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ABSTRACT

A strong synergistic effect of nickel and molybdenum was observed for hydrodesulfurization (HDS)
of dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene
(4,6-DMDBT) over highly active Ni-MoS;/y-Al, 05 catalysts. The surface of the most active catalyst in this
study was composed by Ni:Mo = 1:3, which was determined by XPS results. In addition, catalytic behavior
indicates the presence of two different adsorption models accounting for the DDS (direct desulfurization)
and the HYD (hydrogenation) pathways. The structure of the NiMoS active phase appears to be identical
regardless of Ni/(Ni+ Mo)ratio. The reaction sequence of the DDS pathways is DBT > 4-MDBT > 4,6-DMDBT
due to the steric hindrance of methyl groups located adjacent to the sulfur atom of DBT, which prevents
o-bonding of the sulfur to the active site within the NiMoS phase. The reaction rates of HYD pathways
are independent of the number of methyl groups, suggesting that the alkyl groups do not interfere the

Tr-adsorption of DBTs on the active sites.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

According to the very strict environmental regulations, the sul-
fur content of diesel fuel should already have become less than
10 ppm [1-4]. However, it is still necessary to keep the focus on the
end goal: sulfur-free transportation fuels (including gasoline, diesel
fuels and jet fuels) and non-road fuel. Even though 10 ppm sulfur
levels have already been reached in most industrialized countries,
more efficient catalysts are still needed to lower the reaction tem-
perature and to reduce the hydrogen consumption by decreasing
the hydrogen pressure. Therefore, researchers have a very strong
motivation to develop the next generation of highly active HDS
catalysts.

For ultra-deep HDS [5-12], it is already known that the
most refractory sulfur-containing compounds in gas oil are the
alkyldibenzothiophenes (alkyl-DBT). This is especially the case for
those substituted in the 4 and 6 positions of the phenyl rings adja-
cent to the thiophenic one, such as 4,6-dimethyldibenzothiophene
(4,6-DMDBT). However, substitution in the other positions has
minor effects on the reactivity. Up to now, it has been widely
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accepted that the HDS of these refractory alkyl-DBT derivatives
proceeds through two parallel reaction routes [6-8], as shown in
Scheme 1. The first pathway is a direct desulfurization (DDS) path-
way that produces dimethylbiphenyl (DMBP). The second pathway
involves prehydrogenation (HYD) of one aromatic ring, followed by
sulfur removal that produces methyl cyclohexyltoluene (MCHT).
Optimization of hydrodesulfurization (HDS) catalysts is the
most appropriate approach to produce the ultra-clean diesel fuel in
order to minimize the capital investment and lower operating cost.
Supported molybdenum sulfide catalysts [6,7] have been widely
used in industrial HDS processes during the last few decades.
Regarding the surface structure of such catalysts, Topsee et al.
first proposed the so-called “CoMoS” model [13], indicating some
possible locations of Co at the different MoS, edge planes. That
suggests a possible effect of the morphology of MoS, on activity
and selectivity, and could explain the results of numerous studies
dealing with the structure-function relationship of these systems.
In addition, Koningsberger and coworkers classified this model as
CoMoS Type I (single slab) and Type II (multilayer slabs) phases
[14]. This model has been extended to NiMo catalysts and to HDN
reactions. Molybdenum-based catalysts have been characterized
with various techniques including extended X-ray absorption fine
structure (EXAFS) spectroscopy [15-17], infrared spectroscopy of
NO adsorption [18-20], transmission electron microscopy (TEM)
[21-23], X-ray photoelectron spectroscopy (XPS) [24], and 57Co
Mossbauer emission spectroscopy [6]. Furthermore, the effects of
the support in molybdena catalysts were studied intensively over
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Scheme 1. Reaction pathways for the HDS of 4,6-dimethyldibenzothiophene (4,6-
DMDBT).

the past decade. For example, Segawa and co-workers [25-31] pub-
lished a group of papers for HDS of DBT derivatives over Ni-MoS,
catalysts supported on TiO,-Al,03 and B,03-Al,03 support.

Notwithstanding the number of studies already available in the
literature, several issues are still open questions, including whether
the DDS and HYD pathways occur at the same or at different active
sites, what is the key factor for determining the pathway selectivity,
and which synthetic methodology will allow design and prepara-
tion of the most active HDS catalyst. In this paper we report the
synergistic effects of the addition of nickel promoter in conven-
tionally prepared Ni-MoS,/y-Al,03 catalyst for the HDS of DBT,
4-MDBT and 4,6-DMDBT. Our major goal is to correlate the HDS cat-
alytic activity with the surface atomic composition and especially
the NiMo ratio by combining kinetic studies with XPS characteri-
zation. Furthermore, we will try to define the relation between the
catalytic activity and selectivity with the reactants (DBT, 4-MDBT
and 4,6-DMDBT), as well as whether the reaction pathways (DDS
or HYD) proceed via different active sites.

2. Experimental
2.1. Preparation of catalyst

Highly active Ni-MoS,/y-Al,03 catalysts with various
Ni/(Ni+Mo) atomic ratios were prepared by a standard co-
impregnation method [32]. A5 g aliquot portion of porous y-Al;03
support (BET surface area 279 m2/g, pore volume 0.59 cc/g) was
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impregnated with an aqueous solution of ammonium hepta-
molybdate (NH4)sMo70,4-4H,0 (Fluka, >99%) and nickel nitrate
Ni(NO3),-6H,0 (Aldrich, 99.999%). The amounts of ammonium
heptamolybdate and nickel nitrate were adjusted in order to reach
15wt% (NiO+MoO3) loading. The Ni/(Ni+Mo) ratio was varied
from O to 1. The obtained solid was dried at 100°C for 10h, and
then calcined at 500°C for 10h under ambient condition. Prior
to HDS reaction, the catalyst was activated in situ by sulfiding
treatment to obtain active Ni-MoS,/y-Al,03 catalysts.

2.2. HDS catalytic reactions

The HDS reactions over Ni-MoS,/y-Al,03 catalysts were carried
out in a fixed bed high pressure reaction system under plug-flow
condition. The reactor consists of a 1.27 cm outer diameter/0.97 cm
inner diameter, 45 cm long stainless steel tubular reactor with an
aluminum cylindrical surrounding block (2.54cm diameter and
38 cm length). The powder catalyst (25-300 mg, 100 mesh) was
diluted with 0.5 g silica gel (Sigma-Aldrich, Davisil, Grade 636, pore
size 60 A, 36-60 mesh), and then the mixture was placed in the
center of the reactor, sandwiched with inert layers (Norton, Den-
stone 57, 1/8 in.). DBT (Aldrich, 99%), 4-MDBT (Sigma-Aldrich, 96%)
and 4,6-DMDBT (Aldrich, 97%) were diluted with n-hexadecane
(Sigma-Aldrich, 99.8%) and toluene (Sigma-Aldrich, 99%) at the
molar ratio of 1:8:130 in order to reach 2000 ppm sulfur concen-
tration. The DBT liquid reagents were charged by the high pressure
liquid feed pump (TELEDYNE ISCO, 260D).

Before starting HDS reactions, samples were heated from
room temperature to 400 °C with a constant temperature increase
(3°Cmin~1) and then held for 10h, while flowing H,S/H, (5%
H,S) at 30cm®min~! under atmospheric pressure. After that,
the reactor was cooled down to the desired reaction temper-
ature (270-310°C) under a constant pressure of H, (3 MPa).
Finally, the liquid reagent was fed to the reactor by means
of the high-pressure liquid pump (feed rate: 2-60ml/h as
needed).

The HDS catalytic tests were conducted at a constant pressure
(3 MPa) with a constant H; flow rate at 200 cm3 min~!, and a LHSV
(liquid hourly space velocity) ranging from 300 to 3600 h~!. The
conversion level was kept at below 20% and the selectivity was cal-
culated at 10% conversion. The liquid products were collected from
a gas-liquid separator and then directly analyzed with a HP5890 II
GCequipped with FID and a capillary column (DB-5). GC-MS (mass
spectrometry, VG-70S mass spectrometer) was used to identify the
observed reaction products. The temperature in the oven of GC
was heated from 175°C to 300°C with the ramp of 10°Cmin~!
and held at 300°C for 2.5min in order to separate the reaction
products.
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Fig. 1. Catalytic activities (a) and DDS selectivities (b) for HDS of DBTs over Ni-MoS,/v-Al,03 catalysts. Selectivity was determined at 10% conversion. Reaction conditions:

2000 ppm sulfur, 3 MPa, 310°C, LHSV =300-3600 h~', H; flow rate =200 cm3 min~'.
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2.3. Characterization with X-ray photoelectron spectroscopy
(XPS)

XPS was employed to specify the states of nickel and molybde-
num present before and after sulfidation treatment. Measurements
were conducted on a Kratos AXIS Ultra DLD XPS system equipped
with a hemispherical energy analyzer and a monochromatic Al Ko
source (486.6 eV), which was operated at 15 keV and 150 W, inci-
dent at 45° with respect to the normal surface. The pass energy
was fixed at 40 eV for the detailed scans. A charge neutralizer was
used to compensate for the surface charge, since the sample was
nonconductive.

Oxidized samples were evacuated down to 1.33 x 10~7 Pa at
room temperature for measurement in the XPS preparation cham-
ber. The sulfided samples can be obtained by ex-situ sulfiding
treatment of oxidized catalysts at 400°C under H,S/H; flow (5%
H,S) for 3 h at atmospheric pressure. Those sulfided samples were
then placed in the preparation chamber and treated with H, flow at
380°C for 1 h, followed by transfer into the main chamber without
exposure to air. Finally, samples were evacuated to 1.33 x 10~ Pa
before XPS measurement.

All spectra were corrected using 71.33 eV as a reference for Al2p
binding energy (BE). The spectra were fitted to a Shirley-Linear
background using XPSPEAK software version 41. The deconvolution
was accomplished with Gaussian-Lorentzian band shapes. Several
constraints for the deconvolution of Mo3d peaks were consid-
ered: (1) the theoretical spin-orbit splitting of the Mo3d peaks was
3.13eV; (2) the ratio of peak area between Mo3ds, and Mo3ds,
was kept constant at 3:2; (3) the full width at half maximum
(FWHM) values of the Mo3ds;, and Mo3d3), peaks were assumed
to be identical. In the case of Ni2p, these parameters of Niz*2p3/2
and Ni?*2py are: (1) 17.49eV; (2) 2; (3) identical.

3. Results and discussion
3.1. HDS catalytic reaction

Kinetic evaluations for HDS of DBT, 4-MDBT and 4,6-DMDBT
were performed at a constant H, pressure (3 MPa) in the tempera-
ture range of 270-310°C over active NiMo/y-Al,03 catalysts with
different Ni/(Ni+ Mo) atomic ratios. Figure 1 shows the overall rate
constants (a) and selectivities (b) for HDS of DBT, 4-MDBT and 4,6-
DMDBT. In Fig. 1(a), it can be seen that the HDS activity of DBT over
MoS;/y-Al, 03 is greatly enhanced with the addition of Ni. This phe-
nomenon can also be observed in the cases of HDS of 4-MDBT and
4,6-DMDBT. Furthermore, the pseudo-first order rate constant goes
through a maximum for Ni/(Ni+Mo) bulk atomic ratio of around
0.33, where the value is approximately 20 times higher than that
of Mo alone. In the region beyond Ni/(Ni+Mo)=0.33, the activ-
ity starts to decline significantly. Similar plots for HDS of 4-MDBT
(squares) and 4,6-DMDBT (circles) are obtained for the same fam-
ily of catalysts. In both plots, the maximum is again observed for
the Ni/(Ni+ Mo) bulk atomicratio of around 0.33. This indicates that
the maximum number of active sites is present in the catalysts with
Ni/(Ni+ Mo) ratios of about 0.33. In addition, the rate constants are
decreased by roughly a factor of 2-3 in the case of 4-MDBT, and yet
another two fold in the case of 4,6-DMDBT over the whole range
with different Ni/(Ni+ Mo) ratios. This confirms that the HDS activ-
ity decreases following in the order: DBT >4-MDBT > 4,6-DMDBT.
Prins and coworkers [33] also found that the Ni promoter increased
the rates in the reaction network of DBT and 4,6-DMDBT, especially
the direct desulfurization steps.

As shown in Fig. 1(b), the selectivity of the DDS pathway is
significantly enhanced upon addition of Ni to molybdenum cata-
lysts for the HDS of all three DBT derivatives. This suggests that
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Fig. 2. Arrhenius plots for HDS of DBTs over Ni-MoS;/y-Al;03 catalyst with
Ni/(Ni+Mo)=0.33. Reaction conditions: 2000 ppm sulfur, 3MPa, 270-300°C,
LHSV =300-3600h", H, flow rate =200 cm? min~!.

the presence of nickel favors the DDS pathway (i.e., hydrogenoly-
sis), and thus is contributing to the formation of the catalytic active
phase. Moreover, it is notable that the DDS selectivities for HDS
of DBTs over all bimetallic Ni-Mo catalysts remained almost con-
stant regardless of Ni/(Ni+Mo) atomic ratio, although the activity
is greatly influenced by Ni content. These results suggest that the
catalytic property of the highly active sites is identical regardless
of Ni/(Ni+ Mo) ratio. Additionally, the significant decreases in cat-
alytic activity for the HDS of 4-MDBT and 4,6-DMDBT as compared
to DBT, is accompanied by a declines in the DDS selectivity.

In order to evaluate the activation energy, we adjusted the
temperature within the range of 270-300°C. Fig. 2 shows the
Arrhenius plots for HDS of DBT, 4-MDBT and 4,6-DMDBT over
the Ni-MoS;/y-Al,03 catalyst with the Ni/(Ni+Mo) ratio of 0.33.
Apparent activation energies were 107 kJ/mol for DBT, 127 kJ/mol
for 4-MDBT and 183 k]/mol for 4,6-DMDBT. It can be seen that
the activation energy increases with the increase of the number
of methyl groups located near the sulfur atom of the DBT molecule.
Thus, the methyl groups appeared to inhibit the C-S bond scission
of the adsorbed DBTs on the active sites. Itis notable to mention that
the selectivity of the DDS pathway is almost unchanged within the
temperature range of this study (270-310 °C). Moreover, the activa-
tion energy obtained in this study (above 80 k]/mol) indicates that
the reaction is not limited by diffusion in the bulk phases. This is
similar to the research results from Kabe and co-workers [34], who
pointed out that the values of activation energies of HDS reflect
the relative difficulty of desulfurization of DBTs. They also reported
that 4-MDBT and 4,6-DMDBT are adsorbed on the catalyst more
strongly than DBT.

Table 1 summarizes the pseudo-first order rate constants k for
DDS and HYD pathways, as well as the activation energies for HDS

Table 1
Summary of rate constants and activation energies for HDS of DBTs over Ni-MoS; /y-
Al, 05 catalyst.

Reactant kroraL (h™1) kpps (h~1) kuyp (1) Ea (KkJ/mol)
DBT 438 402 36 107
4-MDBT 131 90 41 127
4,6-DMDBT 63 26 37 183

Reaction conditions: Ni/(Ni+Mo)=0.33, 2000 ppm sulfur, 3MPa, 270-300°C,
rate constant k was determined at 310°C, LHSV=300-3600h-!, H, flow
rate=200cm® min~1.
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Fig. 3. Mo3d XPS spectra of Ni-Mo/y-Al,05 catalyst with Ni/(Ni+Mo)=0.33 before (a) and after (b) sulfiding treatment. Binding energy: Mo® 3ds;,=232.88¢eV,
Mo®*3ds); =229.75 eV, Mo**3ds; =228.73 eV, Mo**3ds), =225.60 €V, Sys =222.72 €V.
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Fig. 4. Ni2p XPS spectra of Ni-Mo/y-Al,05 catalyst with Ni/(Ni+Mo)=0.33 before (a) and after (b) sulfiding treatment. Binding energy: (a) Ni>*2p;;=871.05eV,
Ni?*2p;), =853.41eV and (b) Ni?*2p;, =867.27 eV, Ni2*2p3, =850.07 eV, *satellite peak.

1 — T T T T T T T 7 1 — T T T T T T T T
| L (b) ]
. 0.8 - by
J ;-; L ]
N Z 06 -
+
] o |
4
E 04
L g = L ]
0.2 | . 02 | ]
0 P R T E R B 0 P N R S B
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Ni/(Ni+Mo) Ni/(Ni+Mo)

Fig. 5. The sulfidation degree of Mo (a) and Ni (b) as a function of Ni loading over Ni-MoS;/y-Al, O3 catalysts.
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of DBT, 4-MDBT and 4,6-DMDBT obtained from the catalyst consist-
ing a Ni/(Ni+Mo) ratio of 0.33. Each of these rate constants (kpps
and kyyp) was calculated by multiplying the overall HDS rate con-
stant by its associated DDS and HYD selectivity. The changes in
activity and selectivity observed with different catalysts can largely
be understood in terms of an alteration in the ability of the cata-
lyst to facilitate the DDS reaction pathway (see Scheme 1). It can
be seen that the rate constant for the DDS pathway is extremely
retarded by the presence of methyl groups adjacent to sulfur atom
in dibenzothiophenes in the order of DBT >4-MDBT > 4,6-DMDBT.
This phenomenon is very likely to occur due to steric hindrance
generated by methyl substitution near the sulfur atom.

On the other hand, the HDS rates of the HYD pathway were
essentially independent of the number of methyl groups, and thus
apparently not related to steric hindrance. For instance, in Table 1
the rate constants of the HYD reaction pathway are 36 h—! for DBT,
41h~! for 4-MDBT, and 37 h~! for 4,6-DMDBT. These results may
suggest that the DDS and HYD reaction pathways might occur at
different types of adsorption sites on the Ni-MoS, [y-Al,03 catalyst.

It is relatively straightforward to understand why there is a sig-
nificant steric hindrance in 4,6-DMDBT as compared to DBT, if one
compares their conformations. It can be seen that the sulfur atom in
DBT is accessible for bonding, allowing DBT to adsorb on an active
site via a sulfur-metal interaction (o-bonding). However, in the
case of 4,6-DMDBT, the two methyl groups at the 4- and 6-positions
inhibit the interaction of the sulfur atom with the active site via a
sulfur-metal bond. Therefore, 4,6-DMDBT preferentially undergoes
mr-complexation (m-bonding) rather than sulfur-metal interactions
(o-bonding) on the active site, which favors the HYD instead of the
DDS reaction pathway [35]. In addition, Segawa and coworkers [36]
proposed a flat adsorption mechanism of 4,6-DMDBT via the HYD
route, for which steric hindrance could be avoided.

3.2. Characterization of NiMo/y-Al,03 catalysts by XPS

Information on elemental composition and the oxidation state
of the metals can be provided by XPS measurements. Thus, the
states of NiMo species before and after sulfiding treatment were
investigated. XPS spectra of Mo3d and Ni2p over the most active
Ni-Mo/vy-Al, 03 catalyst with Ni/(Ni+Mo)=0.33 before (a) and after
(b) sulfiding treatment are shown in Figs. 3 and 4, respectively.
As can be seen, the samples before sulfiding are oxidized in the
Mo®* and Ni2* states. Upon sulfiding, the majority of the Mo®* con-
verts to Mo**, while the formation of nickel sulfide species can be
identified. However, neither Mo nor Ni can be sulfided completely.
Some unsulfided species of Mo®* and Ni2* still remain on the sur-
face, which can associate with oxygen atoms. The Mo>* species and
expected Sos occur after sulfiding; identical conclusions also pro-
posed by Niemantsverdriet [37] during a study of the sulfidation
mechanism of MoOs.

As shownin Fig. 5(a), the Mo** /Mo ratio is a function of Ni atomic
composition. The repeatable data indicate us that the Mo**/Mo
ratio is almost constant at around 0.65 in the Ni/(Ni+Mo) ratio
range of 0-0.7. Meanwhile, some unsulfided Mo®* surface species
still exist even after extensive sulfiding treatment. It is notable that
the surface appears slightly enriched in Mo in the oxidized state.
However, Mo segregation on the surface is enhanced after sulfiding.

Fig. 5(b) represents the NiS/(NiS+NiO) ratio as a function of
Ni loading over Ni-MoS;/y-Al,03 catalysts. As it can be seen, the
NiS/(NiS + NiO) ratios are decreasing gradually from 0.6 to 0.4. Since
NiS species contribute to the NiMoS active phase, it would be much
better if the NiS/(NiS+NiO) ratio could be increased to a higher
level. However, some other Ni species is possible to be formed on
the surface, which can further associate with oxygen atoms, lead-
ing to the formation of aluminate species. Moreover, Eijsbouts et al.
found the formation of some large Ni3S; bulk particles in commer-

cial Ni-Mo catalysts [38]. In addition, there is significant Ni sulfide
segregation in commercial Ni-Mo catalysts, although they have
high MoS, dispersion.

According to the sulfidation degree, the calculated sur-
face atomic ratio is about Ni:Mo=1:3 for the catalyst at
Ni/(Ni+Mo)=0.33. That means the Ni:Mo ratio changes from 1:2
in the bulk phase (in the oxidized state) to 1:3 on the surface phase
(in the sulfided state) after sulfiding treatment.

4. Conclusions

A strong synergistic effect of nickel and molybdenum was
observed with the addition of Ni over MoS;/vy-Al,03 catalysts for
HDS of DBT, 4-MDBT and 4,6-DMDBT at 3 MPa within the tempera-
ture range from 270 to 310 °C. Ni promoter enhances the selectivity
of DDS pathway compared to monometallic MoS,/y-Al,03 cata-
lyst, while the HYD selectivities over all Ni-MoS;/y-Al, 05 catalysts
remain almost constant and independent of Ni/(Ni+Mo) atomic
ratios. The structure of NiMoS active phase thus appears to be
identical regardless of the Ni/(Ni+Mo) ratio. The maximum cat-
alytic activity for the HDS of DBT derivatives can be found at a
Ni/(Ni+Mo) bulk atomic ratio of around 0.33. According to the sul-
fidation degree, activity of catalysts as a function of the atomic
composition suggests that a roughly 1:3 surface Ni:Mo ratio (1:2
in the bulk phase) produces the most active NiMoS site, and most
likely the largest number of them.

In addition, catalytic behavior as a function of the reactants
suggests that the DDS and HYD reaction pathway might occur at
different type of adsorption site on the Ni-MoS,/y-Al,03 catalyst.
The reaction sequence of the DDS pathway is DBT >4-MDBT > 4,6-
DMDBT due to the steric hindrance of methyl groups located near
the sulfur atom of DBT which prevents o-bonding of the sulfur to
the active site within the NiMoS phase. The reaction rates of HYD
pathway are independent of the number of methyl groups at 4 and
6 position of DBT molecule, thus suggesting that the alkyl groups
do not hinder the m-adsorption of DBTs on the active sites in the
NiMoS phase.
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