preparation

The supported Mo and NiMo oxide catalyst precursors were
prepared by incipient wetness impregnation of c-Al2O3. Prior to
impregnation, the support was dried at 120 �C and then calcined
at 560 �C for 2 h in synthetic air flow. At first, molybdenum was
impregnated using an aqueous solution of ammonium heptamo-
lybdate, (NH4)6Mo7O24�4H2O (Aldrich). After impregnation, the
catalyst was dried overnight at 120 �C in static air atmosphere
and then thermally treated at 500 �C for 4 h (heating rate 1 �C/
min) in flowing synthetic air [22]. One part of the prepared Mo cat-
alyst was kept as precursor for kinetic experiments, and the other
was used as a support for further nickel impregnation with an
aqueous solution of nickel nitrate, Ni(NO3)2�6H2O (Aldrich) [23].
After impregnation, the NiMo catalyst was dried and thermally
treated as in case of the Mo catalyst.
2.2. Catalyst characterization

2.2.1. Physicochemical properties of the catalyst
The BET surface area and pore size distribution were deter-

mined by N2 adsorption–desorption at �196 �C using a PMI Auto-
mated BET Sorptomatic 1900 Series instrument. Prior to the
adsorption, the samples were evacuated at 250 �C for 2 h. Elemen-
tal analysis was carried out in the Microanalytical Laboratory at the
TU München.
2.2.2. X-ray diffraction (XRD)
The crystalline structure of the catalysts was determined by

powder X-ray diffraction. XRD patterns were collected with a
Philips X’Pert System (Cu Ka radiation, 0.1542 nm), using a nickel
Kb-filter and solid-state detector (X’Celerator). The operating con-
ditions were 45 kV/40 mA. The measurements were carried out
in a range from 5� to 70� 2h with a step size of 0.017� and scan time
of 115 s per step.
2.2.3. Transmission electron microscopy (TEM)
Sulfided catalysts were ground, suspended in ethanol, and

ultrasonically dispersed. Dispersion drops were applied on a cop-
per-carbon grid. Measurements were carried out on transmission
electron microscope device JEOL JEM-2011 with an accelerating
voltage of 120 keV.

2.2.4. Raman spectroscopy
Raman spectra of oxide precursors and sulfided catalysts were

obtained with a Renishaw Raman Spectrometer (Type 1000),
equipped with CCD detector and Leica microscope, using 514-nm
Ar laser. Prior to the measurements, calibration was done with
Si (111) crystal. The wavenumber accuracy was within 1 cm�1.
Oxidic catalyst precursors were analyzed under ambient condi-
tions, and therefore, the samples were pressed into self-supported
wafers and placed onto a quartz sample holder. The used sulfide
catalyst was analyzed using a diode 785-nm laser.

2.2.5. Temperature-programmed sulfidation (TPS)
To study the influence of nickel as a promoter on the sulfidation

mechanism, catalyst activation was performed by temperature-
programmed reaction/sulfidation (TPS). The oxide precursor
(0.1 g) was placed in the flow reactor equipped with a ceramic
oven (Horst GmbH). The activation was performed in 10% H2S in
H2 with a heating rate of 5 �C/min. At 400 �C, the temperature
was held isothermally for 1 h. Evolved gases were detected by a
mass spectrometer (Balzers QME 200).

2.2.6. NO adsorption
NO adsorption was applied to probe the active sites and average

edge dispersion in the supported metal sulfide catalysts, such as
unpromoted MoS2/c-Al2O3 and promoted NiMoS/c-Al2O3. NO
adsorption was performed as a flow pulse experiment at room
temperature. After activation in 10% H2S in H2 at 400 �C, the cata-
lyst was cooled to room temperature in the presence of the sulfid-
ing agent. Then, the catalyst was flushed with high purity He for
1 h. Pulses of 10% NO in He were injected every 0.5 h to determine
the concentration of adsorbed NO on the sulfided catalyst. Evolved
gases were detected by a Balzers mass spectrometer. The mixture
ensured a pulse size of 7.5 lmol NO/pulse. Injections were re-
peated until adsorption was not longer detected. NO adsorption
was calculated as the difference between the NO signal at a given
pulse and an NO signal at which adsorption was not observed. The
total concentration of NO adsorbed (lmol per 1 g catalyst) was cal-
culated as the sum of the individual NO uptakes per pulse [24,25].

2.3. Kinetic test

Kinetic studies were carried out in a continuous flow fixed-bed
reactor system. The stainless steel, glass-lined coated reactor was
loaded with 0.05 g of catalyst, diluted in 1 g SiC, for each run,
and the HDN reaction was performed at constant temperature,
pressure, and feed composition. Gas and liquid feed were intro-
duced to the reactor via high pressure mass flow meters (Bronk-
horst) and a HPLC pump (Shimadzu LC-20AD), respectively. After
separation of liquid and gas effluent phase, the liquid was collected
via a 16 port sampling valve every 1.5 h. The liquid samples were
analyzed by off-line gas chromatography with a HP 6890 GC
instrument equipped with a flame ionization detector (FID) and
60-m-long DB-17 capillary column (Agilent, 0.25 mm i.d., 0.25-
lm film thickness). The reproducibility of the measurements was
±5%.

Prior to the kinetic experiments, the catalysts were activated
in situ in 10% H2S in H2 flow at 400 �C and 1.8 MPa for 8 h. After
cooling to room temperature in the sulfiding agent, the catalysts
were flushed with hydrogen and the liquid feed flow. The reaction
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temperature was set to 370 �C and the total pressure to 5.0 MPa.
The kinetic study was obtained from the samples taken after
16 h time on stream (TOS).

HDN was investigated as a function of space time. Space time
was based on the OPA feed rate only and is defined as mcat/FOPA,
where mcat is the amount of the oxide catalyst precursor and FOPA

is the molar flow of OPA [(h)�(g of catalyst)/(mol of OPA)]. Reac-
tions were performed in great excess of hydrogen, keeping the ra-
tio of liquid and gas flow constant to ensure constant partial
pressures. The H2/HC value is 330 Ndm3/dm3, whereas the H2/
OPA molar ratio is approximately 220. The initial OPA partial pres-
sure was 17.9 kPa in a mixture of hexadecane and tetradecane as a
solvent. To study the effect of dibenzothiophene (DBT) on OPA
HDN, feed with different DBT partial pressures were used: 0, 1.7,
3.4, and 5.1 kPa. To determine the hydrogenation to dehydrogena-
tion ratio, ethylbenzene or ethylcyclohexane was added (4.4 kPa).

In order to better understand the impact of DBT on the OPA
HDN carried out on NiMoS/c-Al2O3, an independent set of experi-
ments was performed at identical reaction conditions (T = 370 �C,
p = 5.0 MPa) and the space time of 82 h gcat/mol. After catalyst acti-
vation, as described previously, the reaction was performed apply-
ing the feed containing only 17.9 kPa OPA. After 16 h time on
stream, the steady state was reached, and 3.4 kPa of DBT was cofed
into the reactor. Finally, DBT was removed, after 6 h TOS, and the
reaction was run for further 24 h in a feed containing only OPA.
During the transient time, the product analysis was performed
more frequently to ensure appropriate following of the concentra-
tion profile.

The stability of the NiMoS/c-Al2O3 catalyst was studied to
understand the deactivation when the OPA HDN is carried out in
the absence of DBT. After activation, as described earlier, the cata-
lyst was reduced under reaction conditions of temperature and
pressure (370 �C and 5 MPa) in pure H2 for 2, 6, and 10 h. Then,
the liquid phase containing only OPA (17.9 kPa) was introduced
into the reactor with the space time of 82 h gcat/mol. The product
analysis was performed every 5 min in the first hour and further
on every hour.

The conversion of OPA to nitrogen-free products is referred to as
the HDN conversion and is calculated according to the equation:

OPA HDN conversion ¼
c½OPA�O � c½OPA� � c½N�

c½OPA�O

where c[OPA]o and c[OPA] are the OPA concentrations at time zero and
at the measured space time and c[N] is the concentration of all nitro-
gen-containing intermediates at the measured space time. As nitro-
gen-containing intermediates were not detected, the OPA HDN
conversion was equal to the total OPA conversion.

The determination of the OPA HDN reaction order was done
using the integral method, applying appropriate concentration–
space time dependency. The following power law model was used:

�r ¼
dp½OPA�

dt
¼ k � pn

½OPA� � pm
½H2�

where r is the rate of the OPA HDN reaction, k the apparent rate
constant, p[OPA] the partial pressure of OPA, p[H2] the partial pressure
of hydrogen, t the space time based on OPA feed rate, n the reaction
order in OPA, and m the reaction order in hydrogen. Considering
that the reaction is carried out in great excess of hydrogen (H2 par-
tial pressure is considered constant), the rate expression can be
simplified as:

�r ¼
dp½OPA�

dt
¼ k0 � pn

½OPA�

where k0 is the apparent rate constant that includes the factor of the
hydrogen partial pressure. Calculation of the rate constants for the
proposed mechanism was carried out by the Berkeley Madonna 7.0
program using the Runge–Kutta integration method.

Temperature-dependent experiments were performed in ab-
sence and presence of 3.4 kPa DBT to determine the apparent en-
ergy of activation for the OPA HDN on unpromoted MoS2/c-Al2O3

and promoted NiMoS/c-Al2O3 catalysts. The temperature range
studied was from 330 to 390 �C with 20 �C step. The total pressure
was 5 MPa, and the space time of 82 h gcat/mol was chosen in order
to obtain low OPA conversions. The apparent activation energies
were calculated from a semilogarithmic plot of ln k0 vs. 1/T, using
the Arrhenius equation:

ln k0 ¼ ln A� Ea

RT

where Ea is the apparent activation energy (kJ/mol), A is the pre-
exponential factor, R is the molar gas constant (R = 8.314 J/(mol K)),
and T is the absolute temperature (K).
3. Results

3.1. Catalyst characterization

3.1.1. Physicochemical properties
An overview of the physicochemical characteristics of the mate-

rials applied in this study is given in Table 1. The specific surface
area of c-Al2O3 support was 237 m2/g. The Mo concentration in
the oxide precursor was 8.6 wt.%, which corresponds to 2.5 Mo
atoms/nm2. The Ni concentration was 3.6 wt.% leading to a molar
fraction of 0.4 Ni in the bimetallic catalyst precursor.

3.1.2. X-ray diffraction (XRD)
Oxidic catalyst precursors, Mo/c-Al2O3 and NiMo/c-Al2O3, did

not show any additional diffraction reflections except the ones
characteristic for the used support material (37, 39, 46, 61, and
67�2h), Fig. S-1A and B in the Supplementary material. Thus, after
molybdenum and nickel impregnation, new crystalline phases
were not observed. The sulfided catalysts exhibited two diffraction
peaks at around 33 and 59�2h characteristic for the interplanar dis-
tances of 2.7 and 1.5 Å of the MoS2 crystalline structure [26]. The
diffraction peak at 14�2h, characteristic for the (0 0 2) plane with
interplanar distance of 6.1 Å, was not observed probably due to
the low degree of stacking in the formed MoS2 and NiMoS particles,
Fig. S-1C and D in the Supplementary material.

3.1.3. Transmission electron microscopy (TEM)
Fig. S-2, in the Supplementary material, presents the TEM

micrographs of the sulfided catalysts. The catalysts revealed the
presence of typical layer like MoS2 phase. The observed stacking
did not exceed three layers confirming a good dispersion of the sul-
fide slabs on the c-Al2O3 support as suggested by XRD.

3.1.4. Raman spectroscopy
The Raman spectra of the oxidic catalyst precursors are shown

in Fig. S-3A in the Supplementary material. The Raman spectrum
of Mo/c-Al2O3 catalyst exhibits bands at 961, 860, 350, and
224 cm�1. These vibrations are assigned to the stretching of termi-
nal Mo@O, asymmetric stretching of bridging Mo-O-Mo, bending
of terminal Mo@O, and deformation of bridging MoAOAMo bonds,
respectively [27]. Due to the position of the highest frequency
vibration and the presence of the characteristic bridging
MoAOAMo bond vibration, it is proposed that the surface molyb-
denum species are present as polymolybdates [28]. After nickel
impregnation, the Raman band corresponding to the terminal
Mo@O symmetric stretching vibration was shifted downwards
from 961 to 947 cm�1. The shoulder at 860 cm�1 assigned to the



Table 1
Physicochemical properties of the c-alumina support and the oxidic catalyst precursors.

Catalyst Metal concentration wt.% (lmol/g) Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm)

Mo Ni

c-Al2O3 – – 237 0.75 8.5
Mo/c-Al2O3 8.6 (895) – 220 0.62 8.5
NiMo/c-Al2O3 8.6 (895) 3.6 (610) 206 0.60 8.5
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asymmetric stretching vibration of MoAOAMo bridging bond be-
came more intense.

Raman spectra of the sulfided catalysts are given in Fig. S-3B in
the Supplementary material. The bands related to the MoS2 phase
are found in both samples: 383 and 409 cm�1, corresponding to
MoAS vibration along the basal plane and SAMoAS vibration along
the c-axis, respectively [29,30].

At the end of the stability test described in Section 3.6 (HDN of
OPA in the absence of DBT), the used NiMoS/c-Al2O3 catalyst was
carefully washed with n-hexane and i-propanol, dried, and ana-
lyzed by means of Raman spectroscopy and elemental analysis.
As shown in Fig. S-4 in the Supplementary material, the Raman
spectrum of the used NiMoS/c-Al2O3 catalyst exhibited bands at
around 1240, 1440, 1570, and 1615 cm�1. These weak bands can
be related to polymeric aniline [31], suggesting the presence of
N-containing coke. The precise assignment of the bands is difficult
because the defined structure of the coke formed is not known;
however, the elemental analysis of the used samples confirmed
the presence of C and N in 1.93 and 0.16 wt.%, which corresponds
to a C/N molar ratio of 14.

3.1.5. Temperature-programmed sulfidation (TPS)
The rate of sulfidation was followed by temperature-pro-

grammed reaction (10% H2S in H2) increasing the temperature by
5 �C/min. As previously established by Nag [32] and Arnoldy [33],
the sulfidation mechanism is governed by oxygen for sulfur ex-
change reactions leading the oxide catalyst transformation through
the oxy-sulfides to the fully sulfided species. The presence of three
characteristic sections during sulfidation was common for the
monometallic Mo/c-Al2O3 and bimetallic NiMo/c-Al2O3 catalyst
(see Fig. S-5 in the Supplementary material).

In the first section, oxygen is exchanged for sulfur bonded to
Mo6+, as observed by H2S consumption and parallel H2O produc-
tion. The temperature of the maximum H2S consumption remained
120 �C for both Mo and NiMo/c-Al2O3 catalysts. The second region
is characteristic by the evolution of H2S, which is paralleled/fol-
lowed by H2 consumption, which is used for the molybdenum
reduction to Mo4+. Introduction of Ni into the catalyst shifted the
reduction temperature from 225 �C for the monometallic Mo/c-
Al2O3 catalyst to 205 �C for the bimetallic NiMo/c-Al2O3 catalyst.
The consumption of H2S in the third section indicates further oxy-
gen for sulfur exchange on Mo4+, leading to the fully sulfided
catalyst.

3.1.6. NO adsorption
NO preferentially adsorbs on coordinatively unsaturated metal

cations at the edge sites of the sulfide particles [24]. Molybdenum
Mo6+ cations do not adsorb NO strongly because they have a d0

configuration, which does not allow the accommodation of the un-
paired antibonding electron of NO [34–36]. The support material
(c-Al2O3) does not adsorb NO as well. Volumetric adsorption of
NO has been widely used to correlate the catalyst activity with
the concentration of the active sites or Co and Ni atoms in the
MoS2 phase [37–41]. The adsorption mode of NO molecules on
Mo and Co(Ni) cations is still controversial. Mononitrosyl or dini-
trosyl species and different adsorption mechanisms have been
proposed with basis on IR spectroscopy, STM, and DFT calculations
[34,42]. Thus, it is difficult to calculate the exact concentration of
the active sites using NO adsorption. Nevertheless, the concentra-
tion of active sites calculated under the assumption of dinitrosyl
species formation [38] is the lowest boundary.

As shown in Fig. S-6A and B, in Supplementary material, the
intensity of the NO peaks increased more rapidly in the case of
MoS2/c-Al2O3 than in the case of NiMoS/c-Al2O3, indicating a
larger concentration of active sites in the latter material. A slower
uptake following an initial rapid one indicated that a subtle rear-
rangement is needed to accommodate all NO, Fig. S-6C, in Supple-
mentary material. At steady state, further adsorption was not
observed after the same number of pulses for both catalysts. The
total NO uptake corresponded to 130 lmol/gcat for the MoS2/c-
Al2O3 and 160 lmol/gcat for the NiMoS/c-Al2O3 sulfide catalyst.
Considering the stoichiometry of the dinitrosyl species, the con-
centration of the active sites is 65 lmol/gcat for the MoS2/c-Al2O3

and 80 lmol/gcat for the NiMoS/c-Al2O3. Thus, the addition of
3.6 wt.% of Ni as a metal promoter enhanced the concentration of
coordinatively unsaturated metal cations by about 25%.

3.2. Hydrodenitrogenation of o-propylaniline

The product yields as a function of the OPA conversion are pre-
sented in Figs. 1 and 2 in the absence and presence of DBT, respec-
tively. Nitrogen-free products detected on both catalysts were
propylbenzene (PB), propylcyclohexane (PCH), and three isomers
of propylcyclohexene (PCHE): 1-propylcyclohexene, 3-propylcy-
clohexene, and propylidene cyclohexane. The yield of 1-propylcy-
clohexene was the highest, which is in line with its highest
stability, suggesting that the isomers are equilibrated. Thus, for
further analysis, all three isomers were lumped together.

PB (formed from OPA via direct C(sp2)–N bond cleavage) with
around 20% and PCH (formed as a secondary end product) together
with PCHE with combined 12% were the main products detected in
the absence and presence of DBT on MoS2/c-Al2O3. The intermedi-
ate product of HYD, propylcyclohexylamine (PCHA), was not
detected on both catalysts. PCHE was the single intermediate
observed.

Two additional reaction pathways were also examined, i.e., the
hydrogenation of propylbenzene to propylcyclohexane and the re-
verse dehydrogenation of propylcyclohexane to propylbenzene.
From the parallel reaction of o-propylaniline and ethylbenzene/
ethylcyclohexane, it is concluded that hydrogenation and dehydro-
genation of aromatic rings without basic nitrogen does not occur
under our conditions or are very slow compared with the conver-
sion of substituted propylbenzene. Conversion of ethylbenzene or
ethylcyclohexane was not observed over the whole space time
range. This is attributed to the strong competitive adsorption of
molecules containing an amine functional group [11,43,44].

3.3. Kinetic modeling of the HDN OPA network

The HDN reaction was first order in OPA for MoS2/c-Al2O3 and
NiMoS/c-Al2O3 catalysts at all reaction conditions studied (in the
presence and absence of DBT). Corresponding concentration–time
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MoS2/c-Al2O3 and (C) for NiMoS/c-Al2O3 catalyst.
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profiles as presented in Fig. 3 show a linear correlation with the
apparent rate constant as the slope.

Considering the proposed reaction network shown in Fig. 4, the
following differential equations are obtained. Note that propylcy-
clohexene (PCHE) is considered as kinetic primary product, be-
cause propylcyclohexylamine (PCHA) was not observed.

dp½OPA�

dt
¼ �k01 � p½OPA� � k02 � p½OPA�

dp½PB�

dt
¼ k01 � p½OPA�

dp½PCHE�

dt
¼ k02 � p½OPA� � k03 � p½PCHE�

dp½PCH�

dt
¼ k03 � p½PCHE�

After data fitting, applying the Runge–Kutta integration method,
rate constants were obtained in mol/h gcat (see Table 2). Fitting
results of the OPA HDN product distribution on MoS2 and NiMoS/
c-Al2O3 catalysts in absence and presence of DBT are presented in
supplementary material in Figs. S-7 and S-8, respectively.

3.4. Influence of Ni substitutions on the o-propylaniline HDN

HDN conversion of OPA is equal to the total OPA conversion, be-
cause the only nitrogen-containing intermediate, PCHA, was not
detected in the products. Both in the absence and in the presence
of DBT, NiMoS/c-Al2O3 was more active for nitrogen removal than
MoS2/c-Al2O3, Fig. 3. With nickel promotion of MoS2/c-Al2O3
catalyst, the total apparent rate constant (k0 ¼ k01 þ k02) increased
from 2.3 to 3.3 mmol/h gcat in sulfur-free conditions and from 1.5
to 5.3 mmol/h gcat in the presence of DBT.

For a detailed analysis of how nickel influences the HDN net-
work, the yield of individual products are presented as a function
of space time in Fig. 5 for reactions carried out in absence and in
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Table 2
The rate constants (mol/h gcat) obtained for the OPA HDN at 370 �C, 5 MPa on MoS2

and NiMoS/c-Al2O3 catalysts.

Catalyst Feed Rate constants (mol/h gcat)

k0 k01 k02 k03

MoS2/c-Al2O3 OPA 0.0023 0.0014 0.0009 0.0062
OPA + DBT 0.0015 0.0007 0.0008 0.0060

NiMoS/c-Al2O3 OPA 0.0033 0.0010 0.0023 0.0270
OPA + DBT 0.0053 0.0006 0.0047 0.0312
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the presence of 1.7, 3.4, and 5.1 kPa DBT. For all conditions studied,
the yield of propylbenzene, the product of the DDN route, was
higher for the unpromoted MoS2 catalyst (see Fig. 5A,a and B,a).
Promotion by Ni cations led to a decrease in the DDN rate by
approximately 40% in absence and presence of DBT.

In contrast, the HYD rate was enhanced by Ni promotion,
indicated by the higher yield of PCHE and PCH (see Fig. 5A,b, A,c,
and B,b, B,c). In absence of DBT, the HYD rate was enhanced 2.5
times, and in the presence of DBT, the rate was approximately five
times higher than for MoS2/c-Al2O3. As previously noted, the
100 200 300 400

Space time, h*gcat /mol OPA

(B,a)

(B,b)

(B,c)
0

, h gcat / mol

function of space time on MoS2/c-Al2O3 (A) and NiMoS/c-Al2O3 (B) catalyst. Diverse
3.4 kPa, and (�, e) 5.1 kPa.



Table 3
Yield of the OPA HDN products in the absence of DBT.

Catalyst Space time (h gcat/mol) HDN conversion (%) Yield (%) (PCH + PCHE)/PB

PB PCHE PCH

MoS2/c-Al2O3 56 11.0 6.9 3.2 0.8 0.6
169 36.6 22.4 7.7 6.5 0.7

NiMoS/c-Al2O3 56 14.9 5.0 5.1 4.9 2.0
169 44.1 13.1 6.1 24.9 2.4

Table 4
Yield of the OPA HDN products in the presence of 3.4 kPa DBT.

Catalyst Space time (h gcat/mol) HDN conversion (%) Yield (%) (PCH + PCHE)/PB

PB PCHE PCH

MoS2/c-Al2O3 56 8.0 4.0 3.3 0.7 1.0
353 37.9 17.0 8.9 12.0 1.2

NiMoS/c-Al2O3 56 23.1 2.3 9.0 11.9 9.2
176 63.8 7.1 7.9 48.7 8.0
340 89.4 11.0 3.1 75.3 7.1
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intermediate product of the OPA hydrogenation route (propyl-
cyclohexylamine, PCHA) was not detected; therefore, (PCH + PCHE)
to PB ratios are calculated in order to compare HYD to DDN rates.
See Tables 3 and 4 for OPA HDN carried out in absence and pres-
ence of 3.4 kPa DBT, respectively.

3.5. Effect of dibenzothiophene (DBT) on the o-propylaniline HDN

The comparison between OPA HDN carried out in the absence
and the presence of 1.7, 3.4, and 5.1 kPa DBT is given for MoS2/c-
Al2O3 and NiMoS/c-Al2O3 in Fig. 3. DBT reduces the rate of HDN
on MoS2/c-Al2O3, while it increases the rate on NiMoS/c-Al2O3.
The apparent rate constant decreased from 2.3 to 1.5 mmol/h gcat

for the former, while it increased from 3.3 to 5.3 mmol/h gcat for
the latter. As soon as a small amount of DBT was present, the im-
pact on the HDN rate was observed, and there were no further
changes with increase in the DBT partial pressure.

To inspect more closely the influence of DBT, the yield of the
individual products is displayed as a function of space time in
Fig. 5A and B, for MoS2/c-Al2O3 and NiMoS/c-Al2O3, respectively.
In case of MoS2/c-Al2O3, the DDN rate was selectively reduced
(see Fig. 5A,a). The HYD route remained in contrast unaffected
(see Fig. 5A,b and A,c). Also with NiMoS/c-Al2O3, the rate of the
DDN was reduced by DBT (Fig. 5B,a). Interestingly, the HYD route
was promoted, as seen by the increase in the yields of PCHE and
PCH (see Fig. 5B,b and B,c). Thus, the overall effect of DBT on the
OPA HDN rate is negative on the MoS2/c-Al2O3 catalyst, because
of poisoning of the DDN route, while on NiMoS/c-Al2O3, the reduc-
tion in the DDN rate is overcompensated by the higher HYD rate.
Again, it should be emphasized that under the chosen operating
conditions the variation in the concentration of DBT did not affect
the rates effect on individual pathways.

The rate of the DDN route on the MoS2/c-Al2O3 catalyst was
reduced by the addition of DBT, indicated by change in the rate
constant (k01) from 1.4 to 0.7 mmol/h gcat. On NiMoS/c-Al2O3, the
rate constant of DDN route (k01) decreased from 1.0 to 0.6 mmol/
h gcat. Thus, the presence of DBT reduced the DDN reaction route
by approximately 50% for both catalysts. Interestingly, increasing
partial pressures of DBT did not further reduce the rate of DDN.
In the presence of DBT, the HYD rate on MoS2/c-Al2O3 was unaf-
fected, while on NiMoS/c-Al2O3, it doubled (see the PCHE + PCH
yields in Tables 3 and 4 for the reaction carried out in absence
and presence of 3.4 kPa DBT).
In addition, the hydrodesulfurization (HDS) of DBT during OPA
HDN has been followed to monitor the preferred reaction pathway
of sulfur removal. The DBT conversion over unpromoted MoS2/c-
Al2O3 catalyst reached 50% at the highest OPA space time. In
Fig. 6, DBT HDS product distribution is presented for both MoS2/
c-Al2O3 (A) and NiMoS/c-Al2O3 (B) catalysts. Biphenyl (BPh), the
product of the direct desulfurization (DDS) route, was the main
sulfur-free product in both cases, while the partly hydrogenated
product, phenylcyclohexane (PhCH), is minority product. With
increasing DBT conversion, the yield of PhCH increased linearly
up to 7% and 15% on the Mo and NiMo catalyst, respectively. Note
that the DBT conversion range is very different for the two
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catalysts. However, the low concentration of PhCH and the absence
of the fully hydrogenated HDS product bicyclohexyl on both cata-
lysts suggest that the hydrogenation route of DBT is severely hin-
dered by the presence of nitrogen-containing compounds.

Transient experiments with DBT were performed to better
understand the impact of DBT on the OPA HDN, especially on the
HYD route. The NiMoS/c-Al2O3 catalyst was first stabilized for
16 h in pure OPA feed after which 3.4 kPa of DBT was cofed into
the reactor for 6 h. Finally, DBT was removed. The OPA HDN con-
version as a function of time on stream is shown in Fig. 7, and com-
parison was made with the reaction carried out from the beginning
in the presence of 3.4 kPa of DBT. Stronger catalyst deactivation is
observed, when the reaction is carried out in the absence of DBT.
Further, it is confirmed that the OPA HDN conversion on NiMoS
catalyst is higher in the presence (36.7%) than in absence of DBT
(27.4%). After cofeeding DBT, at first, the OPA HDN conversion
dropped (23.7%) and then slowly increased reaching slightly higher
value (30.5%) than the value obtained after the first 16 h (27.4%).
Nevertheless, the conversion never reached the value obtained
when the reaction was run from the beginning in the presence of
DBT. After removing DBT from the feed, the conversion swiftly in-
creased (48.5%) and then gained a declining trend.

Attention must be paid on the yield of individual products to
analyze the complex behavior in detail, see Fig. 8. The PB yield,
as the only product of the DDN route, was higher in the absence
(6.9%) than in the presence of DBT (3.5%). After cofeeding DBT,
the PB yield dropped to the same level like when the reaction
was run from the beginning in the presence of DBT. Removing
DBT from the feed brought back the yield level to the previous va-
lue. The yield of PCHE, the only intermediate of the HYD route, was
lower in absence (7.0%) than in the presence of DBT (9.7%). After
cofeeding DBT, the PCHE yield increased to the same level as if
the reaction was run from the beginning in the presence of DBT. Fi-
nal removal of DBT from the feed depressed the yield again to the
previous level. The yield of PCH, as the main end product from the
HYD route, exhibited the same trend as the OPA HDN conversion,
i.e., a negative effect caused by DBT cofeeding, followed by a posi-
tive yield recovery and finally followed by very positive effect once
DBT was removed from the feed.
TOS, h

Fig. 9. OPA HDN conversion as a function of time on stream (TOS) for the reaction
carried out on NiMoS/c-Al2O3 catalyst in the absence of DBT. The following symbols
are used for different catalyst pretreatments: (d) 8-h sulfidation in 10% H2S in H2

(400 �C, 1.8 MPa), (s) 8-h sulfidation in 10% H2S in H2 (400 �C, 1.8 MPa) followed by
2-h reduction in H2 (370 �C, 5 MPa), (j) 8-h sulfidation in 10 % H2S in H2 (400 �C,
1.8 MPa) followed by 6-h reduction in H2 (370 �C, 5 MPa), and (D) 8-h sulfidation in
10 % H2S in H2 (400 �C, 1.8 MPa) followed by 10-h reduction in H2 (370 �C, 5 MPa).
3.6. Stability of the NiMoS/c-Al2O3 catalyst in the o-propylaniline HDN

Different hydrogen treatments were applied before HDN reac-
tions to better understand the initial activity and deactivation on
the NiMoS/c-Al2O3 catalyst (in the absence of DBT). The highest
initial OPA HDN conversion (78.5%) was observed when the cata-
lyst was activated only by sulfidation (8 h at 400 �C in 1.8 MPa of
10% H2S in H2), Fig. 9. The initial conversion dropped when the cat-
alyst sulfidation was followed by reduction at 370 �C in 5 MPa of
H2 for 2 h (65.0%), 6 h (55.5%), and it stayed almost constant after
10-h reduction (53.3%).

The product distribution as a function of the catalyst pretreat-
ment is given in Fig. 10. The highest initial yield of PB and PCH
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Fig. 10. Yield of propylbenzene (A), propylcyclohexene (B), and propylcyclohexane
(C) as a function of time on stream (TOS) for the reaction carried out on NiMoS/c-
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H2 (370 �C, 5 MPa), (j) 8-h sulfidation in 10 % H2S in H2 (400 �C, 1.8 MPa) followed
by 6-h reduction in H2 (370 �C, 5 MPa), and (D) 8-h sulfidation in 10 % H2S in H2

(400 �C, 1.8 MPa) followed by 10-h reduction in H2 (370 �C, 5 MPa).

0

10

20

30

40

50

60

320 330 340 350 360 370 380 390 400

O
PA

 H
D

N
 c

on
ve

rs
io

n,
 %

Temperature, C

(A)

(C)

(B)

(D)

Fig. 11. OPA HDN conversion as a function of reaction temperature at the space
time of 82 h gcat/mol and total pressure of 5 MPa. The reactions carried out in the
presence of 3.4 kPa DBT are marked with (A) for MoS2/c-Al2O3 and (D) for NiMoS/c-
Al2O3 and in the absence of DBT are marked with (B) for MoS2/c-Al2O3 and (C) for
NiMoS/c-Al2O3 catalyst.

0

5

10

15

20

320 330 340 350 360 370 380 390 400

320 330 340 350 360 370 380 390 400

Yi
el

d 
(D

D
N

), 
%

Temperature, C

0

10

20

30

40

50

Yi
el

d 
(H

YD
), 

%

Temperature, C

(A)

(B)

Fig. 12. Products yield of the two parallel reaction pathways: (A) direct denitro-
genation and (B) hydrogenation as a function of temperature on MoS2/c-Al2O3

(d,j) and NiMoS/c-Al2O3 (s, h) catalyst and at the space time of 82 h gcat/mol and
total pressure of 5 MPa. The following symbols are used for different DBT partial
pressures: (d,s) 0 kPa and (j,h) 3.4 kPa.

A. Hrabar et al. / Journal of Catalysis 281 (2011) 325–338 333
was observed when the catalyst was only sulfided, 14.0% and
59.4%. When the reduction followed the activation, the PB and
PCH yield decreased to 10.3% and 48.4% (2-h reduction), 8.3% and
39.3% (6-h reduction), and 8.0% and 37.7% (10-h reduction), respec-
tively. The initial yield of PCHE increased from 5.1% (after catalyst
sulfidation) to 6.2% (2-h reduction) reaching the final value of 8.1%
(10-h reduction).

3.7. Temperature dependence of the catalytic reaction

The OPA HDN conversion for unpromoted MoS2/c-Al2O3 and
promoted NiMoS/c-Al2O3 catalysts as a function of reaction tem-
perature is shown in Fig. 11, for the experiments performed in
the presence and absence of DBT. For the studied temperature
range (330–390 �C), in the presence of DBT, the OPA HDN conver-
sion increased from 5.5% to 18.9% and from 18.9% to 55.9%, while in
the absence of DBT, increased from 6.5% to 27.5% and from 17.5% to
41.9% for MoS2/c-Al2O3 and NiMoS/c-Al2O3 catalyst, respectively.

To look more closely how the temperature influences the two
parallel reaction routes, the yield of DDN (equal to PB yield) and
HYD route products (equal to sum of PCHE and PCH yields) is
shown in Fig. 12A and B, respectively. On both, MoS2/c-Al2O3 and
NiMoS/c-Al2O3 catalyst, poisoning of DDN route by DBT was more
intense at higher temperature. The yield of HYD products on MoS2/
c-Al2O3 catalyst was not affected by DBT over the whole range of
temperature. On the contrary, on NiMoS/c-Al2O3 catalyst, increase
in yield was more pronounced at the higher temperatures. It is
important to note that in the case of the OPA HDN reaction carried
out in the absence of DBT on NiMoS/c-Al2O3 catalyst, at 390 �C,
certain activity decrease in the HYD route is observed.

The apparent activation energy for both catalysts was obtained
from the Arrhenius equation using the semilogarithmic plot ln k0

vs. 1/T plot, shown in Figs. 13 and 14, for the experiments per-
formed in the presence and absence of DBT, respectively. In addi-
tion, the apparent activation energies for the two parallel routes
were calculated based on the rate constants k01 for DDN and k02
HYD pathway. The corresponding rate constants were calculated
(see Table 5) according to the first-order kinetics following the
equations:
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Fig. 13. The Arrhenius plot of the first-order apparent rate constants for the OPA
HDN reaction, carried out in the presence of 3.4 kPa DBT on MoS2/c-Al2O3 (A) and
NiMoS/c-Al2O3 (B) catalyst and at the space time of 82 h gcat/mol and total pressure
of 5 MPa. The values are used for the determination of the total apparent activation
energy (1) and apparent activation energies for the two parallel routes: HYD (2) and
DDN (3).

Table 5
The rate constants (mol/h gcat) obtained for the OPA HDN at the space time
t = 82 h gcat/mol, p = 5 MPa on MoS2 and NiMoS/c-Al2O3 catalysts.

Feed Catalyst Temperature (�C) Rate constants (mol/
h gcat)

k0 k01 k02

OPA + DBT MoS2/c-Al2O3 330 0.0007 0.0003 0.0004
350 0.0012 0.0006 0.0006
370 0.0015 0.0007 0.0008
390 0.0026 0.0013 0.0013

NiMoS/c-Al2O3 330 0.0026 0.0001 0.0023
350 0.0046 0.0003 0.0043
370 0.0071 0.0007 0.0064
390 0.0100 0.0016 0.0084

OPA MoS2/c-Al2O3 330 0.0008 0.0004 0.0004
350 0.0015 0.0009 0.0006
370 0.0023 0.0014 0.0009
390 0.0039 0.0027 0.0012

NiMoS/c-Al2O3 330 0.0024 0.0002 0.0022
350 0.0037 0.0005 0.0032
370 0.0051 0.0011 0.0040
390 0.0066 0.0021 0.0045
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Fig. 14. The Arrhenius plot of the first-order apparent rate constants for the OPA
HDN reaction, carried out in the absence of DBT on MoS2/c-Al2O3 (A) and NiMoS/c-
Al2O3 (B) catalyst. The values are used for the determination of the total apparent
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k0 ¼ 1
t
� ln

p½OPA�0
p½OPA�

k0 ¼ k01 þ k02

k01 ¼
p½PB� � k

0

p½OPA�0 � ½1� e�k0 �t�

The values obtained for the apparent activation energy are listed in
Table 6 for all conditions studied. In the presence of DBT, apparent
activation energies of OPA HDN did not differ for the two catalysts,
MoS2/c-Al2O3 (71 ± 1.8 kJ/mol) and NiMoS/c-Al2O3 (75 ± 1.9 kJ/
mol). In the absence of DBT, the apparent activation energy for
MoS2/c-Al2O3 catalyst increased to 88 ± 2.2 kJ/mol. On the contrary,
for NiMoS/c-Al2O3 catalyst, it decreased to 56 ± 1.4 kJ/mol.
4. Discussion

The oxide catalyst precursors compared in this study have a Mo
concentration of 2.5 Mo atoms/nm2, which is below the monolayer
concentration of approximately 4.6–5 atoms/nm2 given for the c-
Al2O3 support [28,45]. XRD patterns of the oxide precursors do
not exhibit reflections of Mo crystalline species, and the Raman
spectra imply the existence of the polymolybdate species (see
Figs. S-1 and S-3A in Supplementary material) [46,47]. Neither
the presence of isolated MoO4 tetrahedra nor crystalline MoO3

was observed, due to the absence of the characteristic Raman
bands at 896, 846, and 318 cm�1 and 996, 821, 667, and
377 cm�1 [48], respectively. Thus, the oxidic precursors are poly-
molybdates well dispersed on the c-Al2O3 support. Sulfided cata-
lysts, as shown in Raman spectra of Fig. S-3B, revealed the
presence of the typical MoS2 phase. In line with the characteristics
of the oxide Mo species, the sulfide phase also exhibited high
Table 6
The apparent activation energy (kJ/mol) obtained for the OPA HDN, in the absence
and presence of 3.4 kPa DBT, on MoS2 and NiMoS/c-Al2O3 catalysts.

Feed Catalyst Apparent activation energy (kJ/mol)

Ea Ea (DDN) Ea (HYD)

OPA + DBT MoS2/c-Al2O3 71 ± 1.8 81 ± 2.0 61 ± 1.5
NiMoS/c-Al2O3 75 ± 1.9 147 ± 3.7 68 ± 1.7

OPA MoS2/c-Al2O3 88 ± 2.2 106 ± 2.7 59 ± 1.5
NiMoS/c-Al2O3 56 ± 1.4 123 ± 3.0 40 ± 1.0
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dispersion. The XRD pattern indicated low MoS2 stacking degree
with the absence of the diffraction peak at 14�2h, Fig. S-1. TEM
micrographs confirmed the high dispersion of the sulfided slabs
with average MoS2 stacking degree of two and slabs length below
10 nm on the c-Al2O3 support (Fig. S-2). Furthermore, the forma-
tion of Ni sulfides was not observed (XRD and TEM).

The concentration of the accessible metal cations was 65 and
80 lmol/gcat for MoS2/c-Al2O3 and NiMoS/c-Al2O3, respectively,
indicating that the presence of Ni cations enhanced their concen-
tration by approximately 25%. This is in line with the higher ten-
dency of the lower valent cations in mixed sulfides to be
accessible. It is interesting to note that this increase is considerably
lower than the concentration of Ni added, suggesting the absence
of NO specificity to exposed cations. We assume, therefore, for
the following discussions that Ni incorporates only at the edges
of the MoS2 slabs, and the cations are exposed randomly.

Both materials showed a well-known profile with three sections
during the reductive conversion (H2S in H2 mixture) from the sup-
ported oxide precursor to the final sulfide material. In the initial
sulfiding section, low temperature sulfiding, oxygen is substituted
by sulfur as seen in the marked consumption of H2S followed by
parallel H2O production (not shown). H2 is not consumed in this
section (not shown). As previously published, the first MoAS bond
formation is leading to the conversion of oxides to different oxy-
sulfidic species [33,49]. Cattaneo et al. published that the terminal
Mo@O bonds, characteristic for the molybdenum monolayer spe-
cies, are the first one to react forming Mo@S bonds [50]. XPS stud-
ies showed that at the low temperatures molybdenum reduces
from Mo6+ to Mo5+ by oxidation of S2� to bridging S2�

2 [51,52]. Fur-
ther conversion above 150 �C shows that the sulfidation process is
reversed, and for a short temperature interval, H2S is released. The
maximum of H2S evolution between 205 �C and 225 �C is coupled
with a maximum in H2 consumption (not shown) indicating
molybdenum reduction to Mo4+. This reduction maximum is
shifted from 225 �C for MoS2/c-Al2O3 to 205 �C in the presence of
Ni cations. This indicates that incorporated Ni cations facilitate
H2 dissociation and so the overall catalyst reducibility. The subse-
quent consumption of H2S, again followed by H2O production, is
concluded to be a high temperature sulfiding, related to full con-
version of the precursor materials to the corresponding MoS2 and
NiMoS particles.

Under all reaction conditions and with all catalysts studied, the
HDN of OPA follows two reaction pathways, which are summa-
rized in Fig. 4. One involves the cleavage of the aromatic C(sp2)AN
bond and is assigned as the DDN, while the other involves the
hydrogenation of the aromatic ring followed by nitrogen removal
in form of NH3 or substitution with an ASH group. That latter
nitrogen removal is concluded to be so fast after the aromatic ring
is hydrogenated that the intermediate propylcyclohexylamine has
not been detected in the present experiments. In agreement with
the literature, we conclude that the rate of the phenyl ring hydro-
genation is limiting, while that of nitrogen removal is comparably
large [53].

A question that must be addressed at this point is whether the
nitrogen removal from the PCHA proceeds via Hofmann elimina-
tion or via nucleophilic substitution of NH2 by an ASH group, fol-
lowed by further CAS bond hydrogenolysis. The Hofmann-type
elimination has been considered to be the main mechanism for
nitrogen removal in the HDN of, e.g., cyclohexylamine and ani-
line-type compounds [54–57], when the reactions are carried out
at the high temperature (350–370 �C) and pressure (3–5 MPa)
and with H2S partial pressure up to 17.5 kPa.

The other explanation, the SN2 substitution of the NH2 group
with an ASH group, has been as well published [58,59]. For the first
time, the thiol-type intermediates were obtained in the HDN reac-
tions of n-hexylamines [60–63] carried out at the relatively low
temperatures (270–320 �C) and pressure (3 MPa) and with high
H2S partial pressure (10–100 kPa). It was concluded that the selec-
tivity to hexenes increases with lower and to thiols with higher
H2S partial pressure. Because of the relatively high reaction tem-
perature and pressure (370 �C, 5 MPa) and the fact that the thiol-
type compound was not identified (the carbon balance was fully
closed under all reaction conditions), we can propose that the
nitrogen removal after hydrogenation of the phenyl ring is gov-
erned by a Hofmann-type elimination of the aliphatic C(sp3)AN
bond.

Under the current reaction conditions, the products from the
two pathways, DDN and HYD, are not interconnected, as Figs. 1A
and 2A show a perfectly linear correlation to the overall conver-
sion. This indicates that hydrogenation or dehydrogenation rates
of the hydrocarbon products must be at least two orders of magni-
tude slower than the other reactions involved in the network. Be-
cause the reactions are first order in all reacting substrates, the
question arises, whether this is a direct consequence of a slow true
rate constant for the hydrogenation or of a very low adsorption
constant. While we were unable to directly determine the adsorp-
tion constant, the high rate of the hydrogenation of the aromatic
ring of o-propylaniline indicates that the low rate of hydrogenation
of propylbenzene is related to a very low adsorption constant.

Intuitively, one would assume that the direct denitrogenation
must be related to the presence of CUS, Lewis acid sites at the
perimeter of the MoS2 slabs. If this holds true, a higher concentra-
tion of such coordinatively unsaturated sites should enhance the
rate of the DDN reaction. For the materials studied, that concentra-
tion of accessible Lewis acid sites was 25% higher for NiMoS/c-
Al2O3 than for MoS2/c-Al2O3.

Despite this higher concentration of coordinatively unsaturated
sites on NiMoS/c-Al2O3, the rate of DDN decreased drastically, in
agreement with an earlier observation [64]. It is surprising that this
decrease appears to be directly related to the relative concentra-
tion of accessible Mo cations at the perimeter of the MoS2 slabs.
Both samples, MoS2/c-Al2O3 and NiMoS/c-Al2O3, contain identical
concentration of Mo (895 lmol/gcat). The additional Ni concentra-
tion added is 610 lmol/gcat leading to a mol fraction of 0.4 for Ni.
The rate of DDN decreased with NiMoS/c-Al2O3 to 60% of the value
observed with MoS2/c-Al2O3. In parallel, the apparent energy of
activation for the DDN route (in the presence of DBT) with Ni-
MoS/c-Al2O3 was almost twice higher than the one observed with
MoS2/c-Al2O3 catalyst. It would be a remarkable coincidence, if the
relative decrease in rate would be fortuitously identical to the
nominal decrease in the average concentration of Mo available.
Thus, we conclude that only Mo cations are associated with the ac-
tive sites of the DDN pathway, i.e., that Ni cations are inactive. Note
that we were not able to directly assess the relative concentration
of Ni among the accessible cations. It should be emphasized, how-
ever, that the increase in the apparent activation energy indicates a
slightly higher adsorption enthalpy for NiMoS/c-Al2O3 catalyst.

It is also remarkable that this relative reduction induced by the
presence of Ni cations (to 60%) also holds for the experiments in
the presence of DBT, although the overall rate along that pathway
decreased by about 50% in the presence of DBT. This decrease is
attributed to the competitive adsorption of OPA and DBT on the
accessible Lewis acid sites. Thus, all experimental evidence is in
line with the conclusion that only accessible Mo cations participate
in the DDN.

While the DDN of OPA is concluded to only occur on Mo cations,
the analogous reaction of DBT desulfurization is not restricted. On
MoS2/c-Al2O3 and NiMoS/c-Al2O3, the dominating reaction path-
way was the DDS leading to biphenyl as dominating product. The
much higher rate of HDS with NiMoS/c-Al2O3 than with MoS2/c-
Al2O3 catalyst suggests that not only the concentration of CUS
has increased but also the intrinsic rate constant of that reaction.
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It has been established earlier that the sulfur vacancies as elec-
tron withdrawing sites are responsible for the DDS of DBT. Given
that the DDS route requires DBT adsorption via sulfur r-bonding,
an analogous sorption mode of OPA is proposed, i.e., adsorption
via r-bonding of the amine nitrogen on the sulfur vacancy. DFT
calculations for the sulfur edge also suggest that such vacancies
are crucial for the sulfur removal. Besenbacher et al. [12] found
that the C–S scission reaction has lower barriers at the S-edge than
on the opposite Mo-edge. Consequently, it is suggested that the
sites responsible for the DDN route in the OPA HDN are sulfur
vacancies at the S-edge of the MoS2 cluster with preferred adsorp-
tion via r-bonding, Fig. 15C and lead to an overall mechanism via
this route as proposed in Fig. 16.

Let us now turn to the second pathway, the reaction route rely-
ing on the hydrogenation of the aromatic ring. If accessible metal
cations would be part of the active site, one would expect an in-
crease in the rate proportional to the 25% increase in the concen-
tration of CUS for NiMoS/c-Al2O3 compared with MoS2/c-Al2O3.
Therefore, the increase in the HYD rate (2.5 times when the reac-
tion was carried out in absence of DBT) is twice as high as the rate
that would be expected on the basis of the formation of new CUS
sites for o-propylaniline adsorption. Thus, the higher HYD rate is
attributed to an increase in the activity of the existing CUS sites
or to a second more active site for hydrogenation. As the HYD rate
is the first order in H2 [65] and in OPA, the difference in the HYD
rate can be caused by higher concentrations of adsorbed hydrogen
and OPA or a higher intrinsic rate constant.

Many of speculations and suggestions have been put forward
for this pathway. In essence, it is suggested that OPA adsorbs via
the nitrogen atom of the amine group coordinating to a CUS site
with the phenyl ring bends toward the electron-rich zone at the
edge of the MoS2 slab (‘‘brim site’’) showing a metal-like character
[66–68]. DFT calculations imply that this edge acts as sites for the
dissociative adsorption of hydrogen. Addition of Ni to the MoS2/c-
Al2O3 catalyst increases the electron density of the brim sites
[13,69], which would enhance the hydrogen dissociation on the
catalyst surface needed for saturation of phenyl ring in OPA.

Having established that the presence of Ni cations in the MoS2

layer induces a significantly higher rate in HYD of OPA by enhanc-
ing the electron density at the outer part of the basal plane of the
S-edg

Mo-ed
S-edge vacancy

Mo- and S-edge
brim sites

(A)

(B)
Fig. 15. Schematic presentation of MoS2 structure: (A) differentiation between Mo- and S
preferred adsorption modes of o-propylaniline depending on the available active sites, w
sulfide slab, let us use the competitive HDS of DBT to better under-
stand the nature and location of the sites for the HYD route for
MoS2/c-Al2O3 and NiMoS/c-Al2O3.

DBT induced neither promotion nor inhibition of the hydroge-
nation rate in the OPA HDN on MoS2/c-Al2O3 catalyst. As the pres-
ence of DBT must cause a reduction in the availability of the CUS
sites at the rim by the adsorption of either DBT or H2S, we conclude
from the invariance of the rates that the sites for the hydrogenation
and, hence, for the adsorption must be different from the CUS sites
at the edge of the MoS2 slab. In consequence, and in the absence of
a fortuitous compensation, the equal rate allows us to conclude
that the sites at the rim of MoS2 are hardly involved in the HYD
of OPA. This is in stark contrast to the suggestion of Sun et al.
[66], indicating that the amine nitrogen does not interact with
the accessible metal cations and would indicate also that the actual
NH3 elimination occurs on the brim sites. If OPA adsorbs on the
brim zone, it would suggest that the interaction with the aromatic
ring and the propyl group must outweigh the direct bonding of the
amine nitrogen to Mo or Ni cations. The elimination of ammonia is
concluded to occur via Hofmann-type elimination catalyzed by
weak Brønsted acid sites available on the edge of the MoS2 slabs
in the presence of hydrogen. With respect to the reaction temper-
ature, this proposal is well in line with the ammonia elimination
from larger aliphatic amines observed during amine synthesis on
zeolites [70].

DBT enhanced the HYD rate by a factor of five on NiMoS/c-
Al2O3. The positive influence was observed already at the lowest
DBT partial pressure, but increase in the DBT partial pressure
did not further affect the HYD rate. On the level of individual
products, only PCH is affected by the long-term deactivation,
Fig. 8C. Surprisingly, PB and PCHE were quite stable over the
TOS, Fig. 8A and B. Besides the competitive adsorption of DBT
and OPA on the sites responsible for the DDN route, competition
was observed as well on the sites responsible for the HYD route.
After the DBT removal, the yield of PCH drastically increased,
Fig. 8C. Generally, the presence of DBT retarded the catalyst deac-
tivation caused partially by reduction, as suggested by the results
obtained after different hydrogen pretreatments, Figs. 9 and 10.
The initial OPA HDN conversion, observed when the catalyst sulf-
idation was followed by reduction, 65.0% after 2-h reduction,
e

ge
H2N

H2N

σ- adsorption

- adsorption

(C)

-edge; (B) different active sites: S-edge vacancies and Mo- and S-edge brim sites; (C)
here Mo atoms are black and S atoms gray colored.
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55.5% after 6-h reduction, and 53.3% after 10-h reduction, was
higher than the OPA HDN conversion at the corresponding TOS,
observed when the catalyst was only sulfided, 45.0% after 2 h
TOS, 35.0% after 6 h TOS, and 31.4% after 10 h TOS. Besides the
catalyst deactivation by reduction, there is a second effect that in-
duces very fast initial deactivation, 20% in all conditions studied,
that occurs within the first hour after which the common activity
level is reached, Fig. 9. The decrease in activity is attributed to the
formation of coke from OPA as suggested by the Raman character-
ization and elemental analysis of the used catalyst. This is sup-
ported by the well-known fact that N-containing basic
compounds are good coke precursors [71]. Furthermore, the poly-
merization of the reactant during the HDN process is well docu-
mented, and the structure of some dimers and trimers has been
solved [72,73]. The rapid decrease in activity is also in line with
the quick buildup of coke as soon as the reactant is introduced,
as reported in [74]. The hindering of coke formation in the pres-
ence of DBT is assigned to the competitive adsorption of DBT or
BPh, which decreases the concentration of OPA in the surface
and thus decreases the presence of polymers. Moreover, the high-
er impact on the hydrogenation pathway implies that the forma-
tion of coke is favored on hydrogenation sites.

The promotion of the HYD route by the sulfur-containing com-
pound is in contrast to the work previously published where the
hydrogenation of OPA and 2,6-dimethylaniline was inhibited by
the presence of H2S [53,75]. However, one must notice that in
those studies, H2S was directly introduced in the feed or generated
from dimethyldisulfide, while in the present study, the effect of
DBT is followed. The conversion of DBT, which was very selective
to BPh (Fig. 6), leads to a high concentration of H2S in the system;
thus, one might anticipate the same effect. However, as it is seen
from our results, it is certainly not true, and thus, the effect of sul-
fur compounds in the feed is more complex than expected. The dif-
ference can be attributed to the mechanisms of interaction
between the different sulfur-containing compounds and the cata-
lyst surface. Both DBT and H2S adsorb on CUS via r-bonding of
the sulfur atom. When H2S is adsorbed, one can only imagine the
creation of –SH groups, which increases the acidity of the surface.
In contrast, the DDS of DBT leads to BPh desorption and S2� ions
instead of CUS. Moreover, DBT and BPh, as polyfunctional Lewis
bases, can also donate p-electrons from the aromatic rings. Hence,
DBT and the products of the HDS process modify the electronic
environment in the vicinity of CUS and brim sites in a rather differ-
ent manner than H2S. Thus, it is reasonable to propose that the
interaction of DBT and BPh with the metal cations (CUS) enhances
the basicity of the surface, i.e., the electronic density of the brim
sites.

Thus, it is remarkable that the higher concentration of accessi-
ble Ni cations at the rim of the NiMoS particles induces such a
dramatic electronic effect that leads to a markedly higher
hydrogenation rate. Scanning tunneling microscopy (STM) and
DFT calculations suggest a significantly higher electron density in
the NiMoS phase that is close to the edge of the sulfide slabs
[12]. In the absence of specific DFT calculations on these sites,
we would like to speculate that the intrinsically high electron den-
sity at these sites facilitates dissociative hydrogen adsorption and
hydrogenation and that the presence of the polyfunctional Lewis
bases such as DBT increases this electron density further or
extends the electron-rich metallic-like zone.
5. Conclusion

The partial substitution of Ni cations in MoS2 slabs of MoS2/c-
Al2O3 increases the reducibility in the sulfidation procedure as well
as the concentration of accessible metal cations in NiMoS/c-Al2O3.
The catalytic hydroconversion of o-propylaniline occurs via two
reaction routes that have been shown unequivocally to occur on
two separate sites.

The first reaction pathway, under our experimental conditions
the direct elimination of NH3 from o-propylaniline (DDN route),
is catalyzed by accessible Mo cations. The presence of Ni cations di-
lutes these sites and leads to a reduction in the reaction rate along
this pathway. It is interesting to note that the reduction in activity
fits well to the statistical incorporation of Ni into MoS2. If DBT is
converted in parallel to o-propylaniline, its competitive adsorption
reduces the DDN reaction rate by 50%. The identical relative reduc-
tion in the DDN rate by DBT for MoS2/c-Al2O3 and NiMoS/c-Al2O3
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is a strong indirect proof that the nature of these sites is identical in
both catalysts.

The second reaction pathway, the hydrogenation of the aro-
matic ring with the subsequent elimination of NH3 from o-propyl-
cyclohexylamine (HYD route), is catalyzed only by brim sites. This
is concluded from the absence of a negative effect of the parallel
conversion of DBT on the hydroconversion of o-propylaniline on
MoS2/c-Al2O3 and the dramatic enhancement of the rate for Ni-
MoS/c-Al2O3. If accessible metal cations would be involved in the
adsorption site or the active site for the reaction, the presence of
DBT should lead to a decrease in the reaction rate, because of the
competitive adsorption of DBT. Using the argumentation from
STM model studies, we suggest that the higher intrinsic rate is re-
lated to the higher electron density at the brim sites in the pres-
ence of Ni. It is remarkable that the presence of sulfur
compounds enhance this in a dramatic way.

The present contribution shows, therefore, that the local manip-
ulation of the substitution in MoS2 structures and subtle promo-
tion by coreactants could drastically enhance the hydrogenation
ability of supported sulfides enhancing so their ability to hydro-
convert heavy feeds.
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