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Abstract

Molybdophosphoric (HPMo) and tungstophosphoric (HPW) acid catalysts, supported on hexagonal mesoporous silica (HMS) ca
modified with Ti, Zr, and Zr+ Al, were prepared. The catalysts were characterized by Fourier transform IR spectroscopy of adsorbed
and deuterated acetonitrile, X-ray photoelectron spectroscopy, and31P and1H nuclear magnetic resonance. Catalytic activity was tested i
hydrodesulfurization reaction of DBT. The thermal stability and the properties of the supported molybdophosphates and tungstop
were discussed in terms of support effect. For the hydrodesulfurization reaction, which was carried out under high hydrogen pre
HPMo/ZrAlHMS catalyst had higher activity and selectivity to biphenyl formation than the other supported HPMo catalysts. Rega
the carrier, supported HPW catalysts were the most active.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Heteropoly acid (HPA) compounds with a Keggin-ty
anion and their derivatives are industrial catalyst precur
and are used in many catalytic reactions [1–6]. Howe
there are few reports on the use of supported HPAs in
hydrodesulfurization (HDS) reaction. Most studies have
cused on molybdenum HPA, which was used only in mo
studies to investigate the HDS of thiophene [7–9]. It
been shown [8] that supported 12-molybdophosphoric
(HPMo) and its Co and Ni salts are good oxide precurs
for thiophene HDS. Work in the field of deep HDS has
come more intense in the last few years; a detailed gen
account of deep HDS, dealing with new catalysts, the eff
of solvents and feedstock, kinetics and mechanisms, th
fects of the support, and catalyst synergy has been revie
by Vasudevan and Fierro [10].

Owing to the importance of heteropoly compounds
a variety of oxidation reactions, as well as for their ap
cation in hydrotreatment reactions, their structural stab
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as a function of temperature and reaction atmosphere
their structural transformation during catalyst activation
important aspects for understanding the working cata
system. Different carriers have been used to support H
and their thermal stability has been shown to depend on
type of the support and the loading of HPA. MCM-41 me
porous systems are especially suitable for depositing l
HPAs precursors. This mesoporous material has a hexa
array of uniform pores (1–5 to 10 nm) and a very large s
face area [11,12]. The unique properties of MCM-41 m
them potentially useful for catalytic application in reactio
such as deep HDS. This type of molecular sieve has b
studied in depth as a support for deep HDS Mo catal
promoted with Co or Ni [13–19]. No work on deep HD
on HPAs catalysts supported on mesoporous materials
been published. Kozhevnikov and co-workers [20] show
that HPW acid, supported on silica with a large surface a
is a good catalytic system for efficient HDS of dibenzoth
phene (DBT) under conditions similar to those in industr

In our previous work [21], we attempted to immob
lize the 12-molybdophosphoric, H3PMo12O40, and the 12-
tungstophosphoric, H3PW12O40 (HPW) heteropoly acids o
hexagonal mesoporous silica (HMS) with a large surf

http://www.elsevier.com/locate/jcat
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area modified with different cations. The textural and s
face properties of HMS were modified by adding Ti, Zr, a
Al cations. Small-angle diffraction peaks and the large s
face area of metal-containing HMS samples demonstr
that these materials, prepared by means of a neutral
plate, have a mesoporous crystalline structure. Incorpora
of Zr and Al cations led to the development of textural me
porosity in addition to the framework mesoporosity [2
characteristic of HMS and Ti-containing mesoporous si
materials.

This work is one of the first attempts to demonstr
that supported heteropoly acids are good oxidic pre
sors for the active sulfided phase for HDS of DBT. In t
present work we concentrated on (i) the effect of cati
in metal-substituted HMS supports, (ii) the thermal stabi
of molybdo- and tungstophosphate anions, (iii) the prop
ties of the catalyst surface, and (iv) the catalytic activity
MeHMS-supported HPMo and HPW acids in the HDS
action of DBT. The DBT was selected for activity tests
the following reasons: (i) DBT is a chemically and therma
more stable S-containing molecule than thiophene. (ii)
a large S-containing molecule, in which the steric hindra
of the two phenyl groups may inhibit accessibility to s
face sites. (iii) Both HDS and hydrogenation functionalit
can be examined simultaneously. The catalysts were c
acterized by Fourier transform IR spectroscopy (FTIR)
adsorbed pyridine and deuterated acetonitrile,31P and1H
nuclear magnetic resonance (NMR), and X-ray photoe
tron spectroscopy (XPS) techniques in an attempt to exp
the relationship between the catalyst structure and the a
ity and selectivity of the catalysts.

2. Experimental

2.1. Preparation of the samples

Details about the preparation of metal-containing hex
onal mesoporous silica (MeHMS) carriers have been p
lished [21]. Two series of supported heteropoly acids w
prepared. The first was obtained by wet impregnation
HMS and metal-containing HMS carriers with an aqu
ous solution of 12-tungstophosphoric acid (Aldrich reag
grade) of the appropriate concentration at pH� 3. The sec-
ond series of catalysts corresponds to 12-molybdophosp
ic acid (Aldrich reagent) supported on the mesoporous
terials, prepared as described above. The resulting s
were dried and calcined in a flow of air at 343 and 623
respectively. The samples were designated HPW(HPM
MeHMS, where Me is Ti, Zr, and/or Zr+ Al. The amount
of W(Mo) in each sample was about 17 wt%.

2.2. Methods

Framework vibration spectra in the range of 4000
400 cm−1 were recorded on a Fourier transform infrar
-

-

-

Nicolet 5 ZDX spectrophotometer at a resolution of 4 cm−1.
Each spectrum was averaged over 100 scans. Wafers
prepared by diluting a pellet of the sample (1:100) in K
IR spectra of chemisorbed pyridine and deuterated ace
trile (CD3CN) were recorded at room temperature. S
supporting wafers (ca. 10 mg/cm2) had been outgassed u
der vacuum at 473 K for 1 h in an infrared vacuum c
equipped with greaseless stopcocks and KBr windows. A
introducing the pyridine and CD3CN at room temperatur
(5 Torr in both cases), the fraction of physically adsorb
molecules was removed by outgassing at room tempera
for 5 min in the case of CD3CN and at 393 K for 1 h in the
case of pyridine. The net infrared spectra of chemisor
pyridine and CD3CN were obtained after subtracting t
background spectrum of the solid.

The X-ray photoelectron spectra of the calcined and u
catalysts were recorded on a VG Escalab 200R elec
spectrometer equipped with a hemispherical electron
lyzer, using an Mg-Kα (hν = 1253.6 eV) X-ray source. The
ECLIPSE software was used to record and analyze the s
tra. The used samples, kept ini-octane to avoid exposur
to air, were outgassed at 10−5 mbar and then transferre
to the ion-pumped analysis chamber; the residual pres
was below 7×10−9 mbar during data acquisition. Mo 3d5/2,
W 4f3/2, Ti 2p3/2, P 2p, Si 2p, and Al 2p core-level spect
were recorded. The binding energy (BE) of the Si 2p p
of the support at 103.4 eV was taken as the internal s
dard (accuracy within±0.1 eV). Each spectral region of th
photoelectrons of interest was scanned a number of t
to obtain a good signal-to-noise ratio. The intensity of
peaks was estimated by calculating the integral of each
after subtracting an S-shaped background [22] and fitting
experimental peak to a combination of Lorentzian/Gaus
lines of variable proportions.

Solid-state MAS-NMR was performed on an MSL 4
Bruker spectrometer at room temperature. Frequencie
161.96 (31P signal) and 400.13 MHz (1H signal) were used
Samples were spun at 10 to 12 kHz, and spectra were t
after π/2 pulse irradiation (6 and 4 µs, respectively). T
time interval between successive scans was 2 to 20 s
pending on the spin-lattice relaxation times of the nuc
The number of scans was 100 to 300.1H spectra were
referenced to an external sample of trimethylsilane (T
(0 ppm)), while31P NMR spectra were referenced to an 85
H3PO4 solution (0 ppm).

2.3. Test reaction

The catalysts were tested in the HDS reaction of D
(1 wt% of DBT dissolved inn-decaline (Aldrich, 99% pu
rity)). The reaction was carried out in a bench-scale, h
pressure down-flow reactor. To avoid hot spots, 0.25 g
catalyst was diluted with 0.5 g of SiC. After heating the c
alyst at 473 K for 0.5 h in an N2 flow (100 ml/min), the
catalyst was activated in the stream of a mixture H2 and H2S
(10:1) at a flow rate of 50 ml/min at 623 K for 2 h. Activa-
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tion was followed by purging in a flow of N2 at 573 K for
15 min. The system was pressurized with H2 atP = 30 bar,
and the liquid feed of 1 wt% DBT dissolved inn-decaline
and H2 was passed through the reactor. The reaction
ditions for the Mo series were: 553–573–593 K, H2 flow
rate of 5800 ml (STP)/h, P = 30 bar, and weight hourl
space velocity (WHSV)= 35 h−1. The samples containin
W were treated under the same conditions, except tha
temperatures were 553, then 563, and finally 573 K; the
action lasted 1 h ateach temperature. Since the sulfidat
of tungsten oxide is more difficult than that of molybden
oxide [23], the activation of the tungsten precursor was
complished at a higher temperature than the activation o
Mo counterparts (723 vs 623 K).

Samples were collected periodically and analyzed
GC with an FID (Varian chromatograph Model Star 34
CX) equipped with a DB-1 column (30 m× 0.53 mm,
100% methylpolysiloxane, J & W Scientific as the statio
ary phase). In addition to unreacted DBT, biphenyl (BP)
cyclohexylbenzene (CHB) were the only products detec
The total DBT conversion was calculated as the disapp
ance of DBT. Selectivity on BP and CHB are given by eq
tions (1) and (2), respectively,

(1)SBP = xBP

xBP + xCHB
100,

(2)SCHB = xCHB

xBP + xCHB
100,

wherexi is the degree of conversion forith components o
the reaction mixture.

3. Results and discussion

3.1. XPS data

Analysis of the Mo 3d5/2, W 4f7/2, Si 2p, Ti 2p3/2, P 2p,
and Al 2p core levels provided useful information about
chemical state of the elements and their relative proport
at the surface of the samples. Table 1 gives the binding
ergies of Mo 3d5/2, W 4f7/2 electrons for oxide and use
catalysts. The distribution of the Mo(W) oxidation state
expressed as a percentage of the area. Fig. 1 shows the
spectra of the spent HPMo/MeHMS and Fig. 2 of the sp
HPW/MeHMS catalysts. The BE of Ti 2p3/2 at 459.2 eV
did not change in the oxide and spent catalysts, confi
ing that the oxidation state of titanium is constant (Ti(IV
The value of the BE for Ti 2p3/2 was slightly higher than
for pure TiO2, which may be due to the change in the c
ordination number of the cation arising from the elect
transfer between the cation and the supported molybde
and tungsten species. The BE value of P 2p at 133.9
for the spent HPMo/TiHMS catalyst was higher than t
of the freshly prepared TiO2-supported HPMo, with a BE a
132.9 eV [24].

The BE of the W 4f7/2 core electron levels at 36.1 eV f
the supported oxide HPW catalysts (Table 1) can be rel
S

Table 1
SBET and XPS parameters for oxide and spent mesoporous-supp
HPMo and HPW catalysts

Sample SBET Oxidic catalysts Spent catalysts
(m2/g) BE (eV) BE (eV)

Mo 3d5/2 W 4f7/2 Mo 3d5/2 W 4f7/2

HPMo/HMS 751 233.3 (58) 232.8 (16)
231.8 (42) 229.7 (84)

HPMo/TiHMS 532 233.1 (50) 232.9 (50)
231.8 (50) 229.7 (50)

HPMo/ZrHMS 641 233.4 (46) 232.7 (54)
232.0 (54) 229.8 (46)

HPMo/ZrAlHMS 531 233.2 (58) 232.7 (40)
231.8 (42) 229.7 (60)

HPW/HMS 774 36.1 (65) 35.4 (27
34.7 (35) 32.4 (73)

HPW/TiHMS 595 36.1 (65) 35.5 (28
34.7 (35) 32.3 (72)

Peak percentages are in parentheses.

Fig. 1. XPS spectra of Mo 3d core levels for spent HPMo/HMS (a)
HPMo/MeHMS catalysts, modified with different cations: Ti (b), Zr (
and Zr+ Al (d).

to the W(VI) species [25]. A small percentage of the partia
reduced W species is present in the oxide samples (BE
4f7/2 at 34.7 eV) (Table 1). The BE for Mo 3d5/2 at 233.1 and
231.8 eV for the supported HPMo samples correspond
the presence of fully oxidized molybdenum (Mo(VI)) [2
and partially reduced molybdenum (Mo(V)) species [2
respectively, coordinated by O2− and/or OH− ions. The per-
centage of the latter species is almost the same as for H
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Fig. 2. XPS spectra of W 4f core levels for spent HPW/HMS (a) and HP
TiHMS (b) catalysts.

supported on HMS, modified with Ti and Zr. The presen
of partially reduced Mo and W species in the oxide sa
ples may be due to: (i) electron transfer between the
ported Mo and W and the support modified by cations, wh
can occur during preparation due to a strong interaction
(ii) photoreduction of the oxide species when the samp
exposed to the X-ray source in the chamber of the spect
eter see [24,28].

With the exception of HPMo/HMS, the resolution of th
XPS Mo 3d (W 4f) spectra was poor for all the spent ca
lysts (Figs. 1 and 2). This was due to the presence of diffe
types of surface molybdenum or tungsten species. As re
of the spectral fitting, species with BE of Mo 3d5/2 at 232.8
and 229.7 eV were identified in the spent HPMo cataly
they are assigned to Mo(VI) in an oxide and/or oxy-sulfid
surrounding [29] and to Mo(IV) of MoS2, respectively [30].
The formation of Mo oxysulfide species (like MoO2S2

2−)
is caused by the presence of tetrahedral molybdate gro
which interact strongly with the support and which are di
cult to reduce and sulfide. The peak on the side of the Mo
spectra (low binding energy) for the spent catalysts, cha
teristic of the 2s level of S2− species (∼= 226.2 eV) [31], was
poorly resolved (S 2p spectra not reported here).

The percentages of the different molybdenum spec
obtained from the Mo 3d5/2 core electron levels, are listed
parenthesis in Table 1. The following features are a co
quence of the type of atom introduced into the HMS: (i) T
tal transformation of Mo oxysulfide species to MoS2 was
not achieved for all catalysts. The pretreatment and reac
conditions in this study were probably insufficient for redu
ing and sulfiding the tetrahedrally coordinated molybden
species. (ii) The greatest amount of MoS2 was observed fo
HPMo/HMS. (iii) The percentage of Mo oxysulfide spec
was� 40% for HPMo supported on cation-modified HM
supports, indicating a strong interaction between the s
ported Mo species and the support.
t

,

Fig. 3. XPS atomic Me/Si ratios for spent versus calcined mesoporo
supported catalysts. Circles and squares correspond to HPMo-
HPW-supported catalysts, respectively.

The BE (35.4 eV) of spent, supported HPW cataly
suggests the presence of oxysulfide; the BE at 32.4 eV
responds to WS2-like species [32] (Table 1). Unlike sup
ported HPMo catalysts, the relative percentage of oxysu
and sulfided tungsten species did not change for the s
HPW/HMS and HPW/TiHMS catalysts (Table 1). In add
tion to the more difficult sulfidation of the W oxide speci
compared to the Mo oxide, due to differences in the po
ization of the metal–oxygen bond [33], the percentage
sulfide W species in the HPW/TiHMS catalyst was sign
cantly larger than that found for the HPMo/TiHMS cataly

The effect of the cation in the HMS support on the d
tribution of the supported active metals (Mo or W) was
timated from the XPS atomic intensity ratios (Mo(W)/Si)
measured for the spent catalysts on different supports
plotted against the same ratio measured for the oxide s
ples (Fig. 3). From Fig. 3 it is clear that the dispersion
the Mo species was affected by the type of the modify
cation in the support. Introduction of Zr and Al into the HM
led to a greater dispersion of oxide molybdenum specie
the surface of the support (Fig. 3). This is probably due
the disintegration of the large oxoanions into smaller str
tures, which remain well dispersed on the surface du
the stronger interaction between the anions and the mod
support. However, with the exception of HPMo supported
ZrAl/HMS, all the spent HPMo catalysts had higher Mo/Si
ratios, indicating a better dispersion of molybdenum sul
species, especially in the case of the sample containin
Supported HPW samples had the same ratios in the o
and the spent catalysts with respect to the type of the
port (Fig. 3); this indicates that the uniform state of the
species is the same before and after the reaction. The W/Si
ratios are lower than the Mo/Si ratios, suggesting aggreg
tion of anchored tungstophosphate anions and of sulfid
species on the surface of the supports.
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Fig. 4. IR spectra of HPMo/HMS (A, a–c), HPMo/TiHMS (A, d–f), HPMo/ZrHMS (B, a–c), and HPMo/ZrAlHMS (B, d–f) after different temper
treatments at 343 (a, d), 523 (b, e), and 623 K (c, f). Dashed line corresponds to bulk HPMo.
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3.2. FTIR study

3.2.1. Integrity of the Keggin structure
The IR spectra of the samples heated at different t

peratures reveal a change in the intensity and positio
the characteristic IR bands of the Keggin anion struc
in bulk HPMo and HPW as well as on the surface of s
ported HPMo and HPW. The IR spectra of the HPMo a
HPW acids, supported on HMS and metal-substituted H
carriers, and after exposure to different calcination tem
atures are shown in Figs. 4 (HPMo) and 5 (HPW). The
spectra of bulk HPMo and HPW are also presented in
corresponding figures. It is well known [34] that the Ke
gin structure of HPMo and HPW acids consists of one P4
tetrahedron surrounded by four trimetallic groups of th
edge-sharing MO6 (M = Mo or W) octahedra. The IR spe
trum of bulk HPMo (Fig. 4) shows bands at 1065, 963, 8
and 787 cm−1, assigned to the stretching vibrationsνas(P–
Od), νas(Mo–Ot), νas(Mo–Ob–Mo), andνas(Mo–Oc–Mo),
respectively, which characterize the Keggin unit [24]. T
bands at 1080, 982, 891, and 793 (Fig. 2a) characteriz
heteropoly anion vibrations in the HPW acid [34] (Fig.
The bands at 1080 and 982 cm−1 correspond to the stretch
ing vibrations of P–Od and W=Ot bonds, respectively, whil
the other two bands correspond to W–Ob–W vibrations.

Some of the bands of the supported HPAs (1200
400 cm−1) were partially or fully covered by the bands
the supports (Figs. 4 and 5). Two strong bands appear
the spectrum of HMS-supported HPMo at 966 and 800 cm−1

(Fig. 4A,a), caused by the overlapping of the IR absorp
bands of silica close to 967 and 802 cm−1, and those of the
HPMo acid at 963 and 787 cm−1. A band of very low in-
tensity at about 876 cm−1 was also observed. The Kegg
structure was preserved in the HMS-supported HPW sam
as revealed by the presence of bands at 983 and 896−1

(Fig. 5a). The strong band at about 808 cm−1 may be due to
the overlapping of the support band and the band assi
,

Fig. 5. IR spectra of HPW/HMS (a–c) and HPW/TiHMS (d–f) after diff
ent temperature treatments at 343 (a, d), 523 (b, e), and 623 K (c, f). D
line corresponds to bulk HPW.

to the bridging W–Ob–W bonds in the heteropolyanion. Th
bands, which characterize the (P–Od) asymmetric vibrations
at 1063 and 1080 cm−1 in all the supported HPMo and HPW
samples, respectively, were strongly masked by the int
band of the HMS support at 1090 cm−1. In the spectra o
the HMS-supported HPMo this appeared as a should
about 1060 cm−1 in the strong 1090 cm−1 carrier band. Con
sequently, the Keggin unit is mainly characterized by
stretching modes assigned to terminal Me–O and brid
Me–Ob–Me bonds.

All the bands of the phosphomolybdate and phosp
tungstate heteropolyanions were present in the IR sp
of the supported samples and underwent a frequency
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and/or broadening (Figs. 4 and 5). This is in agreement
the 31P NMR results, which also show that the31P signal
underwent a significant shift from that of the hydrated
supported HPW and HPMo acids. It is assumed that
Keggin structure remained on the HMS support after
pregnation with HPMo and HPW acids, as shown by
agreement between the IR bands of the bulk and the
ported heteropoly acids (Figs. 4A,a and 5a). Introductio
Ti into the HMS support hardly influenced the structure
the supported HPMo; the bands were preserved (Fig. 4A
A more significant change in the position and broadenin
the IR bands of HPMo was observed after introduction o
and Zr+Al cations into the silica; this was more pronounc
in the second case (Fig. 4B): (i) The Mo–Ot band split into
two bands at 960 and 945 cm−1. (ii) New bands appeare
at 912 and 749 cm−1. (iii) The intensity of the 960 cm−1

band of the AlZrHMS-supported HPMo sample was hig
than that of the ZrHMS-supported sample. This indica
strong distortion of the heteropolyanion and the prese
of new species on the surface. The splitting of the band
tributed to the Mo=Ot bond and the appearance of the ba
at 749 cm−1 is related to the presence of a lacunary-type h
eropolyanion with a defective Keggin structure, for examp
PMo11O39

7− [35]. The strong band at 960 cm−1 indicates a
strong interaction between the support and the molybde
species and the formation of Si–O–Mo and/or Zr(Al)–O–M
bonds, as reported elsewhere [6].

Incorporation of Ti into the HMS-supported HPW led
a shift in the bands related toνas(W–Ot) mode (to 972 cm−1)
andνas(W–Ob–W) (to 897 cm−1), compared with those o
bulk HPW (Fig. 5d). This was probably due to the interact
of the cation-modified support surface, which weakens
interaction between the bonds in the heteropolyanion, le
ing to a significant distortion and loss of heteropolyan
symmetry.

Upon heating of the supported HPW and HPMo ac
they behaved differently on mesoporous materials, dep
ing on the cations introduced into the support (Figs
-

and 5B). All the bands ascribed to the Keggin unit
the MeHMS-supported HPMo samples were still presen
623 K but with low intensity (Figs. 4A and 4B). When th
temperature was increased to 523 K, the band at 983 cm−1,
due to theνasvibration of W=Ot, was present in the spect
of HMS-supported HPW acid (Fig. 5). However, above t
temperature the band shifted to the region of lower ene
compared with the observed for the fresh-prepared sam
(Fig. 5b and c), indicating that the anion was less co
sive due to its interaction with the support. The bands
896 and 808 cm−1, arising from the vibrations of the bridg
ing W–Ob–W bonds, became less intense. The same
observed for the TiHMS-supported HPMo and HPW up
623 K.

There was no significant change in the position of the
bands for the ZrHMS- and ZrAlHMS-supported HPMo sa
ples with increasing temperature (up to 623 K) (Fig. 4
However, the bands were less intense. When the temp
ture was increased to 523 K, the split band of theνas(Mo–Ot)
mode shifted to 962 cm−1 for the ZrHMS- and ZrAlHMS-
supported HPMo due to the interaction between the mod
support and the supported molybdenum species, as indic
above. Trace bands corresponding to vibrations of the K
gin unit were still recognizable in the spectra of the sam
pretreated at 623 K.

3.2.2. Nature of the acid sites
3.2.2.1. FTIR of adsorbed pyridine. The spectra recorde
after the adsorption of pyridine at room temperature
mesoporous-supported HPMo and HPW acid catalysts,
gassed at 393 K, are shown in Figs. 6A and 6B, resp
tively. The spectra show bands at 1453 and 1543 cm−1,
attributed to coordinately bonded pyridine on Lewis a
sites and pyridinium ion on Brønsted acid sites, resp
tively. As shown in Fig. 6, the supported acids retain
at least some of their characteristic Brønsted acidic p
erties. The number of Lewis acid sites in these sam
should be proportional to the increase in the numbe
exposed atoms, since silica shows only weak Lewis a
.
Fig. 6. IR spectra of adsorbed pyridine on HPMo (A) and HPW (B) catalysts supported on HMS (a), TiHMS (b), ZrHMS (c), and ZrAlHMS (d)
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Table 2
Total DBT conversion, selectivity to BP formation obtained at 573
[CHB]/[BP] selectivities ratio, and activation energies (Eact) of meso-
porous-supported HPMo and HPW catalysts

Samples r Conversion SBP
a [CHB]/ Eact

(mmol/ (%) [BP]a (kJ/mol)
(h gcat))

HPMo/HMS 39 16.9 63.9 0.56 74.0
HPMo/TiHMS 41 17.8 56.4 0.77 80.5
HPMo/ZrHMS 39 17.7 75.6 0.32 117.8
HPMo/ZrAlHMS 61 25.8 77.7 0.29 100.9
HPW/HMS 62 26.7 81.0 0.24 150.5
HPW/TiHMS 110 47.2 97.4 0.03 145.3

a Calculated at the same DBT conversion (20%).

ity. Consequently, the high intensity of the band due
pyridine adsorbed on Lewis acid sites in the sample
result of the different Lewis acid sites capable of adso
ing pyridine: Mo6+, Zr4+, Ti4+, and/or Al3+ cations. The
surface Brønsted acid sites in the supported HPMo
HPW catalysts are associated with molybdenum (Mo6+–
OH) and tungsten species (W6+–OH), respectively. The ob
served trend for the Lewis acid sites was Mo/ZrHMS>

Mo/TiHMS > Mo/HMS = Mo/AlZrHMS, whereas the ob
served trend for the Brønsted acid sites was Mo/ZrHM>
Mo/HMS = Mo/TiHMS > Mo/AlZrHMS (Fig. 6A). It is
assumed that the acidic component is the largest for the
containing HPMo/HMS catalyst. Introduction of both met
(Zr and Al) into the HMS support led to a decrease in
acidity of the supported HPMo. This suggests a chang
the HPMo structure, brought about by the dispersion an
the stronger interaction with the support, as confirmed by
higher XPS atomic Mo/Si ratio.

The HPW catalysts supported on HMS and TiHM
showed higher Brønsted acidity (Fig. 6B) than the suppo
HPMo catalysts. The intensity of the bands represen
Brønsted acidity was higher for the HPW/HMS samp
while the introduction of Ti into the HMS support caus
a decrease in Brønsted acidity. This means that the a
protons were retained in the acidic HPW phase on the
face of the mesoporous materials, as supported by the l
XPS atomic W/Si ratios as compared to those of the oxi
supported HPMo catalysts (Table 2).

3.2.2.2. FTIR of adsorbed deuterated acetonitrile. Infor-
mation about the strength of Lewis acid sites was obta
from the position of the coordinatively bonded acetonit
bands from 2300 to 2330 cm−1, since the frequency usu
ally increases with the acid strength of Lewis acid si
Fig. 7 shows the net infrared spectra of CD3CN adsorbed
on HMS-supported HPMo samples. The use of the s
trum of pure mesoporous silica as a reference was publi
elsewhere [21]. The single C≡N stretching vibration ban
at 2274 cm−1 in the spectrum of HMS, the intensity o
which decreased strongly for Mo/HMS and Mo/AlZrHM
is associated with weakly bonded acetonitrile molecu
r

Fig. 7. IR spectra of CD3CN adsorbed at room temperature on HPMo ca
lysts supported on HMS (a), TiHMS (b), ZrHMS (c), and ZrAlHMS (d).

on the hydroxyl groups, in agreement with the publish
data [36]. This assignment is consistent with the val
for zeolite Y and ZSM-5 after CD3CN sorption on Si–OH
(2278 cm−1) [37]. The observed trend in the intensity
the 2274 cm−1 band of the samples was Mo/ZrHMS= Mo/
TiHMS 	 Mo/HMS ∼= Mo/AlZrHMS. The lower intensity
of the 2274 cm−1 band of the Mo/ZrAlHMS sample is re
lated to the greater dispersion of the deposited molybde
phosphate species due to a stronger interaction with the
port surface. This is in agreement with the results of the X
and FTIR measurements of adsorbed pyridine.

The band at 2306 cm−1 was assigned to the interactio
of the CD3CN molecule with Lewis acid sites, which ca
be bonded to coordinatively unsaturated tetrahedral Ti
Zr ions incorporated into the silica matrix [38] as well
to Mo. Considering the intensity of the 2306 cm−1 band,
the trend in acidity was Mo/ZrHMS> Mo/HMS = Mo/
TiHMS > Mo/AlZrHMS. The increase in the frequency
the IR band to 2316 cm−1 can be assigned to the presen
of stronger Lewis acid sites, most probably due to the p
ence of highly unsaturated Mo atoms, which formed u
evacuation. The change in the intensity of the bands at 2
and 2316 cm−1 was related to the steric hindrance of t
deuterated acetonitrile, reducing the accessibility of the
posed atoms on the surface. The latter was correlated
the surface area of these samples (Table 1). The ban
dicative of the CD3CN interaction with the strong Lewi
sites at 2330 cm−1, caused by nonframework aluminum, w
not observed, as we showed for an AlZrHMS support [2
This phenomenon was explained in terms of the coverin
the support surface with molybdenum polyphosphate an
and/or the formation of an Al–O–Mo bond during the pre
ration of ZrAlHMS-supported HPMo.
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Fig. 8.31P NMR spectra of bulk and mesoporous-supported HPMo (A) and HPW (B) catalysts.
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3.3. 31P and 1H NMR spectra

3.3.1. 31P NMR spectra
Figs. 8A and 8B show the31P NMR spectra of meso

porous supported HPMo and HPW acid catalysts, res
tively. Freshly unsupported HPMo exhibited an inten
sharp line with a chemical shift (σ = −4.2 ppm) (Fig. 8A),
indicating a uniform phosphorus environment in the hig
hydrated structure of HPMo acid [39]. The small peak cl
to the main peak atσ = −4.5 ppm is attributed to the fac
that the hydration of the sample is not uniform. Similar
molybdophosphoric acid, the small difference in the che
ical shift (σ = −15.2 and −15.0 ppm) of the31P NMR
lines (Fig. 8B), characterizing [PW12O40]3− anions in fresh
unsupported HPW acid [40], is due to the presence of
eropoly acid molecules with different numbers of cryst
lization water molecules. Increasing the temperature of
cination of bulk heteropoly acids up to 473 K led to t
broadening of the31P NMR signals (Fig. 8), which cor
responds to the formation of an anhydrous phase wi
preserved Keggin unit due to the loss of crystallization w
ter [41].

HPMo and HPW acids, supported on HMS, and me
containing mesoporous materials revealed the broad lin
the31P NMR (Fig. 8) compared to that of bulk acids (Fig.
after heating up to 473 K. This is attributed to the dist
tion of the heteropoly anion symmetry resulting from: (i) t
interaction between the molybdophosphate or tungstop
phate anion and HMS or the metal-modified support
(ii) a loss of crystallization water molecules during the he
ing process. HPMo, supported on HMS and TiHMS, h
31P NMR lines atσ = −4.1 ppm (Fig. 8A), characteristi
of strongly dehydrated HPMo; the Keggin unit, howev
was preserved, as was found in a previous study [21].
31P NMR spectrum of HPMo supported on Zr-containi
HMS showed that the31P lines had broadened and shift
considerably (Fig. 8A). The upfield shift of the resonan
signal suggests that the heteropoly anion was destroyed
-

new line atσ = −7.1 ppm is related to the stronger intera
tion of HPMo with the Zr cation, whereas the broad lines
σ = −4.9 and−4.1 ppm indicate the presence of dehydra
molybdophosphate anions. It is assumed that the inte
tion of supported HPMo with the carrier is rather weak
HMS and TiHMS and much stronger on ZrHMS. Althou
there are no spectra for the ZrAlHMS-supported HPMo,
suggest that this interaction must be much stronger on
surface of the ZrAlHMS support, due to the presence o
in addition to Zr. It is well known [42,43] that alumina
unsuitable for supporting polyanions.

The31P NMR spectrum of HMS-supported HPW show
a broader and more intense band atσ = −15.5 ppm, sim-
ilar to that of bulk HPW acid after heating at 473
(Fig. 8B). According to Lefebre [44], the chemical sh
of σ = −15.7 ppm is due to HPW which does not inte
act with the surface of the silica support. The downfield s
of the 31P NMR resonance to−13.7 ppm for HPW sup-
ported on TiHMS is caused by the stronger interaction
the heteropoly anions with the surface of metal-modifi
silica; species of the type (Me–O)n−[H3−nW12PO40]n−3

form as a result of the partial compensation in the cha
of polyoxoanions by positively charged Ti cations. Furth
more, formation of lacunary-type heteropoly anion, such
[PW11O39] Keggin units, cannot be ruled out.

3.3.2. 1H NMR spectra
Figs. 9A and 9B show the1H NMR spectra of unsup

ported and mesoporous-supported HPMo and HPW a
respectively. The spectra of bulk HPMo and HPW show t
strong and sharp peaks with almost the same chemical s
at σ = 6.4 and 7.3 ppm and atσ = 6.8 and 7.6 ppm re
spectively, suggesting that the protons have two diffe
environments, depending on the degree of hydration.
peaks disappeared after heating to 473 K; broader, sym
ric signals were observed atσ = 8.0 ppm for unsupported
HPMo and atσ = 5.0 ppm for HPW acids. The1H NMR
signal remained the same for all the supported samples



94 B. Pawelec et al. / Journal of Catalysis 223 (2004) 86–97
Fig. 9.1H NMR spectra of bulk and mesoporous-supported HPMo (A) and HPW (B) catalysts.
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calcination at 473 K. The1H NMR signal was substantiall
broader for HPMo acid supported on Ti- and Zr-contain
HMS compared to that of HPMo on HMS only (Fig. 9A
This was probably due to the stronger interaction of the
tons with the metal-containing support. HPW acid suppo
on HMS and TiHMS showed1H NMR spectra that wer
about as broad (σ = 4.9 and 5.2 ppm, respectively) as f
the fixed protons after the dehydration of polyanions.

3.4. Evaluation of catalysts in HDS of DBT

Table 2 lists the results of the catalytic tests at 573
giving the intrinsic activity,r, and the steady-state DBT co
version. DBT conversion occurred as follows: HPW/TiHM
	 HPW/HMS > HPMo/ZrAlHMS 	 HPMo/ZrHMS ∼=

HPMo/TiHMS > HPMo/HMS. Irrespective of the carrie
the samples prepared with tungsten precursors were
active than those prepared with Mo precursors. The Ti m
ification of the HMS carrier led to an increase in the catal
activity of the HPW/HMS catalyst, while the introduction
Zr and Zr+ Al to the HPMo/HMS samples had a strong
effect on BP formation and total DBT conversion, resp
tively.

As expected, the increase in the reaction temperatur
to an increase in the catalytic activity of all the samp
Fig. 10 presents the Arrhenius plots of the temperature
pendence of the rate constants. Table 2 gives the activ
energies, derived from the Arrhenius plots. Regardless o
carrier, the HPW catalysts had higher apparent activation
ergies than the HPMo-containing catalysts. For the Zr-
ZrAlHMS-supported HPMo catalysts, the Arrhenius slop
were roughly parallel, indicating approximately the same
tivation energy for DBT conversion (Table 2).

Considering the temperature at which the catal
reached 20% DBT conversion (Fig. 11), the lowest temp
ture of the HPW/TiHMS sample showed that it was the m
active catalyst. Fig. 12 shows the temperature depend
of BP formation during the HDS of DBT. As expected, t
e

e

Fig. 10. Arrhenius plots of HDS of DBT over mesoporous-supported HP
and HPW catalysts.

Fig. 11. DBT conversion of 20% as a function of reaction temperature
mesoporous-supported HPMo and HPW catalysts.
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Fig. 12. Selectivity toward BP formation (%) as a function of the reac
temperature for mesoporous-supported HPMo and HPW catalysts.

increase in temperature led to a decrease in the BP fo
tion of all the samples due to the higher selectivity tow
CHB products. Of the supported HPMo catalysts, the hig
BP selectivity of 20% DBT conversion for HPMo/ZrHM
and HPMo/ZrAlHMS (Table 2) indicates that these cataly
have lower hydrogenation activity than the HPMo/HMS a
HPMo/TiHMS samples.

The activity data show the following: (i) The activatio
energy changes with the composition of the support and
metal precursor used (HPMo/HPW). (ii) The most reac
catalyst is HPW/TiHMS. (iii) All the catalysts have high
selectivity to biphenyl (calculated at 20% DBT conversio
than to cyclohexylbenzene formation. (iv) The selectiv
to BP of HPMo/ZrHMS and HPMo/ZrAlHMS are almo
the same, 75.6 and 77.7%, respectively. Although no
termediate hydrogenated products such as tetrahydrod
zothiophene (TH-DBT) were observed, they may never
less have been present; they are often undetectable, be
their desulfurization rate is extremely fast [45]. The re
tion scheme is proposed to occur by two reaction route
Refs. [46–48]:

(3)
DBT → BP

↓ ↓
TH-DBT → CHB.

Based on this proposal we assume that the reaction m
anism in our study proceeds through a “parallel reac
mechanism,” in which CHB formation does not rely
the sequential hydrogenation product of BP. Therefore,
may be classified as a product of C–S bond hydrogenol
whereas CHB is probably derived from DBT hydrogen
tion followed by desulfurization. According to the rim-ed
model proposed by Daage and Chianelli [49] for uns
ported MoS2 catalysts, the active sites for BP and CH
formation may be the rim and edge plus rim sites, resp
tively. This is because of the steric hindrance of the
sorption of the DBT molecule on the edge sites, indu
by its large size. Since the selectivity to HYD is related
-

-

se

-

,

the ratio of rim to edge sites of MoS2(WS2), Table 2 lists
[CHB]/[BP] selectivity ratios calculated at 20% of DB
conversion. From this table, the [CHB]/[BP] ratio of all the
catalysts suggests low stacking of the MoS2(WS2) particles
and that this stacking increases with increasing temp
ture. In other words, the MoS2(WS2) phase has a smalle
number of edge sites compared to the rim sites. Furt
more, the most active HPW/TiHMS catalyst has the lo
est [CHB]/[BP] ratio. Considering the rim-edge model
Daage and Chianelli [49], this suggests that the high ac
ity of those catalysts is linked with the largest number of
rim sites formed on the WS2 particles.

It is well known that the formation of well-dispersed M
species on the support surface is essential for the pre
tion of high-performance HDS catalysts. Surface proper
such as acidity affect the dispersion and the local envi
ment of the metal species. The results show that the s
ples are very acidic, which strongly influences the conv
sion and product selectivity to HDS of DBT over sulfid
samples. This supports the hypothesis that acidity enha
HDS and that different sites are involved in HDS and
drogenation reactions. However, there is no direct corr
tion between the acidity and the reactivity of the cataly
Compared to the Brønsted acidity of the fresh samples
HPMo catalysts, supported on ZrHMS and ZrAlHMS c
riers, exhibited the highest DBT conversion and the hi
est BP selectivity (Table 2), despite the difference in
Brønsted acidity. HPMo/ZrAlHMS had the lowest Brønst
acidity (Fig. 6A). Furthermore, the temperature, at wh
the HPMo/ZrAlHMS sample reached 20% DBT convers
(Fig. 11) was lower, showing that this catalyst was the m
reactive catalyst of all the supported HPMo catalysts. T
suggests that the presence of Brønsted acid sites is o
the necessary conditions for the HDS of DBT; this find
is similar to the conclusions reached for the HDS of th
phene [50].

The difference in the catalytic behavior does not seem
be related to the surface area of the catalysts. The intr
activity, related to the surface area of HPMo supported
ZrAlHMS, was the highest (Fig. 13); nevertheless its to
surface area was the lowest (Table 1). Since all the HP
and HPW samples, supported on metal-containing m
porous carriers, do not contain any XRD patterns, the o
molybdenum species were well dispersed on the surf
even at a relatively high Mo(W) loading. The best disp
sion was observed for HPMo supported on ZrAlHMS,
confirmed by the lower intensity of the 2274 cm−1 band of
the OH groups (Fig. 7) as well as by the higher XPS ato
Mo/Si ratio (Fig. 3).

It is, therefore, concluded that the stronger interaction
tween the electronegative molybdophosphate anions an
electropositive Zr and Al cations leads to the considera
distortion of the heteropoly anion, even during the impr
nation process, and consequently to its destruction and
better dispersion of oxide molybdenum species.
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Fig. 13. Temperature dependence of the rates ofSBET.

However, the Mo/Si ratio of the spent HPMo/ZrAlHMS
catalyst decreased significantly, indicating an agglom
tion of the molybdenum sulfide phase. The Mo specie
the spent HPMo catalysts, supported on HMS, Zr-, and
containing HMS, showed better dispersion. However, for
latter two catalysts this dispersion is not linked to the disp
sion of the molybdenum sulfide phase (MoS2), because the
percentage of Mo at a higher oxidation state is high in th
catalysts (Table 1). This may be due to the fact that du
sulfidation, the sulfur is incorporated into the bulk of t
HPA and splits the molybdophosphate anions into sma
anions. This leads to the better dispersion of the molyb
num species and the formation of oxysulfide species.

The high proportion of oxysulfide molybdenum spec
in the HPMo catalysts supported on Zr- and Ti-contain
HMS (Table 1) led to a lower specific activity per gram
catalyst (Table 2). It is assumed that the MoOySx species,
which formed at the support interface, probably act a
support for the MoS2 phase, thus stabilizing the very sm
MoS2 particles. This stabilization may be more difficult
achieve in the HPMo/HMS sample without the cation,
spite the higher XPS Mo/Si ratio (Fig. 3). Moreover, hy
drogenolysis is suppressed by the presence of H2S and sul-
fur adsorbed on the molybdenum phase, whereas the
drogenation of DBT is promoted by H2S [51]. Therefore
the greater H2S adsorption should increase on MoS2 sta-
bilized by MoOxSy species. It is assumed that H2S ad-
sorption on the agglomerated MoS2 phase is lower for the
HPMo/ZrAlHMS catalyst, considering the lower proporti
of oxysulfide molybdenum species, which leads to lower
drogenation selectivity (Table 2).

Introduction of Ti into the HMS carrier during the HD
of DBT causes a change in the product distributions
both the supported polyphosphate catalysts. Table 2 s
that the main increase in activity is related to the subs
tial increase in CHB formation, while BP formation w
significantly retarded. The lower hydrogenation selectiv
of the HPW/TiHMS catalyst compared to the unmodifi
HPW/HMS catalyst is related to a strong decrease in
-

s

Brønsted acidic character, as revealed by the IR spect
adsorbed pyridine (Fig. 6B). In view of the above-no
mechanism, the number of active sites for hydrogenatio
creases and is favored by the greater H2S adsorption on th
dispersed WS2 species (> 70%) (Table 1).

It is assumed that supported polyphosphates of Mo
W on mesoporous carriers are good oxide precursors fo
active sulfided phase of the catalysts for the HDS of D
The change in the total DBT conversion and selectivity to
and CHB formation of the catalysts is strongly influenc
by the cation introduced into the HMS carrier; this cat
leads to a change in the structure and surface properti
the supported catalyst.
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