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ABSTRACT: MoS, and Ni-promoted MoS, catalysts sup-
ported on y-Al,O;, siliceous SBA-15, and Zr- and Ti-modified
SBA-15 were explored for the simultaneous hydrodesulfuriza-
tion (HDS) of dibenzothiophene (DBT) and hydrodenitroge-
nation (HDN) of o-propylaniline (OPA). In all cases, OPA
reacted preferentially via initial hydrogenation, and DBT was
converted through direct sulfur removal. HDN and HDS
activities of MoS, catalysts are determined by the dispersion of
the sulfide phase. Ni promotion increased its dispersion and
activity for DBT HDS and also increased the rate of HDN via
enhancing the rate of hydrogenation. On nonpromoted MoS,
catalysts, HDS was strongly inhibited by NH;, and the addition
of Ni dramatically reduced this inhibiting effect. The
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conclusion is that HDS is proportional to the concentration of Mo and Ni on the edges of sulfide particles. In contrast, the
direct hydrodenitrogenation of OPA occurs only on accessible Mo cations and, hence, decreases with increasing Ni substitution.
The nature of the support influences the dispersion of the nonpromoted catalysts as well as the decoration degree of Ni on the
edges of the Ni—Mo—S phase. Furthermore, the acidity of the support influences the acidity of the supported sulfide phase,

which may play an important role in HDN.
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B INTRODUCTION

In recent decades, the concern for minimizing the environ-
mental impact of pollutants resulting from the use of
transportation fuels has driven a large body of research focused
on removing heteroatoms from hydrocarbon energy carriers.'
Thus, designing hydrotreating catalysts with improved activity
compared to Co(Ni)-promoted MoS, supported on ALO; has
been an important research theme. A promising strategy to
achieve this has been related to alternative supports because the
properties of the sulfide phase have been observed to be
strongly affected by the nature of the catalyst support.* Diverse
well-defined materials, including mixed oxides, zeolites, and
mesoporous molecular sieves have been tested as hydrotreating
supports.*~” Among the latter, SBA-15 has attracted attention
because of its outstanding hydrothermal stability and textural
properties.'*™"® Several strategies have been followed to
prepare MoS, catalysts supported on SBA-15 with high activity
comparable with industrial catalysts.">'*'> The modification of
SBA-15 by heteroatom incorporation has been found to yield
MoS,-based catalysts with similar or higher hydrodesulfuriza-
tion (HDS) and hydrodenltrogenatmn (HDN) activity than
AlLOs-supported counterparts. * *° In turn, those catalytic
systems have been widely tested in HDS of model compounds
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to elucidate the origin of the positive effect of the support.”~>*

However, there are only few reports addressing the effect of
those materials on the HDN activity of the supported MoS,
phase via exploring the reactivity toward HDN of model
reactants.>*>> Furthermore, the application of modified
mesoporous materials as supports opens the possibility of
finely tuning the interaction with the active phase (and
therefore, its properties), allowing establishing unambiguous
structure—activity correlations.

In this work, we present the results of the simultaneous
HDN and HDS of o-propylaniline (OPA) and dibenzothio-
phene (DBT) on MoS, and Ni-MoS, catalysts supported on
siliceous as well as Ti- or Zr-modified SBA-15-type materials
and Al,O;. The physicochemical properties of the sulfide
catalysts were explored by elemental analysis, transmission
electron microscopy, physisorption of N,, NO chemisorption,
and adsorption of CO followed by IR spectroscopy. The results
indicate that the dispersion, the morphology, and the
effectiveness of the Ni promotion of the MoS, phase—all
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affecting the HDN and HDS to varying extent—strongly
depend on the nature of the support. The nature of the active
sites for HDN and HDS is discussed on the basis of kinetic
analysis and probing of the active phase.

B EXPERIMENTAL SECTION

Synthesis of Supports. Pure siliceous SBA-15 was
synthesized according to the following procedure: The required
amount of surfactant (P123, Aldrich) was added to a 0.3 M
HCI aqueous solution, keeping a solution/surfactant wt % ratio
of 19. The mixture was stirred at 308 K until a homogeneous
solution was obtained, and then TEOS (tetraethyl orthosilicate,
>99%, Aldrich) was added at a TEOS/surfactant wt % ratio of
1.6. The mixture was kept at 308 K for 24 h and after that at
353 K for 24 h more. At the end of the hydrothermal
procedure, the formed solid was filtered, dried at 333 K, and
washed with excess ethanol (>99.5%, Aldrich). The product
was treated in flowing air at 773 K for 4 h, increasing the
temperature by 2.5 K-min™'. The Ti- and Zr-modified SBA-15
samples were prepared by incipient wetness impregnation. The
first step was the preparation of solutions of zirconium(IV)
propoxide (70 wt % in 1-propanol, Aldrich) and titanium(IV)
isopropoxide (>97.0%, Aldrich) in high-purity ethanol
(anhydrous, Sigma-Aldrich). Samples of SBA-1S were impreg-
nated with the solutions. After drying, the solids were calcined
in flowing air at 823 K for S h, initially increasing the
temperature by 10 K:min~'. The alumina used here was a
sample from Chevron with BET surface area of 237 m*g ™. In
the following, SBA-15 denotes the pure siliceous material,
whereas Zr-SBA and Ti-SBA denote the Zr- and Ti-modified
materials, respectively.

Synthesis of Catalysts. Mo-containing oxide precursors
were prepared by impregnation of the supports with aqueous
solutions of ammonium molybdate tetrahydrate (99.98%,
Aldrich). The Ni-added materials were obtained by subsequent
impregnations of the Mo oxide precursors with aqueous
solutions of Ni (II) nitrate hexahydrate (>98.5%, Aldrich). The
pH of the precursor solutions was around 6. The materials were
calcined at 823 K for $ h, initially increasing the temperature by
10 K'min~" in flowing air after each impregnation. Prior to the
physicochemical characterization and the catalytic testing, the
sulfide catalysts were obtained by thermal treatment of the
oxide precursors at 673 K in a flow of H,S (10 vol %) in H, for
6 h. All characterization results reported here correspond to the
sulfide catalysts. In the following, the nonpromoted catalysts
are denoted as MoS,/support, whereas the Ni-promoted
catalysts are referred to as Ni-MoS,/support.

Chemical and Physicochemical Characterization. The
elemental compositions of the sulfide catalysts were determined
by atomic absorption spectroscopy using a UNICAM 939
spectrometer. The textural properties of the materials were
derived from N,-physisorption measurements performed in a
PMI automated sorptometer at liquid N, temperature. Prior to
N,-physisorption experiments, the materials were outgassed at
523 K for 6 h. Specific surface areas were calculated by the BET
method, and pore size distributions were determined from the
desorption isotherms by the BJH method. X-ray diffractograms
of the catalysts were obtained in a Philips X'Pert Pro System
instrument (Cu Kal radiation, 0.154 056 nm) operating at 45
kV and 40 mA using a step size of 0.017° (20) and 115 s as the
count time per step. To perform transmission electron
microscopy (TEM) analyses, samples of the catalysts were
ground, suspended in ethanol, and ultrasonically dispersed.
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Dispersion drops were applied on a copper—carbon grid, and
the measurements were carried out in a JEOL JEM-2011
electron microscope with an accelerating voltage of 120 keV.
Statistical analysis of the length and stacking degree of the
MoS, phase was done by using the Image] software to treat
digital images acquired in the TEM measurements. The
counting included at least 200 crystallites distributed on 10
micrographs (taken in different places of the grid) or more per
sample.

CO adsorption followed by IR spectroscopy was performed
using self-supported wafers (5—10 mg:cm™) of the oxide
material that were placed into a dedicated IR cell. The sample
was treated in situ at 673 K for 2 h under a flow of H,S (10 vol
%) in H, and then flushed with He for 1 h at 673 K. After
cooling to room temperature, the cell was evacuated to a
residual pressure of 5 X 107° mbar. CO was admitted to the cell
at 123 K up to an equilibrium pressure of 1 mbar CO, and the
spectra were recorded. A Nicolet 6700 FT-IR spectrometer
equipped with a MCT detector with a resolution of 4 cm™' was
used. The background was subtracted in all reported spectra,
which were normalized to a disc of 1 cm™ and 10 mg.

The IR spectra were deconvoluted by superimposition of
Lorentzian—Gaussian curves using the OMNIC software
following recommendations of specialized literature.***” The
number of bands was fixed to four and five for MoS, and Ni-
MoS, materials, respectively, according to the band positions
and assignments described in the Results section. The
deconvolution was started with curves fixed in wavenumbers
and full widths at half maxima; however, it was noticed during
the fitting procedure that the position of the bands strongly
depended on the support. Thus, the fitting optimization was
performed allowing the band positions to vary. This procedure
has been proven insightful for the analysis of IR spectra of CO
adsorbed on sulfide catalysts.”®

NO adsorption experiments were performed at room
temperature after in situ treatment of the samples at 673 K
for 2 h under a flow of H,S (10 vol %) in H,. While the sample
was kept in He, pulses of 10 vol % NO in He were injected
periodically until adsorption was not observed. The adsorption
of NO was monitored using a Balzers mass spectrometer, and
the total concentration of NO adsorbed was calculated as the
sum of NO uptakes per pulse.

Simultaneous HDS and HDN Activity Tests. The activity
of the catalysts was evaluated in the simultaneous HDN of OPA
and HDS of DBT in a batch mode. A sample of each sulfide
catalyst (0.25 g) was transferred to the autoclave (Parr
Instruments, 300 mL) under inert atmosphere, and the
reactions were carried out at 573 K and 7.3 MPa of H,
pressure using a reactant solution of DBT (0.0238 M) and
OPA (0.0273 M) in tetradecane. The reactor was filled with 60
mL of solution per reaction. Aliquots were taken periodically
and analyzed off-line by gas chromatography with a HP 6890
GC equipped with a flame ionization detector and an Agilent
DB-17 capillary column. Reaction rate constants (k;) were
calculated following Langmuir—Hinshelwood formalisms as
described in the Results section. Turnover frequencies were
calculated by simply dividing k; by the product of the initial
molar concentration of the reactant (DBT or OPA) and a
relevant magnitude (i.e., the concentration of adsorbed NO,
integrated areas of the CO-IR adsorption bands, and fraction of
Mo atoms at the edges of MoS, slabs).
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B RESULTS

Characterization. Table 1 compiles the elemental
composition of MoS, and Ni-MoS, catalysts (the elemental

Table 1. Elemental Content (mol %) of the MoS, and Ni-
MoS, Catalysts

MoS, catalysts Ni-MoS, catalysts

support SBA- Ti- Zr- SBA- Ti- Zr-
— AlL,O, 15 SBA  SBA ALO; 15 SBA  SBA
N 3.87 3.47 3.36 3.44 2.90 2.82 2.72 2.99
Ti 2.55 1.75
Zr 1.58 1.11
Mo 1.60 1.67 131 1.56 1.06 1.11 1.02 1.07
Ni 0.77 0.69 0.58 0.75

contents in weight percent are presented in Table S1 of the
Supporting Information). The Ti and Zr concentrations were
around 7.5 wt % for Mo$S, and around 6 wt % for Ni-MoS,. All
catalysts have comparable Mo and Ni contents: 1.39—1.65 mol
% of Mo for MoS,, as well as 1.0—1.12 and 0.61—0.78 mol % of
Mo and Ni for Ni-MoS,. The Ni/(Ni + Mo) molar ratio was
around 0.4 in all NiMo catalysts. The S-to-Mo molar ratio of all
Mo-containing catalysts is above 2 (2.1—2.8), gossibly because
of the presence of overstoichiometric sulfur.”” The sulfur-to-
metal (Ni + Mo) molar ratios of the NiMo catalysts were in the
range of 1.56—1.64.

The textural properties of the catalysts are summarized in
Table 2, whereas the isotherms of N, physisorption are
presented in Figure 1. The textural properties of the supports
and corresponding N, physisorption isotherms are presented in
Table S2 and Figure S1 of the Supporting Information. The
large decrease in the BET surface areas and the changes in the
N, adsorption hysteresis suggest preferential deposition of Ti
and Zr species in the pore mouth and significant differences
between external and internal pore diameters. Compared with
the SBA-15 support, the Mo catalysts exhibited a lower pore
volume. The incorporation of Ni decreased the pore size of the
catalysts, but to a lower extent compared with Mo deposition.

The X-ray diffractograms of MoS, and Ni-MoS, catalysts are
presented in Figure 2. The MoS,/Al,O; catalyst exhibited
reflections corresponding to y-Al,O; and weak reflections
ascribed to MoS, (PDF: 00-024-0513) overlapping with those
of the support. The MoS, catalysts supported on SBA-15
exhibited the broad signal around 22° 20 typical for amorphous
silica and diverse reflections for MoS,. The number and
intensity of the reflections assigned to MoS, suggest a higher
dispersion of the sulfide phase on SBA-1S than on Zr-SBA and
Ti-SBA. In Ni-MoS, catalysts, the only crystalline species
detected was MoS, (and y-ALO; from the support in Ni-MoS,/
ALO;). However, variation of the intensity of the XRD
reflections, relative to MoS, catalysts, indicated morphological
changes of the MoS, phase induced by Nj, that is, the intensity
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Figure 1. N,-physisorption isotherms of MoS, (left) and Ni-MoS,
(right) catalysts supported on SBA-1S (a), Ti-SBA (b), Zr-SBA (c),
and Al,O; (d).
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Figure 2. X-ray diffraction patterns of MoS, (left) and Ni-MoS,

(right) catalysts supported on SBA-1S (a), Ti-SBA (b), Zr-SBA (c),

and ALO; (d). The reflections marked with a degree sign correspond

to MoS,. The reflections in part d that are not labeled correspond to
AlLO;.

of the signal at 44.5° 26 decreased, and new signals were
observed at 14.4° 260 and 39.5° 26. The width of the reflections
did not allow for a quantitative analysis of the observed
changes. The reflection at 14.4° 26, corresponding to the (002)
plane, suggests, however, that the MoS, crystals have more
stacked layers in the promoted catalysts than in the MoS,
counterparts.

Distribution of the stacking degree and the length of the
MoS, particles in all catalysts were determined from the
analysis of the TEM micrographs. The distributions, average,
and standard deviation values are presented in Figures S2 and
S3 of the Supporting Information. The average values, as well as

Table 2. Textural Properties of MoS, and Ni-MoS, Catalysts

MoS, catalysts

Ni-MoS, catalysts

support — Al O, SBA-15 Ti-SBA
surface area, m>g~’ 185 334 284
pore vol, cm*g™! 0.486 0.614 0.319
micropore vol, cm*g™" 0.008 0.024 0.016
av pore diam, nm 9.5 33 1.8

Zr-SBA Al O, SBA-15 Ti-SBA Zr-SBA

254 149 322 218 224
0.295 0.367 0.529 0.215 0.209
0.018 0.005 0.011 0.015 0.014
19 4.9 3.2 1.7 1.8
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Table 3. Morphology” of the MoS, Particles in MoS, and Ni-MoS, Catalysts and Concentration of Adsorbed NO*

MoS, catalysts

Ni-MoS, catalysts

support — AL, SBA-15 Ti-SBA
length, nm 7.2 5.6 6.3
stacking degree 1.6 3.7 2.8
f 0.17 0.22 0.18
NO adsorbed, ymol-g" 150 101 262

Zr-SBA AL O, SBA-1S Ti-SBA Zr-SBA
7.0 44 5.6 4.7 S4
2.4 1.8 3.7 2.7 3.6
0.17 0.27 0.22 0.26 022

210 294 151 290 240

“Determined from TEM: average stacking degree, length and fraction of Mo atoms at the edges of the MoS, particles (f). Determined by pulse

experiments.

the fraction of Mo atoms at the edges of the MoS, particles (f),
calculated according to refs 30 and 31, are summarized in Table
3. This table also reports the amount of NO adsorbed on each
material. The values indicate that the concentration of
adsorption sites in the presence and absence of Ni is influenced
by the nature of the support.

The IR spectrum of CO adsorbed on MoS,/Al, 05 (Figure 3)
has four components assigned to CO adsorbed on Lewis acid

2093
2060

2114

MoS,

Ni-MoS,

Absorbance, a.u.
Absorbance, a.u.

1900 2300

2200 2100 2000
Wavenumbers, cm-!

2200 2100 2000
Wavenumbers, cm!

2300 1900

Figure 3. IR spectra of CO adsorbed on MoS, (left) and Ni-MoS,
(right) catalysts supported on SBA-1S (a), Ti-SBA (b), Zr-SBA (c),
and ALO; (d).

sites (2197 cm™"); hydroxyl groups (2156 cm™"), Mo, (6-fold
coordinated Mo cations) in the metal edge of the MoS, slabs
(2114 cm™), and Moy, in the sulfur edge of the MoS, phase

(2068 cm™).**** The spectrum of CO adsorbed on SBA-15
(Figure 3) exhibits three bands at 2156, 2114, and 2070 cm™,
assigned to CO adsorbed on SiOH groups, Moy, in the metal,
and Moy, in the sulfur edge of the MoS, phase, respectively.
The Ti and Zr surface modification of the SBA-15 material
induced Lewis acidity, as evidenced by the bands at 2184 and
2188 cm™! for MoS,/Ti-SBA and MoS,/Zr-SBA, respectively.
These Lewis sites (presumably Ti*" and Zr*") are weaker than
those in Al,O;, as concluded from the higher wavenumber of
the stretching vibrations (¢(CO)) on the latter.>* For the sake
of clarity, Figure 4 (left) presents the above-described
assignments for the spectrum of CO adsorbed on MoS,/AlLO;.

The IR spectra of CO adsorbed on the series of Ni-MoS,
catalysts are shown in Figure 3. All spectra had at least five
bands, most of them overlapping. In the catalysts supported on
Al,O;, Zr-SBA, and Ti-SBA, the bands at 2197, 2189, and 2178
cm™, respectively, correspond to CO adsorbed on Lewis sites.
The low-intensity band at 2153 cm™" in all spectra is attributed
to CO adsorbed on OH groups. The shoulder at 2124, 2123,
2128, and 2125 cm™" on the sulfide supported on SBA-15, Zr-
SBA, Ti-SBA, and AlOs, respectively, is assigned to CO
adsorbed on Ni atoms on the edges of the promoted MoS,
crystals.35 The main band, at 2096, 2097, 2103, and 2110 cm™
(on SBA-15, Zr-SBA, Ti-SBA, and ALO;, respectively) is
attributed to CO adsorbed on Moy, sites. The shoulder at
2075—2084 cm™ is attributed to the adsorption of CO on §-
fold-coordinated Mo sites in the vicinity of the Ni atom
promoter. Finally, the adsorption bands at lower wavenumbers
are attributed to Mo sites of varying coordination in the
promoted phase or segregated nickel sulfide phases. Figure 4

Support - Sulfide M032/A|203

Absorbance, a.u.

T T
2100 2000
Wavenumbers, cm-!

2200

Absorbance, a.u.

1900

Support = Sulfide

Ni-MoS./Al,O;

T T T T
2100 2000 1900 1800

Wavenumbers, cm-!

2200

Figure 4. Assignment of the deconvoluted bands of the IR spectra of CO adsorbed on MoS,/ALO; (left) and Ni-MoS,/ALO; (right): CO on
Bronsted sites on the support (a); CO on Lewis acid sites on the support (b); CO on Mo cations at the metal edge of MoS, (c); CO on Mo cations
at the sulfur edge of the MoS, phase (d); CO on Brensted sites on the support (e); CO on Ni cations at the edges of MoS, (f); CO on Mo cations

(g); and CO on Mo sites in the vicinity of Ni cations (h).
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(right) illustrates the assignments of the bands of CO adsorbed
on support and MoS, for Ni-MoS,/Al,O;.

The intensities of bands corresponding to CO adsorbed on
acid sites (Lewis acid sites and hydroxyl groups) of promoted
catalysts decrease significantly compared with the nonpromoted
catalysts. This observation confirms the rearrangement of the
sulfide phase suggested by XRD, NO adsorption, and TEM
analysis. Figure 4 illustrates the deconvolution of the IR spectra
of CO adsorbed on MoS,/Al,0; and Ni-MoS,/ALO; to
evidence the goodness of fit. The results of the deconvolution
of all spectra are presented in the Supporting Information
(Figures S4 and SS and Tables S3 and S4). The areas and
positions of the deconvoluted bands were used to rationalize
the effects of promoter and support on HDS and HDN
activities, as described in the Discussion section. It must be
mentioned that the position of the bands did not appreciably
vary as a function of the CO pressure below the equilibrium
value of 1 mbar, as illustrated in Supporting Information
(Figure S6) for Ni-MoS, catalysts.

Activity of the Mo Catalysts. The conversions of DBT
and OPA on MoS, catalysts are shown in Figure S. The trend

40

| HDs
30 A

20

Conversion, %

Conversion, %

Time, h

Figure S. Conversion of dibenzothiophene (hydrodesulfurization,
HDS) and o-propylaniline (hydrodenitrogenation, HDN) MoS,
catalysts supported on SBA-15 (a), Ti-SBA (b), Zr-SBA (c), and
ALO; (d).

lines shown are the result of the fitting procedure described
below. The activities, as a function of the support, increased in
the order: AL,O; ~ Zr-SBA-15 < Ti-SBA-15 < SBA-15 (HDS
activity), and ALO; < Zr-SBA-15 < Ti-SBA-15 < SBA-15
(HDN activity). In all cases, the HDN activity was higher than
the HDS activity. The concentration profiles of reactants and
products are presented in Figures S7 and S8 of the Supporting
Information. The results do not suggest that the reaction
networks for HDS of DBT and HDN of OPA on the catalysts
studied differ from those widely accepted in literature for MoS,-
based catalysts (see for instance refs 36—45). Thus, the
following kinetic analyses are based on the reaction networks
presented in Figures 6 and 7. The HDS of DBT proceeds either
via direct desulfurization (DDS), (kups; in Figure 6) yielding

1491

DBT BP
S 2H, H,S

2H/2\ KHps2
S” HpBT H2 H2S HB
s 2H2 HS

DHDBT BCH

Figure 6. Reaction network for the hydrodesulfurization of
dibenzothiophene. The compounds involved in the reaction network
are dibenzothiophene (DBT), biphenyl (BP), tetrahydrodibenzothio-
phene (HDBT), cyclohexylbenzene (CHB), decahydrodibenzothio-
phene (DHDBT), and bicyclohexyl (BCH).

OPA PB
©j\/ Krpn1 ©/\/
NH2  h, NH
3dkHDN2
NH,
NH‘BJKHDNs
@/\/ Krpna O/\/

PCHE

Figure 7. Reaction network for the hydrodenitrogenation of o-
propylaniline. The compounds involved in the reaction network are o-
propylaniline (OPA), propylbenzene (PB), propylcyclohexylamine
(PCHA), 3-propylcyclohexene (PCHE), and propylcyclohexane
(PCH).

biphenyl (BP) or hydrogenation (HYDS) to tetrahydrodiben-
zothiophene (HDBT), followed by sulfur removal to cyclo-
hexylbenzene (CHB) (kyps, — kupsy in Figure 6), or
consecutive hydrogenation of HDBT to decahydrodibenzo-
thiophene (DHDBT), followed by sulfur removal to
bicyclohexyl (BCH). The latter steps (HDBT — DHDBT —
BCH) were lumped into a single hydrodesulfurization step
(kgpss) because DHDBT is too reactive to be observed.”®*’
The HDN of OPA proceeds via two routes: direct
denitrogenation (DDN), (kypy; in Figure 7) leading to
propylbenzene (PB); and hydrogenation (HYDN) to propyl-
cyclohexylamine (PCHA), with the subsequent nitrogen
removal and hydrogenation to 3-propylcyclohexene (PCHE)
and propylcyclohexane (PCH), respectively (for this study,
PCHE represents the sum of the three isomers 1-
propylcyclohexene, 3-propylcyclohexene, and propylidene
cyclohexane). In Figure 7, the HDN hydrogenation route is

dx.doi.org/10.1021/cs500034d | ACS Catal. 2014, 4, 1487—1499
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kupnz = kapns— kupng On all the catalysts studied here, DBT
was converted mainly through direct desulfurization, leading to
biphenyl as the main product within the whole DBT conversion
range. OPA was converted preferentially (with PCHE and PCH
being the main products below and above 20% of OPA
conversion, respectively) via the hydrogenation pathway, that
is, OPA - PCHA — PCHE — PCH.

To quantitatively describe the trends in activity, we
attempted to calculate pseudo-first-order reaction rate con-
stants for the HDS and HDN reactions; however, preliminary
fittings were not satisfactory because the reaction order in DBT
and OPA seemed to be fractional, as inferred from the shape of
the conversion lines. The HDS of model compounds on MoS,
in the absence of N-containing compounds has been described
with pseudo-first-order kinetics.***” In this work, the severe
deviation of HDS from first-order kinetics is tentatively
attributed to the inhibiting effect of OPA and the products of
HDN. Note that in all reactions performed on MoS, catalysts,
two regimes in conversion were differentiated: below and above
20% of OPA conversion. Both HDN and HDS could be
satisfactorily fitted to pseudo-first-order kinetics for OPA
conversions below 20%. At OPA conversions higher than
20%, however, the reaction rates decreased (see the slope of the
conversion curves). This effect was minor for converting OPA,
but HDS was severely inhibited. These observations suggested
that NH;, formed by the denitrogenation of OPA and PCHA, is
strongly adsorbed on the active sites, retarding HDS. The
observation is in line with results reported for HDS and
hydrogenation reactions performed in the presence of
ammonia*®* and the strong interaction expected between
the strongly basic NH; and the Lewis acid sites needed for
DBT conversion.

To account for the competitive adsorption of products, it was
decided to adjust the experimental data to the Langmuir—
Hinshelwood model represented in eqs 1—9, where C; is the
concentration of the species i, and k; is the reaction rate
constant of the step j in Figures 7 and 8. It is not possible to
determine the adsorption equilibrium constants of all the
products from the present results; however, with the aim of
quantitatively discussing the resistance of the catalysts to
inhibition, the concentration of products competing in HDS of
DBT was calculated as the product of the initial concentration
of OPA and its conversion, whereas the concentration of
products competing in OPA HDN was calculated as the
product of the initial DBT concentration and its conversion. By
doing this, it was explicitly assumed that the concentration of
products inhibiting HDS was approximately the concentration
of NHj;, whereas the concentration of products inhibiting HDN
is equivalent to the concentration of H,S. This is in agreement
with the predominance of direct desulfurization in HDS, the
fast denitrogenation rates, and the conclusion that NH; is the
main inhibiting species for HDS. Hence, in eqs 1-9, Ky; 5 and
Cy,s are the lumped adsorption equilibrium constants and

concentration or the species competing for the active sites in
HDN, whereas Kyy, and Cyy, are the adsorption equilibrium

constants and concentration or the species competing for the
active sites in HDS. It has to be noted that the effect of the
relatively strong base PCHA was not taken into account
because it occurs only in low concentrations (see Figures S8
and S10 in the Supporting Information). This simplification
was applied to facilitate the quantification of the inhibition,
although we are aware that the mutual effect of S- and N-

1492

100

Conversion, %

Conversion, %

Time, h

Figure 8. Conversion of dibenzothiophene (hydrodesulfurization,
HDS) and o-propylaniline (hydrodenitrogenation, HDN) Ni-MoS,
catalysts supported on SBA-15 (a), Ti-SBA (b), Zr-SBA (c), and ALO,
(d).

containing compounds for HDS and HDN is complex and
depends on many parameters.”*~>® Detailed kinetic models,
aiming at the calculation of HDS and HDN surface reaction
rate constants and adsorption constants, have been reported by
several groups (see refs 54—58).

dcDBT — _(kHDSI + kHDSz)CDBT
dt 1+ ZKNH}CNH3 (1)
dCBP — kHDSICDBT
dt 1+ 3 Ky Cun, )
dcHDBT — kHDSZCDBT _ kHDS3CHDBT
dt 1+ YKy Can, 1+ 2 Ky Cun,
_ kHDS4CHDBT
1+ ZKNH3CNH3 (3)
dcCHB — kHDS3CHDBT
dt 1+ ¥ Ky Cun, (4)
ClcOPA — _(kHDNl + kHDNZ) COPA
dt 1+ ZKHZSCHZS (5)
dCpy  kypn;OPA
dt 1+ X Ky sChg (6)
dCPCHA — kHDNZCOPA _ kHDNSCPCHA
dt 1+ YKy Chs 1+ XKyCus 7)
dCPCHE — kHDN3CPCHA _ kHDN4CPCHE
dt 1+ XKy Chs 1+ XKy Cus (8)
dcPCH — kHDN4CPCHE
dt 1+ X Ky Cus (9)

dx.doi.org/10.1021/cs500034d | ACS Catal. 2014, 4, 1487—1499
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The overall rate constants for HDS (kypg; + kupso; see Table
4) are in line with the activity trend exhibited by the DBT

Table 4. First-Order Reaction Rate Constants, k; (X 1072
molh™*L™") for the Hydrodesulfurization (HDS) of
Dibenzothiophene” and Overall Adsorption Constants of
Compounds Competing for HDS sites, Kyy,, on MoS,

Catalysts
Kepst + Kups1/
kupsi  kups2  kupss kuipsa kiips Ky,
MoS, /AL 0, 4.9 0.07 0.22 5.0 76 167
MoS,/SBA 74 0.15 0.30 7.6 48 90
MoS,/Ti-SBA 6.0 0.08 0.13 6.1 72 120
MoS,/Zr-SBA 4.7 0.10 0.28 4.8 53 130

“See Figure 6 for the reaction network.

conversions, that is, the activity increases in the function of the
support in the order Zr-SBA < Al,O; < Ti-SBA-15 < SBA-1S.
The direct desulfurization pathway by far dominates HDS, and
as a consequence, the trend of the kyypg, values is identical to
that of the overall reactivity. In all cases, the rate constants of
the hydrogenating step (kyps,) are orders of magnitude lower
than those of the direct desulfurization (kyps;) and lead to
kepsi/kups ratios from 48 to 76. The hydrogenation of DBT
(kups2) on MoS, catalysts supported on SBA and Zr-SBA is
faster than on MoS, supported on AL O; and Ti-SBA. The
suppression of the hydrogenation route and concomitant large
preference for the direct sulfur removal pathway in HDS may
be due to the competitive adsorption of OPA on hydrogenation
sites. In the absence of N-containing compounds, similar
supported MoS, systems do not favor direct desulfurization
over hydrogenation to such a large extent.*”®

The overall OPA HDN constants (kypn; + kupng; see Table
5) also followed the described OPA conversion trends; that is,

Table . First-Order Reaction Rate Constants, k; (x 1072
mol-h™""L™"), for the Hydrodenitrogenation of o-
Propylaniline” on Mo$, Catalysts

kipny + kupno/
kioni  kupne  kmpns  Kepns HDN2 HDN1
MoS, /Al 0, 4.2 8.9 15700 69 132 2.1
MoS,/SBA 9.0 22.0 36700 108 31.0 2.5
MoS,/Ti- 6.6 21.0 60200 105 27.6 32
SBA
MoS,/Zr- 7.3 159 41900 91 232 22
SBA

“See Figure 7 for the reaction network.

the activity increased in the order Al,O; < Zr-SBA-15 < Ti-
SBA-15 < SBA-15 support. The kypn,/kypn; ratios showed
that the HDN hydrogenation route was 2.1—3.2 times faster
than the direct nitrogen removal. The NH; elimination from
PCHA (kypns) was several orders of magnitude faster than the
other HDN steps. The values of kypni, kppny and kypng
followed trends similar to that of the overall activity, whereas
the values of kypyy were similar on all MoS, catalysts.

The values of the lumped adsorption equilibrium constants
of the compounds inhibiting HDN (Kyy5) were negligible; for
example, on the order of 1077. In contrast, the lumped
adsorption equilibrium constants of the products inhibiting the
HDS were very significant, as seen in Table 4. The product
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inhibition of HDS increases in the order (in function of the
support) SBA-1S < Ti-SBA < Zr-SBA < Al,O,.

Activity of the NiMo Catalysts. The activity of the Ni-
promoted catalysts was much higher than that of the MoS,
catalysts (Figure 8); however, the extent of promotion
depended on the support composition because the activity
trends differed from those observed for MoS, catalysts. The
activities, in function of the support, increased in the sequence
SBA-15 < Zr-SBA-15 < Ti-SBA-1S < Al,O;, and Zr-SBA-1S <
Al,O; < SBA-1S < Ti-SBA-15 for HDS and HDN, respectively.
The HDN rates were higher than the HDS rates with the
exception of Ni-MoS,/AL,O;. The concentration profiles of
reactants and products are presented in Figures S9 and S10 of
the Supporting Information.

The rate constants of the reaction network of DBT HDS and
OPA HDN on Ni-MoS, catalysts are presented in Tables 6 and

Table 6. First-Order Reaction Rate Constants, k; (X 1072
mol-h L"), for the Hydrodesulfurization of

Dibenzothiophene” and Overall Adsorption Constants of
Compounds Competing for HDS Sites, Ky, on Ni-MoS,

Catalysts
Kups1 + Kups1/
kHDSl kHDSZ kHDS3 kHDS4 HDS2 'HDS2 KNH3
Ni-MoS,/ 80.7 0.20 3.8 1.3 80.9 396 12
ALO;
Ni-MoS,/ 18.1 0.34 5.2 1.1 18.5 54 4
SBA
Ni-MoS,/Ti- 50.2 0.27 2.5 1.1 50.5 183 6
SBA
Ni-MoS,/Zr- 24.0 0.16 6.1 1.2 242 149 8
SBA

“See Figure 6 for the reaction network.

Table 7. First-Order Reaction Rate Constants, k; (X 1072
molh™'*L™"), for the Hydrodenitrogenation of
Propylaniline” on Ni-MoS, Catalysts

Kypn + kipno/
kioni  kepne  kupns  Kepns Kipnz Kepnt
Ni-MoS,/ 2.1 534 46 000 416 56 25
AL O,
Ni-MoS,/SBA 4.8 53.4 55500 131 58 11
Ni-MoS,/Ti- 3.8 84.5 76 100 339 88 22
SBA
Ni-MoS,/Zr- 3.5 46.7 42 000 135 50 13
SBA

“See Figure 7 for the reaction network.

7. The trends of the overall HDS and HDN rate constants
(kups1 + kupsy and kypx; + kupno, respectively) were the same
as those described for reactant conversions. As with MoS,, a
remarkable preference for the direct desulfurization of DBT
and hydrogenation of OPA was observed via the concentrations
of BP in HDS and PCHE (or PCH) in HDN. Moreover, a non-
negligible concentration of BCH was detected during the HDS
of DBT. The experimental data obtained on Ni-MoS, catalysts
could be satisfactorily adjusted to first-order kinetics; however,
to be able to discuss the effect of Ni and to compare the
performance of MoS, and Ni-MoS, catalysts, the reaction rate
constants of all steps were calculated using the same simplified
Langmuir—Hinshelwood model described above.

dx.doi.org/10.1021/cs500034d | ACS Catal. 2014, 4, 1487—1499
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All the HDS reaction constants increased with the Ni
promotion, however, not to the same extent. This produced
trends that were different from those observed for MoS,. The
values of kypg, increased twice for the catalysts supported on
Zr-SBA and SBA-15, respectively, whereas on Al,O; and Ti-
SBA, kyps; increased 17 and 8 times, respectively. The same
behavior was observed for kyypg, that increased more than three
times on Al,O; and Ti-SBA, but only twice on Zr-SBA and
SBA-15. Hence, the catalysts supported on Al,O; and Ti-SBA
were the most active for HDS of DBT, although those
supported on SBA-15 and Zr-SBA maintain higher activity for
hydrogenation. The direct sulfur removal was more favored
than the hydrogenation pathway by the Ni promotion. As a
result, the kypg/kyps, ratios on the Ni-MoS, catalysts are
higher than those calculated for MoS,.

In the OPA HDN reaction network, all the rate constants
increased with Ni promotion, with the notable exception of
kypni, which decreased. The interplay between the lower kypy;
and the higher kypy;, values yielded different activity trends and
higher kypn,/kypy; ratios compared with those observed for
MoS, catalysts. The N-elimination rate from PCHA increased
on SBA-type materials in a similar proportion (around 1.5
times), somewhat less than on alumina (3 times). The values of
kimpng also increased more on Al,O; and Ti-SBA than on SBA-
15 and Zr-SBA.

Interestingly, the lumped adsorption equilibrium constants of
the inhibiting products calculated on Ni-MoS, catalysts are
lower than those on MoS, (Table 6), that is, the products were
less strongly adsorbed on Ni-MoS, than on MoS,. The Ky

(adsorption of products inhibiting HDN) values were in the
order of 1077 and, therefore, neglected as in the case of the
MoS, catalysts. The Ky, (adsorption of products inhibiting

HDS) values for Ni-MoS, catalysts were 1 order of magnitude
lower than those of the unpromoted counterparts following the
sequence SBA-15 < Ti-SBA < Zr-SBA < AL O;.

Bl DISCUSSION
On the Active Sites for HDS and HDN. It has been

accepted that the catalytically active sites in nonpromoted and
Ni(Co)-promoted MoS, are located at the edges of the slabs,
where coordinatively unsaturated sites (CUS), that is, exposed
Mo (or promoter) cations, exist.”®> The basal planes are
considered largely unreactive. The different actions of the
catalysts, that is, direct heteroatom removal or hydrogenation,
have been rationalized as sites formed with a varying number of
adjacent CUS and neighboring hydrogen atoms.*®* Interest-
ingly, even fully sulfided MoS, edges have been claimed to be
active sites for hydrogeno}sysis, for example, ring-opening of N-
containing compounds.**** In addition, the structure of MoS,
has been proven to be a determining factor for the conversion
of bulky compounds. For instance, the well-known rim-edge
model proposes that desulfurization of dibenzothiophenic
compounds occurs on all slabs of a MoS, stack (edges and
rims), whereas hydrogenation is limited to the top and bottom
slabs (rims).®® The hydrogenation functionality of the catalysts
has also been correlated with corners, where the expected
higher probability for the formation of adjacent vacancies
should lead to higher reactivity.°*®” Sterically hindered
compounds, on the other hand, may have problems to access
the active sites in the MoS, slabs in the proximity of the
support.>*®*% Some structural models also attempt to define
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different sites for hydrogenation of aromatic compounds and
alkenes.®

The controversies concerning the description of the active
sites in Mo-based sulfide catalysts have been intensified in
recent years with the postulate of the “brim sites”. These sites
are described as metal-like regions located near the edges of the
sulfide slabs that are able to catalyze hydrogenation and C—S
bond cleavage.m’71 In recent works, brim sites have also been
correlated with the adsorption of N-containing model
molecules.”

Similarly to our results (discussed below), the presence of N-
containing aromatic compounds has been found to suppress
the hydrogenation pathways in hydrodesulfurization of model
compounds and real feeds.”>~”> Furthermore, N-containing
compounds strongly inhibit hydrogenation of aromatic
compounds, which also links HDN with hydrodearomatiza-
tion.”*”” In contrast, the presence of S-containing compounds
has been found to have no effect or an enhancing one on the
hydrogenation rates of HDN.*"*%737%7% Ag for the C—S and
C—N cleavage functionalities, hydrogenolitic pathways are
considered to share the same active sites (CUS), whereas N-
removal, via, for example, Hoffman type elimination, is
concluded to occur on acidic SH groups.***>””

The adsorption of dibenzothiophenic compounds on CUS
has been concluded to occur in a plug-in mode through
electron donation of the S atom for direct sulfur removal. In
contrast, hydrogenation requires a flat adsorption resulting
from the donation of z-electrons from the aromatic ring to the
active site.””®® The adsorption geometry (flat, leading to
hydrogenation) would not change on brim sites, as suggested
recently.81 Therefore, regardless of the nature of the active sites,
the adsorption mode of the reactant molecules may dictate the
favored reaction pathway in HDS and the effect of competitive
interactions. OPA and DBT can adsorb via a benzenic ring or
heteroatom and, therefore, may compete for the same sites.

The direct removal of S and N atoms is very likely to proceed
on CUS via a reverse Mars—van Krevelen mechanism?**"**
(correlations between DDS and DDN with CUS are shown
below). Evidence of CUS as active sites for direct
desulfurization is the strong effect of NH; (high Kyy, values)

on the HDS of DBT. On promoted catalysts, the NH,
poisoning effect remains, although it decreases by 1 order of
magnitude due to accelerated C—S bond cleavage.

In contrast to the convention on the nature of active sites for
direct S- and N-removal steps (CUS), the hydrogenation sites
are under strong debate. OPA suppresses the hydrogenation
steps of the HDS network (vide supra), suggesting that OPA
and dibenzothiophenic compounds share the same sites for
parallel adsorption. In contrast, DBT has little influence on the
hydrogenation sites of OPA.*" Furthermore, the OPA HDN is
largely insensitive to the increasing concentration of H,S or
NH;, known to adsorb on CUS. All this indicates that there are
two kinds of sites that lead to hydrogenation: one is accessible
only to OPA, whereas the second is accessible for OPA and
DBT. In turn, NH; produced during HDN adsorbs strongly on
the sites for DBT conversion.

In the classical view, the hydrogenation of aromatic rings may
occur on adjacent CUS.>7% In this case, the size of the
molecules should dictate their accessibility to CUS, that is,
OPA, with a single aromatic ring, would require less space to
adsorb than the relatively bulky DBT. Therefore, the
hydrogenation of OPA is not affected by DBT to the extent

dx.doi.org/10.1021/cs500034d | ACS Catal. 2014, 4, 1487—1499



ACS Catalysis

Research Article

Table 8. Turnover Frequency Values for the HDN of OPA and HDS of DBT on MoS, Catalysts Calculated from the
Corresponding Reaction Rate Constants” and the Fraction of Mo Atoms at the Edges of the MoS, Particles, f (a); the
Concentration of NO Adsorbed during Pulse Experiments (b); and the Sum of the Integrated Areas of the Deconvoluted Peaks

of the CO-IR Spectra (c)

HDS HDN
support (@) f,h! (b) NO, mol 57! (c) CO, h! (@) f,h! (b) NO, mol 57! (c) CO, h7!
AlL,O, 0.29 0.37 0.0037 0.77 0.97 0.009
SBA-15 0.35 0.83 0.0088 14.1 3.41 0.036
Ti-SBA 0.34 0.26 0.0045 15.3 1.17 0.020
Zr-SBA 0.28 0.25 0.0033 13.6 1.22 0.016

“kupsi + kupss, kupni + kupno; see Tables 4 and S.

Table 9. Turnover Frequency Values for the HDN of OPA and HDS of DBT on Ni-MoS, Catalysts Calculated from the
Corresponding Reaction Rate Constants” and the Fraction of Mo Atoms at the Edges of the MoS, Particles, f (a); the
Concentration of NO Adsorbed during Pulse Experiments (b); and the Sum of the Integrated Areas of the Deconvoluted Peaks

of CO-IR Spectra (c)

HDS HDN
support (@) f,h! (b) NO, mol 57! (c) CO, h! (@) f,h! (b) NO, mol*-s7! (c) CO, h7!
AlLO, 3.0 3.06 0.043 20.6 2.10 0.029
SBA-15 0.84 1.36 0.012 26.5 2.48 0.038
Ti-SBA 1.94 1.93 0.038 34.0 3.38 0.066
Zr-SBA 1.10 1.12 0.015 22.8 232 0.030

“kups1 + kupsa kupni + kupno; see Tables 6 and 7.

that the hydrogenation of DBT is hindered by OPA. However,
the null effect of NH; on the conversion of OPA speaks against
steric effects (because NH; is much smaller than OPA or
DBT). It may be that whereas OPA and DBT adsorb on CUS
(parallel and normal to the surface), OPA also adsorbs and
hydrogenates on brim sites as it is suggested by recent studies
that N-containing compounds adsorb and hydrogenate on brim
sites.*®”>%! At present, we speculate that the hydrogenation of
OPA occurs on CUS and brim sites in view of the weak effect
of the HDN and HDS reaction products (because H,S and
NH; must adsorb preferentially on CUS) on the OPA HDN
and the lack of correlation between CUS and OPA hydro-
genation (vide infra). Alternatively, other authors have
associated CUS with hydrogenolysis and hydrogenation and
sulfur-saturated sites with hydrogenation.”

In some works, the concentration of CUS, determined by
titration with probe molecules, has been satisfactorily correlated
with the activity of MoS, catalysts.**"% In stark contrast, in
other studies, the concentration of sites adsorbing probe
molecules does not satisfactorily correlate catalytic activity.®”~*’
This is probably due to the reactivity of the probes with the
sulfide surface, varying intrinsic reactivity (due to the presence
of promoters of incomplete sulfidation), or the higher steric
constraints of reactants compared with the probe molecule to
the active sites.

Here, the concentration of CUS was analyzed by titrating the
sulfides with two probes, that is, NO at room temperature
(pulse experiments) and CO at 128 K. Unfortunately, it is not
possible to correlate the concentration of adsorbed probe
molecules and the activity of the MoS, catalysts. A correlation
exists, however, between the dispersion of the MoS, phase
determined by TEM and the rate constants of the overall
conversion of DBT and OPA. Comparing the f values (fraction
of Mo atoms at the edges of MoS, crystals) presented in Table
3 and the (kypg; + kupsz) and (kypni + kupn,) values for MoS,
catalysts (Tables 4 and S), the same trends arise. Thus,
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increasing dispersion of the active surface increases the activity
of the catalysts, regardless the nature of the active sites. In this
respect, it is clear that the support providing the highest
dispersion to the MoS, phase leads to the highest activity.

To our surprise, the trends in concentrations of chemisorbed
NO (volumetric experiments), chemisorbed CO (followed by
IR spectroscopy), and f values (derived from TEM measure-
ments) are not the same within the series of catalysts. We used
the data, however, to determine turnover frequencies for HDS
of DBT and HDN of OPA to explore the possibility of
normalizing catalytic activity using those methods. Tables 8 and
9 present the turnover frequency values for HDS and HDN on
MoS, and Ni-MoS, catalysts. The trends of all TOF values are
the same as those observed for the corresponding conversions
and reaction rate constants (Figures S and 8 and Tables 4—7).
Tables S6—S11 of the Supporting Information report the TOF
values for particular pathways, that is, desulfurization,
denitrogenation, and hydrogenation. The trends of these
particular TOF values are also similar to those observed for
the corresponding reaction rate constants.

One might expect similar TOFs within the series of MoS, or
Ni-MoS, catalysts; however, that would be reasonably expected
only if the active phase (or the active sites dominating the
activity) in all catalysts has the same sulfidation and promotion
degrees and support effect. This condition is definitively not
met in the series of catalysts used in this work as discussed
below; therefore, largely differing TOF values were obtained. In
turn, similar trends in overall activity and TOF values suggest
that the overall activity is governed by the intrinsic activity of
the catalysts.

We attribute the mismatch among trends of activity and
concentrations of adsorbed NO and CO to differences in the
nature of the information provided by the characterization
techniques. It is possible that CO unselectively titrates sites at
the edges with different coordinations,>>* whereas NO titrates
CUS and may also remove sulfur at the edges through push—

dx.doi.org/10.1021/cs500034d | ACS Catal. 2014, 4, 1487—1499
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Figure 9. Left: correlations between kypg, (see Figure 6) and f (see Table 3) and the fraction of promoted edge in the Ni-MoS, catalysts. Right:
correlation between kypy; (see Figure 7) and the fraction of nonpromoted MoS, edge in the Ni-MoS, catalysts.

pull type mechanisms.”® The values of f, on the other hand,
summarize purely structural information provided by TEM
measurements. Evidently, these techniques may be measuring
different properties of the sulfide phase, that is, surface structure
(CO adsorption), reactivity toward oxidation (NO adsorption),
and dispersion (f). With these considerations, it is no longer
surprising that those techniques exhibit different trends and
that they correlate with catalytic activity only in relatively few
studies focused on the conversion of model sulfur-containing
compounds.®”***! Hence, although CO- and NO-chemisorp-
tion experiments provide insightful information on the
structure and surface of the sulfide materials, these techniques
do not seem suitable for the quantification of the sites active
during simultaneous processes (HDS, HDN) or for quantita-
tive comparison among catalysts subjected to very different
promoter and support effects.

Effect of the Promoter. The addition of Ni increases the
dispersion of the MoS, phase (according to the increase in the f
values) and the concentration of adsorption sites (NO and CO
adsorption experiments). However, the increase in HDS (DDS
and HYDS routes) and DDN activity is much larger than that
of dispersion or adsorption capacity of the MoS, phase.
Therefore, we conclude that the active sites created with the
addition of Ni are intrinsically much more active than those in
the nonpromoted catalysts. This suggests that the addition of
Ni leads to the formation of the Ni—Mo—S phase, which is
much more active than phase-pure MoS,.”>”* In this Ni-
promoted phase, Ni substitutes Mo cations at the perimeter of
the MoS, slabs and, therefore, is also referred to as a decoration
model. This improvement in the activity and concentration of
active sites must be the cause of the notable decrease of
poisoning of HDS by ammonia (the Ky, for Ni-MoS, catalysts

are 1 order of magnitude smaller than those of MoS, catalysts).

In HDS, the DDS pathway is more enhanced than the HYDS
pathway in line with previous observations that the rate of C—§
bond cleavage is enhanced with the addition of Ni.** Similarly,
the sulfur removal from HDBT (kypg;) is accelerated to a large
extent with Ni promotion. The values of kypg, increase in the
same fashion as the dispersion determined by NO adsorption
and TEM (the correlation between kypg; and f is shown in
Figure 9). This indicates that the Ni—Mo—S phase dominates
the activity on all the supports. However, not all catalysts have
identical decoration, and the kypg; values correlate with the
fraction of promoted MoS, edge calculated from the
deconvoluted IR-CO adsorption spectra (see Table SS of the
Supporting Information). The linear correlation between kyypyg,
and the fraction of promoted edge (Figure 9) indicates that at
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least two CUS are needed to perform the C—S bond cleavage: a
S vacancy on Mo and another on Ni. Other groups have also
concluded the need for two vacancies to perform the direct
desulfurization.*® That is, one vacancy to bind and retain the
sulfur atoms and another one to adsorb the hydrogenated
intermediate. In turn, the lineal correlation between kypg; and
the fraction of promoted edge explains the change in HDS
activity trends comparing MoS, and Ni-MoS, catalysts. That is,
enhancing the promoter effect overcomes the importance of the
dispersion of the parent unpromoted MoS, phase.

The hydrogenation step of DBT HDS (kypg,) was also
accelerated with the Ni promotion. It is difficult to discuss the
differences in kypg, among the catalysts because of the low
values and the competitive adsorption of N-containing
compounds. However, we also observe that the catalysts
exhibiting the MoS, slabs with the highest average stacking
degree (those supported on SBA-1S and Zr-SBA, as seen in
Table 3) exhibited the highest hydrogenation rates in HDS.%%*

In HDN, the effect of Ni is more complex than in HDS
because not all reaction pathways are accelerated by promotion.
Note that kypny kppny and kypng are certainly enhanced by
the promotion, but the DDN pathway (kypy;) is negatively
affected. Indeed, there is a linear correlation between the kypy;
values and the fraction of nonpromoted MoS, edge, as shown
in Figure 9 (the fraction of nonpromoted MoS, edge was
calculated from the deconvoluted IR-CO adsorption spectra, as
shown in Table S5 of the Supporting Information). Therefore,
the active sites for the DDN route exist on nonpromoted edges,
in agreement with refs 41 and 95. This negative effect of
promoter addition has been rationalized as a difference between
the electronic properties of arrangements of adjacent Mo CUS
and arrangements of vacancies containing promoter atoms.” In
view of the fact that Ni increases the concentration of
CUS,**”?® we propose that on MoS, catalysts, the presence
of isolated CUS promotes the o-donation from N needed for
DDN. In the presence of Ni, however, the concentration of
adjacent CUS (including Ni-associated vacancies) increases at
the expense of the isolated ones. In such arrangements, the
hydrogenation of the aromatic ring is much more favored than
DDN.

On the other hand, kypy, and kypys correlate neither with
the dispersion of the active phase (estimated either from TEM
or NO adsorption) nor with any specific band intensity of the
CO-IR spectra. This suggests that the effect of Ni is an indirect
one, most likely enhancing the H, activation or the surface
reaction of adsorbed intermediates. In turn, hydrogenation of
OPA and C—N bond cleavage in PCHA may depend on the
interplay among the dispersion, the decoration level, and
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support effect of the MoS, phase (see below). The variation of
kypng in contrast, satisfactorily correlates with the dispersion of
the sulfide phase determined by TEM and NO adsorption and
the fraction of promoted edge. It has been proposed that the
adsorption step leading to hydrogenation occurs via 7-donation
of the double bond to a single CUS.? Therefore, the saturation
of the double bond in PCHE is likely to occur on Ni-promoted
sites because the Ni—Mo—S phase determines the activity.

Effect of the Support. The primary role of a catalytic
support is to maximize and stabilize the concentration of active
surface. However, in very few cases the effect of the support is
limited to that. In the particular case of supported sulfide
catalysts, the carrier may modify the electronic properties, the
acid properties, and the morphology of the active phase as well
as the promotion effect of Ni or Co.”” ' According to the
described primary role of the support, the activity of the MoS,
catalysts correlates with the dispersion of the sulfide phase
determined from TEM. The surprising decrease of the sulfide
dispersion and activity of the catalysts on modified SBA-1S, in
stark contradiction with previous reports,>**3%°%%* g
attributed in the present case to pore blocking during the
modification procedures that led to agglomeration of Mo
species (note the large differences between the textural
properties of catalysts supported on SBA-15 and those
supported on Ti- and Zr-modified materials).

The promotion with Ni led to more active catalysts on Ti-
SBA and Zr-SBA than on pure SBA-15. This showed that the
promotion effect is much more pronounced on the modified
supports. In this respect, the changes in activity and the
deconvolution of the IR spectra of adsorbed CO (Table SS of
the Supporting Information) indicate that the fraction of
promoted MoS, edge increases in the support order SBA-15 <
Zr-SBA < Ti-SBA < Al,O;. Comparison among Ni-MoS,
catalysts supported on bulk oxides also showed better
promotion on ALOj; than on SiO,, TiO,, and ZrO,."”®> Thus,
although the exact nature of Ni incorporation into the edges of
MoS, is unclear, it appears obvious that the nature of the
support strongly influences this chemistry. The trend of the
promoted MoS, edge resembles the trend of the Lewis acid
concentration and strength of the supports as inferred from the
blue shift of the IR bands attributed to CO adsorbed on Lewis
acid sites, that is, SBA-15 (no Lewis sites detected) < Ti-SBA
(2184 cm™) < Zr-SBA (2189 cm™') < ALO; (2192 cm™).
Probably the presence of Lewis acid sites favors close
interaction between Ni and Mo species, which in turn leads
to a high promotion degree.

The catalyst supported on Al,O; is the most active for HDS,
which is attributed to the significant Ni incorporation to the
MoS, edges and the remarkable increase in dispersion. The
significant increase in the HDS activity on Ti-SBA after Ni
promotion is also attributed to a high decoration level.
Furthermore, the rate of OPA hydrogenation on Ti-SBA is
the highest, yielding the most active Ni-Mo§, catalyst for HDN.
In a recent work, a Ni-MoS, catalyst supported on TiO,—SBA-
1S also exhibited higher HDN rates compared with Ni-MoS,/
ZrO,—SBA-15."" The cause of this high activity is attributed to
a support influence on the acidity of Mo and Ni cations. Note
that in the deconvoluted IR spectra (Figure SS of the
Supporting Information), the positions of the bands of CO
adsorbed on nonpromoted Mo atoms and Ni shift to higher
wavenumbers in the sequence SBA-15 (2093 cm™') < Ti-SBA
(2096 cm™) < Zr-SBA (2100 cm™) < AL, O; (2112 cm™) and
Ti-SBA (2123 cm™) < SBA-15 (2124 cm™) < Zr-SBA (2125
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ecm™') < ALO; (2128 cm™'), respectively. Although the
differences in band positions among the SBA-type materials
are subtle, the acid strength of the CUS on Al,Oj; is higher than
on the mesoporous materials, as judged from the much larger
shifts on AL, O;. Hence, we conclude that the lower acid
strength of the sulfide phase on Ti-SBA (relative to that on
AL O;) yields optimal OPA-active phase interaction, which
enhances its hydrogenation.

If we interpret increasing acidity of the sulfide phase of
supported Ni-MoS, (i.e., stronger electronic transfer toward the
support’) as increasingly strong support—sulfide phase
interactions, then the interaction is the strongest in the case
of the catalysts supported on alumina (exhibiting the bands at
the highest wavenumbers). Moderate interactions would lead to
weaker acidity of adsorption sites on SBA-15-type materials, as
suggested by the position of the deconvoluted peaks in the IR
spectra. Similarly, moderate support-MoS, interactions have
been related to high intrinsic activity of MoS, catalysts.'"®

In contrast to the Ni-promoted sulfides, the spectra of CO
adsorbed on MoS, catalysts show the main band of CO
adsorbed on the sulfide to appear at lower wavenumbers on
ALO,; (2114 cm™) than on mesoporous materials (>2120
cm™") (see Figure 3; see also refs 83, 104). We speculate that
the strong interaction between Al,O; and Mo species leads to
not fully sulfided MoS,, su%gesting that the Al-O—Mo bonds
are relatively abundant.’®'® In turn, the basic character of
these bridging oxygen groups may compensate the support-
induced acidity of the MoS, phase. Alternatively, in ref 105, it is
proposed that there is a contribution of weakly interacting CO
to the spectra of CO adsorbed on MoS,/SiO,, which shifts the
observed position to high wavenumbers. The verification of
both proposals is, however, out of the scope of this study.

B CONCLUSIONS

Purely siliceous SBA-15 as well as Ti- and Zr-modified SBA-15,
and Al,O; were used as supports for a series of MoS, and Ni-
promoted MoS, catalysts for the simultaneous hydrodesulfuri-
zation (HDS) of dibenzothiophene (DBT) and hydrodeni-
trogenation (HDN) of o-propylaniline. The OPA conversion
rates were higher than those of DBT in all cases except for Ni-
MoS,/AlL,O;, which exemplified the very high HDS activity.
OPA reacted preferentially through hydrogenation, and DBT,
through direct sulfur removal. The direct denitrogenation of
OPA is faster on unpromoted MoS, than on Ni-promoted
MoS,. In contrast, the direct desulfurization is much faster on
Ni-promoted catalysts compared with nonpromoted ones.

The activity for HDS and HDN of the MoS, catalysts was
primarily determined by the dispersion of the supported sulfide
phase. The hydrodenitrogenation of OPA inhibited the
desulfurization of DBT on unpromoted catalysts due to the
selective poisoning of coordinatively unsaturated sites. The
addition of Ni increased dispersion, concentration of
adsorption sites, and intrinsic activity of the sulfide phase in
all cases. The effects of Ni addition were attributed to the
formation of the Ni—Mo—S$ phase (corroborated by CO—IR
spectroscopy). The composition and, hence, acidity of the
support influenced the degree of Ni substitution and acidity of
the supported sulfide phase, leading to different impact on the
final catalyst.

The HDS rates directly depend on the decoration degree of
Ni on the edges of MoS, because HDS occurs on sites
involving accessible Mo and Ni cations. In contrast, direct
hydrodenitrogenation was reduced because only Mo cations are
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catalytically active, whereas the presence of Ni enhances the
hydrogenation of the aromatic ring and leads to higher HDN
rates via this way. The hydrogenation pathways of OPA and
DBT occur on the same active sites, which are tentatively
attributed to be brim sites or adjacent CUS.

B ASSOCIATED CONTENT

© Supporting Information

Textural properties of the supports, detailed TEM character-
ization of sulfide materials (i.e, histograms of length and
stacking degree, average, and standard deviation values),
complete deconvolution of IR spectra (with integrated areas
of all deconvoluted bands), experimental concentration profiles
of reactant and products during the kinetic tests compared with
those calculated from kinetic modeling, and TOF values for
different routes. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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