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Abstract

A series of fluorinated alumina pillared a-zirconium phosphate supported with nickel, molybdenum and nickel–
molybdenum sulfide catalysts was prepared in order to investigate the use of an alumina-pillared material, i.e., an alumina
diluted within another inorganic matrix, as a support of sulfide catalysts. The catalysts were prepared by impregnation, with
loadings of 4, 8, 12 wt.% of Ni; 13 wt.% of Mo and 2.1–9, 3–13 wt.% of Ni–Mo followed by calcination at 673 K.

Ž .Sulfidation was performed at 673 K for 2 h. They were characterised by X-ray diffraction XRD , temperature-programmed
Ž . Ž .reduction TPR and X-ray photoelectron spectroscopy XPS . The set of data indicated that in the Ni-based catalysts a

fraction of the loaded Ni2q interacts with the support and cannot be sulfided at 673 K. However, a total sulfidation of Ni2q

Ž .is reached in the NiMo-based catalysts. The Ni 2p binding energy B.E of Ni–Mo sulfided catalysts shifted to higher3r2
Ž .values )1 eV with respect to those observed in Ni-based catalysts suggesting the existence of different environments for

Ž .Ni in these materials. The catalysts can be easily regenerated by treatment with 5% vrv O rN mixture at 673 K without2 2

noticeable loss of activity. The catalysts exhibited a high activity and stability for thiophene HDS particularly the NiMo
catalysts due to the promotion of Ni for Mo-based catalysts. q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Pillared; Alumina; Nickel; Molybdenum; HDS; Catalysis; Zirconium phosphate

1. Introduction

Hydrodesulfurization is one of the most im-
portant reactions in petroleum refining pro-
cesses for removing sulfur components in the
feedstock. These components present several

) Corresponding author

important problems such as pollution of the
environment through increased SO emissions,2

corrosion of materials with which they have
contact, poisoning of reforming catalysts, and
cause petroleum products to have undesirable
odors and burning characteristics. In recent
years, growing environmental concerns have
coupled with dwindling fossil fuel reserves to
increase the interest in HDS catalysts for pro-
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ducing cleaner fuels from lower quality feed-
stocks.

Among the numerous catalytic formulae in-
vestigated, the most commonly used are CoMo
and NiMo mixed sulfides supported on alumina.

w xThe results of intensive research 1–11 show
that in the final oxidic or precursor state various
degrees of chemical interaction exist between
the amorphous alumina and the transition metal
oxides. Some of the formed phases are very
stable and resist sulfidation. Studies on nickel
sulfide catalysts have concluded that supports,
such as Al O , interact strongly with Ni2q

2 3

cations which impede their sulfidation. X-ray
Ž .photoelectron spectroscopy XPS and X-ray

Ž .diffraction XRD revealed the presence of the
phase NiAl O on catalysts, which is formed on2 4

w xcalcination at high temperatures 12–15 .
Metal–alumina interactions may be weak-

ened by using carriers such as alumina-pillared
compounds, where the aluminium oxide is di-
luted within a layered inorganic matrix. In these
systems, alumina nanoparticles induce perma-
nent porosity by propping open the layers of the
host, thus making the resulting solids suitable to
be used as supports. In this way Occelli and

w xRennard 16 applied a pillared bentonite as a
support for an Ni–Mo catalyst for hydrogena-
tion-hydrocracking of vacuum gasoil feed-

w xstocks, and Kloprogge et al. 17 supported
nickel sulfide on alumina pillared montmoril-
lonite which exhibits high activity for DHS of
thiophene. In previous works, we described the
preparation and surface properties of fluorinated

w xalumina a-zirconium phosphate materials 18
as well as their use as supports for preparing
nickel catalysts. These catalysts proved to be
highly active for the hydrogenation of benzene

w xwith imperceptible deactivation 19 . The aim of
the present work was thus to study the effect of
these pillared structures on sulfidation and activ-
ity of supported-nickel, molybdenum and
nickel–molybdenum sulfide catalysts for the
HDS reaction. For this purpose, the materials
were characterized using XRD, XPS, thermo-

Ž .programmed reduction TPR with H and, fi-2

nally, the hydrodesulfurization of thiophene has
been chosen to probe the activity of these differ-
ent supported catalysts.

2. Experimental

The support chosen was a fluorinated alu-
mina pillared a-zirconium phosphate, prepared

w xas described elsewhere 18 and calcined at 673
K for 6 h. The calcined material, with empirical

w Ž . xfo rm ulae : Z r A l O O H F3.39 1 .12 1 .60 4 .90
Ž . 2qH PO , hereafter referred as AlZrP-1. Ni0.57 4 2

and MoŽVI. were incorporated into the supports
using the incipient impregnation method with

Ž .ethyl alcohol solutions of Ni NO correspond-3 2

ing to nickel loadings of 4, 8 and 12 wt.% and
aqueous solutions of ammonium molybdate
wŽ . xNH Mo O P4H O corresponding to 134 6 7 24 2

wt.%. Another set of catalysts containing both
nickel and molybdenum were prepared by suc-
cessive impregnations with loadings of 2.1–9
wt.% and 3–13 wt.% Ni–Mo. All samples were
then dried at 333 K and calcined at 673 K for 5
h.

The TPR of thermally treated samples was
performed between 313 and 973 K, using a flow

Ž 3 .of ArrH 40 cm rmin, 10% of H and heat-2 2

ing at 10 Krmin. The water produced in the
reduction was eliminated by passing the gas

Ž .flow through a cold finger 193 K . The con-
sumption of reductor was controlled by an on-
line gas chromatrograph provided with a TC
detector.

Ž .Powder diffraction patterns XRD of sam-
ples were performed with a Siemens D501
diffractometer, provided with a graphite mono-
chromator and using Cu Ka radiation. XPS
analysis were obtained with a Physical Electron-
ics 5700 instrument with a Mg Ka X-ray exci-

Ž .tation source hns1253.6 eV and hemispheri-
Ž .cal electron analyser. Accurate "0.1 eV

Ž .binding energies BEs were determined with
respect to the position of the C 1s peak at 284.8
eV. Mol percentages of P, O, Zr, Ni, Mo and S
were determined. The measured peaks areas
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Ž .P 2p, O 1s, Zr 2p, Ni 2p, Mo 3d and S 2p
Ž y1.counts s of the fits were multiplied with the

w xcorresponding sensitivity factors 20 . The resid-
ual pressure in the analysis chamber was main-
tained below 10y9 Torr during data acquisition.
The catalysts were always handled under hex-
ane after the sulfidation to keep them under
air-free conditions.

The catalysts were tested in the thiophene
hydrodesulfurization reaction at 673 K, using an
automatic microcatalytic flow reactor under at-
mospheric pressure. The catalysts were sup-
ported between quartz wool in a quartz tube
reactor; the catalyst charge used was 0.2 g

Žwithout dilution. The catalysts were heated 673
.K under He flow and then sulfided in situ in a

3 Ž .flow of 60 cm rmin H SrH 10% H S us-2 2 2

ing the following temperature programme: 10
Krmin increase from r.t. to 673 K and keeping
the catalysts for 1 h at 673 K. After sulfidation,
the gas flow was switched to the reaction mix-
ture; a hydrogen flow of 50 cm3rmin contain-
ing 4.0 mol.% thiophene. The contact time was
0.15 g srmmol and catalysts did not show
diffusion restrictions. The reactor effluents were
sampled via a microvolume sampling valve and
injected into a gas chromatogragh equipped with
a flame ionization detector and a capillary col-

Ž .umn TRB-1 . Based on conversion data, and
assuming that reactions are pseudo-first order,

Ž .reaction rate constants K and K wereHDS HYD

calculated.

3. Results

3.1. Characteristics of the support and calcined
precursor samples

A fluorinated alumina pillared a-zirconium
phosphate support designated as AlZrP-1
Ž 2 .Al O , 29.3 wt.%; S s184 m rg was used2 3 BET

in this study. This material displays a mixed
porosity, essentially within the range of meso-
porous but with a micropore contribution of

3 Žf0.1 cm rg, and containing acid sites 1.5
mmol NH rg determined by NH thermal pro-3 3

.grammed desorption , mainly of Lewis type,
which are active in the dehydration of isopropyl

w xalcohol 18 .
Calcination of precursor samples at 673 K

gave rise to the formation of Ni, Mo and Ni–Mo
oxides supported on the pillared materials. The
presence of NiO and MoO on the surface of3

the supports was confirmed by XRD and XPS
analysis. The characteristic diffraction lines of

˚NiO appear at 2.41, 2.09 and 1.48 A for the

Fig. 1. TPR profiles of NiO supported materials with different Ni
Ž . Ž . Ž . Ž . Ž . Ž .percentages wt.% : a 0%; b 4%; c 8%; d 12%; e 12%

Ž . Ž .623 K ; f unsupported NiO.
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Fig. 2. TPR profiles of NiMo and Mo oxides supported materials:
Ž . Ž . Ž . Ž .a Ni–Mo 2.1–9%; b Ni–Mo 3–13%; c Mo 13%; d unsup-
ported MoO .3

Ni-based materials, and their intensities in-
creased with nickel loading, as expected. The
XRD patterns of samples containing Mo and
Ni–Mo oxides only show the peaks correspond-

˚ing to MoO at 3.81, 3.46 and 3.26 A. This3

means that Ni2q is highly dispersed in Ni–Mo
precursors.

The TPR profiles of NiO supported on alu-
mina-pillared a-zirconium phosphate are shown
in Fig. 1. The existence of several defined
ranges of H consumption in the TPR profiles2

pointed to the presence of more than one Ni2q

species in calcined precursors with different
degrees of metal–support interaction. It is as-
sumed that a stronger interaction with the sup-
port results in a higher reduction temperature.
The samples with maximum loading of Ni and
calcined at the lower temperature of 623 K
appears to be easily reducible with a maximum
at 673 K.

Ž .Although the reduction process of Mo VI to
Ž .Mo 0 takes place in two steps at 893–925 K

w xand 1075 K 21 , the TPR profiles of Mo and
Ž .NiMo calcined precursors Fig. 2 only include
Ž . Ž .the reduction step from Mo VI to Mo IV in as

Ž . Ž .Fig. 3. Ni 2p spectra of NiO supported materials: a 4%; b3r2
Ž . Ž . Ž .8%; c 12%; d 12% 623 K .
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much as sulfidation of molybdenum oxide usu-
ally leads to the formation of MoS . In general,2

the low content of Ni in NiMo materials does
not seem to affect the reducibility of MoO . In3

contrast to supported nickel oxides, the molyb-
denum ones present the reduction peak at a
temperature lower than that of the bulk MoO3

and the small difference in temperature is in-
dicative of a weak interaction of the molybde-
num oxide with the support.

The degree of interaction of the Ni, Mo and
NiMo oxides with the support was studied by

Ž .XPS. The Ni 2p XPS spectra Fig. 3 show a3r2

main peak, characteristic of Ni2q, which shifts
to lower BE values from 856.1 to 855.1 eV and
becomes wider at higher nickel loading. In sam-
ples with loading higher than 8%, this peak
could be decomposed into two components, one
centered at 854.1 eV and the other at 856.1 eV
Ž .Table 1 . Taking into account that the BE for
un-supported NiO is 853.5 eV, the peak at
854.1 eV may be assigned to Ni2q in octahedral
sites of the supported NiO structure, and the
peak at 856.1 eV may then be associated with
Ni2q in tetrahedral positions of a spinel-like
structure of Ni–Al oxide, created as a result of

Ž .Fig. 4. Ni 2 p spectra of NiMo oxide supported materials: a3r2
Ž .Ni–Mo 2.1–9%; b Ni–Mo 3–13%.

the solid-state diffusion of Ni2q into the lattice
w xduring the calcination process 12,22 . When the

Ž .calcination temperature is lower 623 K , the
intensity of the low energy peak increases as a
consequence of the decreased diffusion of Ni2q

Table 1
Ž .Binding energy BE , surface atomic ratio as determined by XPS analysis

Ž . Ž . Ž .Ni wt.% Mo wt.% BE eV Atomic ratio on surface

Ni 2p Mo 3d NirZr MorZr SrMo SrNi %Ni3r2 sulfided sulfided

Un-sulfided catalysts
4 855.9 0.71
8 855.7 0.98
12 856.1–854.7 1.48

Ž .12 623 K 855.3–853.5 2.03
2.1 9 855.4 232.6–235.5 0.42 3.43
3 13 855.5 232.5–235.5 0.96 5.78
0 13 232.6–235.7 4.01

Sulfided catalysts
4 855.7–851.8 0.50 1.06 22.6
8 855.6–851.5 0.85 1.05 30.6
12 855.3–851.3 1.01 1.47 34.3

Ž .12 623 K 855.4–852.4 1.49 1.30 33.6
2.1 9 852.7 229.1–232.3 0.67 2.98 1.94 100.0
3 13 852.8 229.1–232.3 1.16 3.82 1.98 100.0
0 13 229.2–232.3 3.01 1.68
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Ž .into the support Fig. 3, curve d . The peak
located at 862 eV, which essentially remains in
the same position corresponds to the shake-up

2q w xsatellite structure of Ni 23 . The Ni 2p3r2

spectra for the samples containing NiMo oxides
Ž .Fig. 4 show a weak peak with BE values
about 855.5 eV, this value is halfway between
those found for Ni supported precursors. This
new BE value suggests that the environment of
Ni2q ions in NiMo materials is different from
that in supported nickel oxides. The XPS Mo 3d

Ž .spectra Fig. 5 for the samples containing MoO3

and mixed oxides of NiMo show the MoO3

characteristic doublet, Mo 3d and Mo 3d5r2 3r2

with BE values of 232.2 and 235.5 eV, respec-
tively. The MorZr surface atomic ratio has
been obtained from the XPS superficial analy-
sis. This ratio, for samples with the same load-
ing of Mo, is higher in the samples which
contain NiMo than in those having only Mo.
This means that the dispersion of MoO is3

higher in materials containing Ni as promoter
Ž .atoms Table 1 .

Fig. 5. Mo 3d spectra of Mo and NiMo oxide supported materials:
Ž . Ž . Ž .a Mo 13%; b Ni–Mo 2.1–9%; c Ni–Mo 3–13%.

Ž .Fig. 6. Ni 2p spectra of supported Ni sulfide catalysts: a 4%;3r2
Ž . Ž . Ž . Ž .b 8%; c 12%; d 12% 623 K .

3.2. Sulfided catalysts

Evidence of formation of metallic sulfides on
the support surface was again provided by XRD
and XPS analyses. The XRD patterns of sul-
fided Ni–AlZrP catalysts show the presence of
low crystallinity sulfide phases for loading
higher than 8% with very weak diffraction lines

˚at 1.71, 1.97 and 2.97 A corresponding to NiS.
This phase is usually found in catalysts where

w xstrong nickel–support interactions occur 24,25 .
Neither phase was detected in 4 wt.% Ni sam-
ple, suggesting that, Ni2q should be extremely
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Ž .Fig. 7. Ni 2p spectra of supported NiMo sulfide catalysts: a3r2
Ž .Ni–Mo 2.1–9%; b Ni–Mo 3–13%.

dispersed in this case also and strongly interact-
ing with the support. In the XRD patterns of Mo
and NiMo catalysts, the diffraction peaks corre-

˚sponding to the MoS phase at 2.03 and 2.35 A2

are hardly visible. Also the absence of diffrac-
tion lines of nickel sulfide in the sulfided
NiMo–AlZrP catalysts may indicate that Ni2q

could be inserted into the structure of MoS2

forming a solid solution.
The BE values, NirZr and MorZr surface

atomic ratios for samples before and after sulfi-
dation are compared in Table 1. Since the BE of
Zr 3d and P 2p core electrons were practi-5r2

cally constant with values of 183.3 and 134.1
eV, respectively, and the PrZr atomic ratio was
maintained close to the theoretical value, PrZr
s2, it may be inferred that the impregnation–
calcination–sulfidation processes did not signif-
icantly alter the host framework. The Ni 2p3r2

Ž .XPS spectra of sulfided Ni catalysts Fig. 6
show a new peak at 851.3–851.9 eV, which is
indicative of the presence of sulfided nickel,
together with another signal in the range 855.0–
855.7 on the same position that the highest

energy peak in the precursor and assigned to Ni
in the form of NiAl O . This means that a2 4

fraction of Ni in the oxide form which strongly
interacts with the support it cannot be sulfided
at 673 K.

The BE of Al 2p core electrons in the precur-
sor is close to 74.9 eV and is also shifted to

Ž .higher energy values 75.4 eV in the sulfided
samples, probably as a consequence of the
Ni2q-alumina pillar interaction. From XPS data,
percentages of Ni2q sulfidation on the inte-
grated peak area of nickel sulfide to the entire

Ž .Ni peak area including the satellite peak has
been evaluated. By this method, the percentages
of sulfided nickel were lower than 35%. A
decrease in the surface NirZr ratio was ob-
served in nickel supported catalysts after sulfi-
dation, attributed to the agglomeration of parti-
cles forming nickel sulfide. The SrNisulfided

Ž .surface atomic ratios Table 1 point to the
presence of the NiS phase in these catalysts,
which is in agreement with the XRD data.

Fig. 8. Mo 3d spectra of supported Mo and NiMo sulfide cata-
Ž . Ž . Ž .lysts: a Mo 13%; b Ni–Mo 2.1–9%; c Ni–Mo 3–13%.
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Fig. 9. Plots of K vs. time on-stream for supported Ni, MoHD S

and NiMo sulfide catalysts.

The Ni 2p spectra of sulfided NiMo–Al-3r2
Ž .ZrP catalysts Fig. 7 show a single signal at ca.

Ž . 2q852.7 eV Table 1 indicating that Ni is
completely sulfided and therefore the environ-
ment of this ion in the NiMo calcined precur-
sors is different from that of the Ni based
materials. It is possible that Ni2q ions are em-
bedded in the structure of supported molybde-
num oxide and therefore the interaction with the

support, if any, is weak. All sulfided Ni and
NiMo catalysts exhibit a BE of S 2p value close
to 162.1 eV.

Fig. 8 shows the Mo 3d and S 2s region of
the XPS spectra of sulfided catalysts based on
Mo and NiMo. All catalysts exhibit the typical

Ž .Mo 3d and Mo 3d doublet well defined5r2 3r2

at 229.1"0.1 and 232.3"0.1 eV, respectively,
w xcharacteristic of MoS species 26–28 , and a2
Ž .small shoulder at lower BE 226.5 eV at-

w xtributed to S 2s 26,27 . As no significant differ-
ences in the position of the bands between both
types of the catalysts of Mo were observed the
nature of the Mo species may be essentially the
same in the catalysts based on Mo and NiMo,
viz. MoS species.2

The surface MorZr atomic ratio increases
Ž .with the Mo content Table 1 . For samples

with the same Mo percentage, this ratio is higher
in NiMo than in Mo catalysts, indicating a
higher dispersion of Mo on the surface of the
former. The surface SrMo atomic ratios for
NiMo–AlZrP catalysts were very close to 2
which is consistent with the formation of MoS2

on the catalysts surface and are higher than that
observed on Mo catalyst indicating a higher
sulfur content.

3.3. Thiophene HDS

The thiophene HDS model reaction has been
used to establish the performance of the sulfided
Ni, Mo and NiMo–AlZrP catalysts. K val-HDS

ues are plotted vs. time on-stream in Fig. 9 and
summarised in Table 2 for 5 and 330 min of

Table 2
Pseudo-first-order rate constants for HDS of thiophene and HYD of butene

5 5Ž . Ž . Ž . Ž .Ni wt.% Mo wt.% K Ø 10 molrg min K Ø 10 molrg min K rKHD S HYD HYD HDS

5 min 330 min 330 min 330 min

4 7.50 6.22
8 9.24 8.16
12 7.75 7.15

Ž .12 623 K 11.39 8.42
2.1 9 48.53 16.01 4.68 0.30
3 13 60.37 21.23 4.34 0.20
0 13 22.50 6.07 7.80 1.28
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reaction. As can be seen, both Ni and Mo
catalysts show quite similar activities especially
after 330 min of reaction. The sulfided Ni–Al-
ZrP catalysts show quite similar K valuesHDS

regardless of the Ni content, temperature of
decomposition of the precursors, etc., although
the most active is that with 12% Ni loading and
calcined at 623 K which exhibits a K valueHDS

of 8.42=10y5 molrg min after 330 min on
stream. These catalysts present low deactiva-
tion. In contrast the sulfided Mo–AlZrP cata-
lysts, which initially display a high thiophene
HDS activity, undergo a strong deactivation
during the first 30 min then showing a similar
activity to sulfided Ni–AlZrP catalysts. The
sulfided NiMo–AlZrP catalysts show a much
higher HDS activity than the sulfided Ni and
Mo–AlZrP catalysts, which is attributed to the
promoting effect of Ni2qions in the mixed NiMo
sulfided materials.

The catalytic behaviour for the thiophene
HDS reaction of a calcined precursor and the
corresponding sulfided NiMo–AlZrP material is
compared in Fig. 10. Although both types of
catalysts reached a similar steady-state, their
initial catalytic behaviour was completely dif-
ferent. So, the sulfided catalyst undergoes a
strong deactivation whereas the catalytic activ-
ity of non-sulfided catalyst initially increased up
to a maximum value and then smoothly de-

Fig. 10. Variation of K vs. time on-stream for the sulfidedHD S

and non-sulfided Ni–Mo 2.1–9% catalysts.

Fig. 11. Selectivity of the supported Ni, Mo and NiMo sulfided
catalysts for the thiophene HDS reaction products.

creased. This fact suggests that in situ sulfida-
tion of the latter took place during the HDS
reaction.

The selectivities of the products of reaction
Židentified by gas chromatography n-butane, 1-

.butene, cis- and trans-butene are shown in Fig.
11. In contrast to the NiMo and Mo catalysts,
no n-butane was formed on the sulfided Ni–Al-
ZrP. K rK is summarized in Table 2.HYD HDS

K is higher for the sulfide Mo–AlZrP cata-HYD

lysts than for the NiMo–AlZrP ones.

4. Discussion

According to TPR profiles of nickel oxide
supported materials, the reduction temperature
of Ni2q on the surface of fluorinated alumina
pillared materials is, in all cases, higher than

Žthat corresponding to the un-supported NiO 616
.K . XPS data and TPR profiles suggest that

Ni2q is present in, at least, two different envi-
ronments in all the calcined precursors, i.e.,
forming part of the supported NiO network and
as dispersed ions in the alumina framework. H 2

consumption at very high temperature is indica-
tive of the existence of highly dispersed Ni2q

strongly interacting with the support. The for-
mation of NiO and Ni–Al spinel oxide has been
reported for several nickel catalysts supported
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w xon alumina 11,12,23,29 . These species fixed to
the support differ in reducibility and their rela-
tive concentration depend on the nickel content,
the nature of the support, and the calcination

w xtemperature 12–15 . According to the literature
w x 2q30 , Ni in a spinel-like structure is more
difficult to reduce or sulfide, in consequence the

Ž .high-temperature TPR peak s might be tenta-
tively associated with this species, i.e., NiAl O .2 4

Ž .The lower-temperature TPR peak s may be
associated with NiO, which interacts to a lesser
extent with the support. On increasing nickel
loading the amount of deposited NiO increases
and the interaction of the outer NiO overlayer
with the support decreases. Thus the corre-
sponding TPR peak shifts to a lower tempera-

Ž .ture at a high nickel percentage 12 wt.% . The
low reducibility of nickel as related to its high
dispersion has also been observed in other sys-
tems like Ni2q-Y zeolites, where reduction and

2q w xagglomeration of Ni are very difficult 31,32 .
The XPS analysis of the Ni-based calcined pre-
cursors confirms the presence of more than one

2q Žkind of supported Ni species BEs at 854.1
.and 856.1 eV . XPS data revealed that only the

fraction of Ni2q which weakly interacts with
Ž .the support BE at 854.1 eV could be sulfided,

2q Žbecause the peak at high BE of Ni ;856
.eV remains unchanged. XRD data, with weak

˚diffraction lines at 1.71, 1.97 and 2.97 A, in
samples with Ni loading higher than 8%, point
to the thermodynamically most stable nickel

w xsulfide phase, NiS 33,34 was formed on sulfid-
ing Ni catalysts. It is known that strong metal–
support interactions give rise to the appearance
of the NiS phase, whilst Ni S phase is prefer-3 2

entially formed in systems with weak metal–
Ž .support interactions e.g., carbon or silica

w x35,36 . Consequently the presence of NiS in
sulfided Ni catalysts is another indication that,
at least a fraction of the Ni2q species strongly
interacts with the support, as deduced by TPR-
H and XPS analyses. The surface SrNi atomic2

ratio obtained by XPS for impregnated samples
ranged between 1.05 and 1.47. These values
were higher than that corresponding to the Ni S3 2

phase and thus the formation of this phase may
be ruled out.

The loading of Mo in Mo and NiMo catalysts
was ranged between 3 and 4.3 Mo atomrnm2,
since this species is highly dispersed on the

w xsupport as a monolayer 37 . XRD patterns of
NiMo calcined precursors show only the signals
corresponding to MoO , but after sulfidation no3

peak corresponding to MoS is observable. The2

absence of separate nickel sulfide phases in the
sulfided NiMo catalysts is attributed to Ni which
may be incorporated in small amounts into the
MoS structure. In fact, the XPS analysis indi-2

cates that the environment of Ni in the sulfided
Ž .NiMo-catalysts BEs852.7 eV is different

Žfrom that in sulfided Ni catalysts 851.3–851.9
. 2qeV . Moreover, a total sulfidation of Ni ions

was only possible for NiMo-calcined precur-
sors, which could be explained by the fact that
Ni2q ions were preferentially incorporated into
the MoO structure before sulfidation and hence3

no interaction with the support would be ex-
pected in this case. A square pyramidal arrange-
ment of Ni2q ions within the MoS framework,2

similar to that of the millerite structure, has
w xbeen proposed 38–41 and confirmed later by

w xEXAFS spectroscopy 35 . The shift of the XPS
signal Ni 2p at higher BE values in NiMo3r2

materials with respect to the Ni ones may be
related to the presence of Ni atoms in this

w xparticular coordination 42–44 in which nickel
exhibits a lower coordination number than in

w xthe nickel sulfide 35 .
The Mo 3d and S 2p BEs were about the

same as the sulfide forms of both monometallic
and bimetallic Ni–Mo catalysts but the disper-
sion of the MoS phase is affected by the2

addition of Ni atoms as promoter. The disper-
sion is higher for the catalysts containing Ni
promoter atoms, as deduced for the Mo and
Ni–Mo with the same content of molybdenum
from the surface MorZr atomic ratios which are

Žhigher for the sulfided NiMo catalysts Table
.1 .

In this study, thiophene was used for the
characterisation of sulfided catalysts. The cat-
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alytic behaviour displayed by non-sulfided
NiMo materials suggests that selfsulfidation by

Ž .means of the S of thiophene occurs Fig. 10 .
This seems to justify the mechanism of hydro-

w xdesulfurization proposed by Kabe et al. 45–48 ,
who concluded that sulfur in the reactive
Ž .thiophene is not directly released as hydrogen
sulfide but accumulated on the catalysts. After
reaction, complete sulfidation of the catalysts
was detected by XPS analysis, with BE values
of Ni and Mo being in the range of the sulfided
forms.

The Ni-based catalysts show a promising
Ž y5 y5value between 6=10 to 8=10 molrg

.min K and do not exhibit deactivation. At aHDS
Ž .lower temperature of calcination 623 K the

catalyst with the highest Ni loading and sulfided
at 673 K shows the maximum activity with a
K value close to 10y4 molrg min in goodHDS

agreement with the maximum found value for
Ž .sulfidation Table 2 . These results seem indi-

cate that there are special interactions between
the nanoparticles of alumina and nickel sulfide
which lead to a high dispersion of the active
phase and, therefore, to a significant activity.
Furthermore, the catalysts do not show deactiva-
tion because the acidity of the support is only of
Lewis type, and as a consequence of this fact,
no formation of coke is observed. In contrast,
the Mo catalysts are quickly deactivated, which
could be originated from the presence of coordi-
nation vacancies on the edges of MoS crystal-2

lites in agreement with the low observed SrMo
Ž .ratio by XPS for this catalyst Table 1 . H S2

molecules may occupy these vacancies and act
as Bronsted acid sites which provoke the forma-¨
tion of coke and consequently a drastic decrease

w xof the catalytic activity 49 by blocking the
pores and active sites.

The sulfided NiMo–AlZrP catalysts dis-
played the highest activity for this reaction, due
to the promotion effect of Ni. XPS analysis
indicated that this cation was incorporated to the
MoS network. After an initial deactivation of2

the catalyst during the first hour, the activity
remains almost constant for a long time. This

deactivation is not related with the support,
because it is produced by the Bronsted acid¨
centres originated on Mo atoms during the sulfi-
dation process, and it is less than that observed
for the MoS catalyst, because the formation of2

these acid sites is only associated with Mo
w x36,40,41 . The HDS activity of sulfided
NiMo–AlZrP catalysts could be related to the

Žexistence of sulfur vacancies uncoordinated
.sites on molybdenum. H S was not formed2

directly from the sulfur compound, but from the
sulfur on the catalyst. It has also been proposed
that only sulfur bonded to both Ni and Mo is

w xlabile 48 . The removal of H S will form a new2

vacancy on the catalyst. Thus, a shift of vacancy
on the catalyst surface would occur.

The catalysts show high activity for the hy-
drodesulfurization of thiophene, particularly the
sulfided NiMo–AlZrP catalysts, which exhibit
in comparison a higher activity than Ni, Mo and
NiMo sulfided catalysts supported on carbons
w x w x50 , zeolites 51 and alumina pillared smectites
w x17 , tested in similar conditions.

The regeneration of spent catalyst was per-
Ž .formed by passing a 5% vrv O rN mixture2 2

at a flow rate of 60 cm3rmin through the
reactor, while the temperature was raised from
room temperature to 673 K at a rate of 10
Krmin. The final temperature was maintained
for 2 h, and the reactor was cooled to room

Fig. 12. Effect of the regeneration treatment on the thiophene
HDS catalytic activity.
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Ž .temperature in a flow of 5% vrv O rN2 2

mixture. Fig. 12 shows that a total regeneration
of the catalysts was reached, meaning that the
structure is not affected in this process, by
either segregation or diffusion of the active
components of the catalyst.

Finally, it is noticeable the different selectivi-
ties of these catalysts, thus Ni-based does not
produce butane as a hydrogenation product of
reaction. The hydrogenation ability of the cata-
lyst can be interpreted by the presence of active
hydrogen, furthermore, the hydrogenation activ-
ity is higher for transition metal sulfides whose
structure enables the formation of intercalated
compounds, such as MoS . Hydrogen activation2

takes place through intercalation in MoS , that2

is by proton permeation in the van der Waals
gap and by stabilising the electron charge in the

w x2p-band of sulfur 52,53 . The edge sites are
suitable for alkene adsorption during hydrogena-

w xtion or isomerization reactions 54 .

5. Conclusions

Fluorinated alumina pillared a-zirconium
phosphate materials have shown to be appropri-
ate supports for preparing sulfided catalysts.
The Ni–Mo oxides precursors revealed to be
active in the HDS reaction of thiophene, which
means that there is an in situ sulfidation of the
oxidic phase. The Ni-based catalysts have
promising activities which are sustained for a
long time, and may be increased when the
formation of the oxidic phase was obtained at a

Ž .lower temperature 623 K in this way avoiding
the formation of a spinel structure on the nanos-
tructured alumina. Interestingly, these com-
pounds are not active for hydrogenation reac-
tions and the products of reaction of thiophene
are exclusively butenes. The Ni–Mo based cata-
lysts are highly dispersed and the most active
phases, with K values higher than 2=10y4

HDS
Ž .molrg min after 300 min owing to the pro-

moter effect of Ni. In addition, regeneration of
the catalysts could be achieved by treatment

Ž .with 5% vrv O rN at 673 K without loss of2 2

activity.
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