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Abstract

This work presents the effect of different sulfiding agents on Mo-W-Ni trimetallic catalysts, such as “NEBULA” catalysts. The materials
were prepared by direct precipitation of ammonium molybdate, ammonium tungstate and nickel nitrate, generating a trimetallic precursor
designated NH4-Ni-Mog s W 5-O. Hydrogen sulfide (H,S), dimethyl disulfide (DMDS) and dimethyl sulfide (DMS) in a hydrogen atmosphere
were used to sulfide the precursor at 400 °C for 2 h. The NEBy,s, NEBpymps and NEBpys catalysts obtained were evaluated in the
hydrodesulphurization (HDS) reaction of dibenzothiophene (DBT). DMDS and DMS are less polluting agents than H,S, which is indeed a
highly toxic compound. The catalysts were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). In addition, textural properties were measured using the BET and BJH methods. NEBy,s and NEBpyps catalysts
present similar catalytic activities for HDS, higher than NEBpys. However, the latter catalyst was the most selective towards biphenyl (BF).
NEBp,s and NEBpyps catalysts were exposed twice to the HDS reaction, they presented an improvement in catalytic activity compared to the

first catalytic test.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, different processes have been developed to
remove the sulfur present in the heavy fractions of petroleum.
The most important process is the hydrodesulfurization
(HDS) process because it is the most economically feasible,
wherein transition metals sulfides (TMS) are the optimal
catalysts to carry out the numerous reactions of hydrogenation
and hydrogenolysis. Preparation of catalysts with better
catalytic activity and stability than commercial ones presents
a great challenge for the refining industry and the search of
new routes of preparation is an area of current interest. TMS,
particularly, molybdenum and tungsten sulfides are cataly-
tically active in hydrotreating [1,2]. In 2001, ExxonMobil,
Akzo Nobel and Nippon Ketjen introduced a new unsup-
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ported catalyst called NEBULA. It is a Mo-W-Ni trimetallic
catalyst with an activity at least three times better than any
other hydrotreating catalyst available. It is especially suitable
for production of fuels with ultra low sulfur content
(~10 ppm) and for nitrogen elimination and saturation of
aromatic compounds in diesels. Fig. 1 presents the evolution
of catalysts for HDS until NEBULA catalyst [3-5].

Due to the high degree of toxicity of H,S, different
sulfiding agents are used, i.e. carbon disulfide (CS,),
dimethyl disulfide (DMDS), dimethyl sulfide (DMS),
tertiarybutyl polysulfide (PSTB) and tertiarynonyl poly-
sulfide (PSTN). In recent advances were reported catalysts
sulfided by DMDS showed catalytic activities as high as
other catalysts sulfided by H,S [6-8]. In this work, the
trimetallic precursor, NH4-Ni-Mog sWg 5-O, was sulfided
under H,S, DMDS or DMS to determine their influence on
the catalyst activity and the HDS reaction pathway of
dibenzothiophene (DBT) [9].
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Fig. 1. Development of the HDS catalysts in the last 50 years.

2. Experimental
2.1. Preparation of precursor

The precursor preparation was according to the patent
obtained by Soled et al. [4]. Two aqueous solutions were
prepared (A and B). Solution A consisted of ammonium
heptamolybdate (AHM) and ammonium metatungstate
(AMT) dissolved in water at 90 °C under stirring. The pH
of this solution was maintained at about 9.8 by adding
NH,4OH. Solution B consisted of nickel nitrate dissolved in
water at 90 °C, while stirring, solution B was slowly added
to solution A at 90 °C, a precipitate was formed, then the
solid was filtered, washed with hot water and dried at
120 °C. The molar ratio Mo:W:Ni of precipitate was 1:1:2
and is represented as NH4-Ni-Mogy sWy 5-O.

2.2. Preparation of catalysts

Sulfidation was carried out in a Thermolyne 21100
tubular furnace at 400 °C for 2 h using H,S, DMDS or DMS
(10 vol% in hydrogen). The catalysts obtained are, hereafter,
called NEBy,s, NEBpymps and NEBpys, respectively.
NEBpy,s and NEBpyips catalysts are named as NEBy,5(2)
and NEBpyps(2) after the second catalytic test.

2.3. Catalytic activity and selectivity

The HDS reaction was carried out in a Parr 4520 batch
reactor of 11 volume. The reactor was loaded with 1 g of
catalyst and 150 ml of A decalin solution containing 5 wt%
of DBT (6.6 g). A catalyst sieving fraction of 35-50 mesh

Table 1

size was employed to avoid intraparticle transfer resistance.
The catalytic activity test was performed at 350 °C, 490 psi,
under constant agitation of 600 rpm. The reaction was
carried out for 5h, with sampling being performed every
30 min and analysis with gas chromatography.

The DBT conversion increases linearly with time as
expected for a pseudo-zero-order reaction [11]. The main
reaction products for the HDS of DBT are biphenyl (BP)
formed by direct C—S bond cleavage of DBT (the so-called
direct desulphurization pathway, DDS) and phenylcyclohex-
ane (PCH) formed by an initial hydrogenation of one of the
aromatic rings of DBT followed by C-S bond rupture (the
hydrogenating pathway, HYD). The HYD/DDS selectivity
ratio is based on the product concentration ratio (PCH/BP). It
should be noted that an intermediate primary hydrogenated
product, tetrahydrodibenzothiophene (THDBT) is also formed
along the HYD pathway. Its concentration remains low and
could be neglected when calculating the HYD/DDS ratio.
Moreover, this compound is not an HDS product since it still
contains sulfur. The mean standard deviation for catalytic
measurements was about 2.5%. After the DBT reaction, the
catalysts were separated from the reaction mixture by filtration,
washed with isopropanol to remove residual hydrocarbons and
dried at room temperature. Finally, the resulted catalysts were
stored in inert atmosphere for further characterization.

2.4. Characterization of catalysts

All materials were characterized before and after HDS of
DBT. The X-ray diffraction (XRD) studies were carried out
with a Philips X Pert MPD diffractometer, equipped with a
curved graphite monochromator using a Cu Ko radiation
source. The catalysts morphology was studied with a JEOL
JSM-58000LV scanning electronic microscope at different
magnification settings. A Philips CM200 transmission
electronic microscope with LaBg filament was also used to
observe the microstructure of the materials. The superficial
area was measured in a Quantachrome equipment series Nova
1000 by nitrogen adsorption at —196 °C using the BET
method. The samples were outgassed in vacuum at 250 °C
before adsorption of nitrogen. The pore-size distribution was
obtained by nitrogen desorption, following the BJH method.

3. Results and discussion

The results of activity, selectivity, superficial area and the
S/W atomic ratio of the catalysts are summarized in Table 1.

Reaction rate coefficients (k), DBT conversion at 5 h of reaction, selectivity, atomic ratio S/W and surface area of NEBy,s, NEBpyvps and NEBpys catalysts

Catalyst k x 107 (mol/(s 2) DBT conversion (%) Selectivity (HYD/DDS) Area before HDS (mZ/g) Area after HDS (mz/g) S/W
NEBHy,s 14.59 68.25 1.25 7.37 17.31 3.0
NEBpmps 13.11 62.17 0.82 14.87 28.00 35
NEBpums 7.96 37.25 0.56 20.58 21.21 34
NEBy,s(2) 17.11 55.98 1.15 17.31 22.65 -
NEBpMps(2) 17.05 48.10 0.97 28.00 50.49 -
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Fig. 2. Adsorption—desorption isotherms of the NEBy,s, NEBpyps and
NEBpus catalysts before HDS reaction.

The NEBy,s catalyst presents the highest reaction rate
constant compared to NEBpyps and NEBpys, while the
latter presents the lowest one. Moreover, NEBpyg is the
most selective towards biphenyl (BF), favoring DDS. The
highest surface area before HDS reaction corresponds to the
NEBpws catalyst (20.5 m?/ g) and the lowest to the NEBy, s
catalyst (7.37m?/g), the same behavior is maintained after
the HDS reaction. It is interesting to observe that the surface
area of all spent samples increase significantly as a result of
surface restructuring throughout the HDS reaction. The
surface area of NEBp,s, NEBpymps and NEBpys catalysts
before reaction showed an inverse relation respect to their
reaction rate coefficients, indicating a greater concentration
of active sites per unit of area in NEBy, s catalyst. However,
when NEBp,s and NEBpyps catalysts were again tested in
HDS, their surface area increased and their catalytic activity
improved. Furthermore, both catalysts show similar reaction
rate constants (17 x 10~/ mol/(s g)), indicating that DMDS
is as good sulfiding agent as H,S to generate metal sulfides
with high catalytic activity. The different S/W ratios
reported in Table 1, obtained by EDS analysis (1% error),
suggest that the use of different sulfiding agents influences
the sulfidation degree.

Fig. 2 presents the adsorption—desorption isotherms of
catalysts before the HDS reaction. These samples show type
IV isotherms, corresponding to mesoporous materials. In
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Fig. 3. Adsorption—desorption isotherms of the NEBy,s, NEBpyps and
NEBps catalysts after HDS reaction.
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Fig. 4. Diffractograms of the NEBy,s, NEBpyps and NEBpys catalysts
before HDS reaction.

Fig. 3, the adsorption—desorption isotherms after reaction
are presented. All isotherms are similar to those for
bimetallic catalysts reported previously [10]. This type of
isotherm facilitates the determination of superficial areas
due to saturation of the monolayer in the relative pressure
range between 0.08 and 0.4; from these values, the slope of
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Fig. 5. Diffractograms of the NEBg,s, NEBpnmps and NEBpys catalysts
after HDS reaction.

Fig. 6. Scanning electron micrograph of the NEBpy,s catalyst after HDS
reaction.
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curve changes when capillary condensation begins. At
relative pressures greater than 0.8, the curve becomes
smoother until complete saturation of pores occurs.

The diffractograms of catalysts before the HDS reaction
are presented in Fig. 4. The XRD patterns of these catalysts
are in agreement with those reported by Alvarez et al. [10].
In general, the catalysts exhibit poorly crystalline structures
of MoS, and WS,. The NiS phase was observed in the
NEB4g,s and NEBpyps catalysts and could be the reason of
the low value of surface area in both samples. Recently,
Berhault et al. [8] reported the formation of more highly
dispersed crystallites after DMS treatment, which is in

Fig. 7. Scanning electron micrograph of the NEBpypg catalyst after HDS
reaction.

Fig. 10. Transmission electron micrograph of the NEBpypg catalyst after
Fig. 8. Scanning electron micrograph of the NEBpyg catalyst after HDS HDS reaction.
reaction.

Fig.9. Transmission electron micrograph of the NEBpy, catalyst after HDS Fig. 11. Transmission electron micrograph of the NEBpys catalyst after
reaction. HDS reaction.
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agreement with the XRD pattern of the NEBpy5 catalyst.
Similarly, Fig. 5 presents the XRD patterns of catalysts after
reaction; the signals for NEBy,s and NEBpyps catalysts are
greater, especially in the (00 2) direction than for the
NEBpwms catalyst. In addition, the NiS phase in these
catalysts tends to disappear after the catalytic test, probably
due to re-dispersion of nickel.

Figs. 6-8 show the scanning electron micrographs of the
catalysts NEBp,s, NEBpyps and NEBpyg after the HDS
reaction. In general, single agglomerates and spongy
particles are observed and the sulfiding agent does not
markedly affect the morphology. Although the catalysts in
this research work are trimetallic, similar morphology was
observed on bimetallic catalysts previously reported [10]. In
addition, significant changes in morphology after the HDS
reaction were not evident.

Figs. 9-11 present the transmission electron micro-
scopy (TEM) micrographs of NEBy,s, NEBpyps and
NEBpys catalysts, respectively, after the HDS reaction.
The catalysts revealed the presence of typical structures
of the layer like MoS, and WS, phases. The NEBy,s
catalyst has greater stacking in the (0 0 2) direction and
longer layers than the NEBpypg catalyst. The lattice
fringes on NEBy,s catalyst have a spacing of about 0.61-
0.62 nm and stacking of 6-8 layers of average length
about 16 nm, which is well ordered in the same direction.
Although, NEBpyps catalyst has layers smaller than
NEBpy,s, the stacking is similar. On the other hand, it
can be seen that stacking decreases in NEBpys, showing
layer in all directions. The results about stacking in
the (002) direction are in agreement with the XRD
patterns.

Fig. 12. Elemental mapping of the NEBy,s catalyst after HDS reaction by transmission electron microscopy.
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Fig. 12 shows the TEM mapping of the NEBy,s catalyst,
which exhibits the highest reaction rate coefficient. It is
possible to observe a good elemental dispersion in the
analyzed superficial zone which improves the catalytic
activity in the HDS reaction. The NEBy,s catalyst presents
good dispersion before and after the HDS reaction.

The use of different sulfiding agents does not only
influence the degree of sulfidation, but also lead to catalysts
of different crystalline phases and surface areas. Indeed, the
sulfiding medium plays a very important role in the
morphology and activity of the hydrotreating catalysts, as
clearly revealed by XRD, scanning electron microscopy
(SEM), TEM and BET results.

4. Conclusion

Our results suggest that DMDS can be used as sulfiding
agent instead of H,S to generate catalysts with high activity.
The sulfidation with DMDS yields a catalyst (NEBpyps)
with greater superficial area and selectivity towards BF than
those for NEBy,s. A further increase in superficial area and
activity was observed exposing the NEBp,s(2) and
NEBpuMps(2) catalysts to a second catalytic test. Both
samples behaved similarly and exhibited a reaction rate
constant of 17 x 10~ 'mol/(s g). Elemental mapping showed
that all elements (Mo-W-Ni) are homogeneously distributed.
The sulfiding medium influences the morphology, activity
and selectivity of catalysts in the HDS of DBT.
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